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Abstract

Developing Zwitterionic Hydrogel for Biomedical Applications
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Department of Chemical Engineering

Ultra-low fouling zwitterionic hydrogels offer unique advantages over conventional
biomaterials in biomedical applications. By exclusively using zwitterionic monomer and
crosslinker, pure zwitterionic hydrogels are prepared with highly tunable mechanical
properties and functionalities for diverse applications. This thesis summarizes recent
studies in zwitterionic hydrogels. First, we demonstrated that zwitterionic hydrogel can
repair itself independent of time after damage under physiological conditions via a new
mechanism, "zwitterionic fusion". Second, we explored the properties of zwitterionic
hydrogels in controlling the self-renewal and differentiation of mesenchymal stem cells.
Finally, we realized ex vivo expansion of mesenchymal stem cells and hematopoietic

stem cells without differentiation in a biodegradable zwitterionic hydrogel.
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Chapter 1 Introduction

Hydrogels are crosslinked polymeric networks with high water content. They have been
considered as one important form of biomaterials due to their biomimetic mechanical
properties'” and widely used in biomedical applications such as tissue scaffolds, medical
implants, controlled drug delivery vehicles and sensors*’. In the past few decades, particular
interest has been given to poly(2-hydroxyethyl methacrylate) (PHEMA) and poly(ethylene
glycol) (PEG) synthetic hydrogels since they are widely considered as biocompatible, and
versatile for practical uses"®*. Hydrogels based on hyaluronic acid, dextran, and other natural
hydrophilic polymers are also fully developed for biomedical applications’'’. Furthermore,
many promising high-strength and intelligent hydrogels are demonstrated''"®. However,
limited nonfouling properties and/or in vivo stability in complex media remain as the
bottleneck, hindering their applications.

Biofouling is a major cause of medical device complications and failure '**°. Even a minimal
level of surface adhesion by undesirable proteins or other biomolecules can lead to the
recognition and rejection of a device by the body’s immune system or the formation of a

17. 21,22 Therefore,

biofilm by microorganisms, a leading cause of nosocomial infection
nonfouling properties are crucial for modern biomedical applications. Biomaterials that can
highly resist fouling in complex media are rare. PHEMA and other natural polymers can only
offer limited nonfouling properties and regarded as “low-fouling” materials. The synthetic
polymer, PEG, has been regarded as the “gold standard”, and has been widely used in
nonfouling applications for decades **°. However, PEG has been found to lose stability in

27,28 .
728 Moreover, it has also been

biologically relevant environments, limiting its applications
reported that PEG is immunogenic, > leading to a foreign body rejection by the host.
Zwitterionic  materials, such as carboxybetaine (CB), sulfobetaine (SB), and
phosphorylcholine (PC), have emerged as a new class of nonfouling materials **>°. They

have been found to not only work as an effective alternative to PEG, but also possess many

distinct advantages over PEG. Poly(phosphorylcholine) (PPC) is structurally similar to



lecithin, a component of cell membranes *°. Phosphorylcholine monomers, such as 2-
methacryloyloxyethyl phosphorylcholine (MPC), are used *’. Poly(sulfobetaine) (PSB) is
structurally similar to taurine or 2-aminoethane sulfonic acid. Commercially available
sulfobetaine monomer, 2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium
hydroxide, is used ** .

Among zwitterionic materials, PCB is unique in several aspects . First, it is structurally
similar to that of glycine betaine, which is one of the compatible solutes vital to the osmotic

40, 41 Second, it was demonstrated that PCB showed

regulation of living organisms
undetectable nonspecific protein adsorption (<0.3 ng cm?) in complex medias such as
undiluted human serum or plasma. Third, unlike PPC and PSB, each CB monomer has one
carboxyl group as a functionalizable group for the immobilization of biomolecules via simple
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-hydroxysuccinimide (EDC/NHS)
chemistry. Furthermore, unreacted carboxylic acids can then be easily restored to their
original nonfouling form. Thus, functionalized PCB can specifically immobilize target
molecules while highly resisting any other non-specific adhesion. In comparison, PEG is
relatively difficult to functionalize, and unreacted functional groups (such as -COOH or —
NH,), still carry charge and remain as fouling moieties after this process **. Fourth, PCB is
ionic and “super-hydrophilic” while PEG is non-ionic and amphiphilic **. The
amphiphilicity of PEG can cause significant bioactivity loss when conjugated to a protein or
destabilize self-assembled nanoparticles with hydrophobic cores. Super-hydrophilic PCB
avoids interference with the hydrophobic regions of proteins or nanoparticles, solving these
persistent problems. PCB is also stable in complex media and in vivo *>*. In addition, a self-
assembling monolayer (SAM) of zwitterionic molecules can stabilize nanoparticles better
than that of short-chain PEG groups *"*.

PCB hydrogels were firstly developed by crosslinking zwitterionic monomers with
commercially available crosslinkers, such as N,N'-methylenebis(acrylamide) (MBAA). The
use of conventional crosslinkers can inevitably introduce fouling moieties into the hydrogels,

compromising their performance, particularly under complex environments. These hydrogels

suffer poor mechanical strength as well *°. PCB had to be copolymerized with PHEMA to
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form hydrogels with enough mechanical strength for in vivo tests, leading to capsule
formation. Both biocompatibility and mechanical strength problems were solved with CB
crosslinkers (CBX), which also contain CB units. The mechanical properties of CB hydrogels
can be tuned by introducing different ratios of CBX without introducing any impurities into
the hydrogels. It has been demonstrated that the incorporation of CBX does not compromise
the nonfouling properties of hydrogels ***°. Another interesting property of CBX is that the
reactivity of its carboxyl group can be tuned by changing the carbon spacer length between
the quaternary amine group and the carboxyl group °'. As shown in Figure 1, two types of CB
crosslinkers have been developed: CBX-1 has one carbon spacer while CBX-2 has two
carbon spacers. Due to its pKa, CBX-1 can only be functionalized under low pH values such
as 1 or 2. In comparison, CBX-2 can be functionalized under mild conditions via NHS/EDC

4. 3152 CB-1 and CB-2 monomers have similar properties as their CBX

chemistry
counterparts in term of functionalization. Therefore, CB hydrogels can be tunable. Both
mechanical and functionalizable properties can be easily tuned by changing the ratio of CB
monomer (CB-1 or CB-2) to CB crosslinker (CBX-1 or CBX-2) while their nonfouling

properties remain unchanged °'. In this thesis, recent developments and biomedical

applications of zwitterionic hydrogels will be discussed.
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Figure 1.1. Chemical structures of CBMA-1 monomer and CBX-1 crosslinker (left column)

and CBMA-2 monomer and CBX-2 crosslinker (right column).
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Chapter 2 Zwitterionic Fusion in Hydrogels and Spontaneous and Time-

Independent Self-Healing under Physiological Conditions

The biomedical applications of current self-healing materials are largely impeded by their
healing conditions, which usually require heating, UV exposure or harsh pH environments.
At the same time, for very few existing spontaneously self-healing materials, healing can
only be achieved immediately after rupture occurs. Here, we developed a spontaneously
healing material, driven by a new mechanism, "zwitterionic fusion", which is repairable
independent of time after damage under physiological conditions. We also tested the anti-
fatigue property of this zwitterionic hydrogel. Furthermore, we utilized this zwitterionic

fusion to link different cell-hydrogel constructs together.

2.1 Introduction

Self-healing materials can eliminate damage or fatigue during normal utilization, thus holding
promise for enhanced lifetimes and enduring strength.'™ They have been demonstrated by
exploiting polymer-clay interactions,” phase segregation,’ redox reactions,’ photo-reactive
groups,” ® and microvascular networks.'”'? Currently, few materials have been reported to
effectively and spontaneously repair themselves under physiological conditions after damage.
For these scarce existing spontaneously self-healing materials, healing can only be achieved
either immediately after rupture occurs’, *'® (e.g. in less than one minute) or at low pH
values.'” '® Materials capable of spontaneous self-healing are typically constructed from
either single-charged or non-ionic amphiphilic components. Their healing abilities rely on

> 1317 or hydrophobic interactions.'* For example, Phadke et

hydrogen-bond donors/acceptors
al.'” recently developed a self-healing single-charged hydrogel. However, the driving force
for this reconstruction is superseded by electrostatic repulsion among the ionized carboxyl
groups under physiological pH conditions: this problem is depicted in Fig. la. As a result,
these single-charged hydrogels cannot undergo healing unless the pH is reduced to as low as
3, which limits their applications in biologically relevant systems. Another type of self-

healing material is non-ionic and amphiphilic, with an outermost layer assembled from

hydrophobic components in contact with air. When damage occurs, hydrophilic healable
18



functional groups are initially exposed to air. In order to minimize the surface free energy of
the system, hydrophobic components then move to the surface and bury the hydrophilic
groups inside over time—the so-called “hydrophobic regeneration” process' *° (Fig. 1a).
However, interactions among these hydrophobic components are not strong enough to
mediate the movement of polymer chains across a rupture junction for further healing.
Consequently, the newly formed hydrophobic outer layer prevents broken pieces from fusing.
For example, Wang et al.” designed a spontancously self-healing hydrogel based on
amphiphilic polyethylene glycol (PEG) dendrimers. As they pointed out, deposited water
droplets spread over a cut surface immediately but beaded on an uncut surface. Therefore,
fusion did not take place unless the blocks were cut to obtain fresh surfaces. Moreover, if the
blocks were cut but left alone for more than a minute, they also lost their adhering ability.
This time-dependent self-healing behavior is attributed to surface reconstruction resulting
from the amphiphilic nature of current self-healing materials. In order to achieve time-
independent self-healing, this surface reconstruction must be avoided.

In sharp contrast to the amphiphilic character of most materials, the superhydrophilic nature
of zwitterionic materials has made them uniquely suited for protein protection,”’ nanoparticle
formation,” and nonfouling surface coatings.”> In this work, we endeavored to prevent
surface reconstruction by utilizing one zwitterionic material, carboxybetaine acrylamide
(AAZ). For control materials, we used anionic 7-acrylamidoheptanoate acid (AAS, Fig. 1b),
and non-ionic hydroxyhexylacrylamide (AAN, Fig. 1b), both possessing backbone and side
chain lengths equivalent to AAZ. Hydrogels based on these materials were synthesized and
their healing properties demonstrated.

2.2 Experimental Section

2.2.1 Materials

Ammonium persulfate (APS) and N,N,N'.N'-Tetramethylethylenediamine (TEMED) was
purchased from Bio-Rad Laboratories (Hercules, CA). Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), nonessential amino acids, and penicillin-streptomycin
were purchased from Invitrogen Corp (Carlsbad, CA). Human fibronectin was purchased
from Alfa Aesar. COS-7 and NIH/3T3 cells were purchased from the American Tissue

Culture Collection (Manassas, VA). Ethanol was purchased from Decon Laboratories (King
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of Prussia, PA). Tetrahydrofuran (THF) was purchased from Mallinckrodt Chemicals
(Phillipsburg, NJ). All water used had been purified to 18.2mU with a Millipore Simplicity
water purification system. AAZ and carboxybetaine methacrylate (MAZ) monomers were
prepared following a previously published method.”* AAS and AAN were synthesized in a

similar way as reported,'’ with the process briefly shown in Fig. 2.7.

2.2.2 Preparation of hydrogels

An appropriate amount of AAZ, MAZ, AAS, AAN monomer, APS initiator (2% w/w, relative
to the total monomer mass), and TEMED accelerator (10% w/w, relative to total APS mass)
were dissolved in water at a fixed concentration of 0.1M. The mixture was cast into disc
molds (diameter 12.6 mm, thickness 10 mm) or tubular molds (inner diameter 10 mm, length
12 mm), and the polymerization was carried out for 24 hours at room temperature.
Zwitterionic (AAZ), single-charged (AAS) and non-ionic (AAN) hydrogels were synthesized.
All the hydrogels were equilibrated in PBS for at least three days prior to tests. Solutions
were refreshed every 3 hours.

For all chemically crosslinked hydrogels, the monomer concentration is fixed at 0.1M and
PBS will be used as polymerization solution. An appropriate amount of AAZ monomer, N,N'-
Methylenebisacrylamide crosslinker (MBAA), APS initiator (2% w/w, relative to the total
monomer mass), and TEMED accelerator (10% w/w, relative to total APS mass) were
dissolved. The mixture was cast into disc molds (diameter 12.6 mm, thickness 10 mm) or
tubular molds (inner diameter 10 mm, length 12 mm), and the polymerization was carried out
for 24 hours at room temperature. Zwitterionic (AAZ-x) hydrogels and non-ionic (AAN-x)
hydrogels were synthesized, where x is the concentration of the crosslinker. (a: 0.5mM; b:
SmM; ¢: 50mM; d: 125mM). Unless specifically noted, all the hydrogels were equilibrated in
PBS for at least three days prior to experiments. PBS was refreshed every three hours.

2.2.3 Dynamic equilibrium water content (EWC) test in air

The AAZ, AAN and AAS hydrogels were left in air for different times (up to 24 h) before
testing. The EWCs of the hydrogels were measured using a gravimetric method. The samples
were immersed in water (pH=7.4) for at least 24 h and then taken out, blotted with wet filter
paper to remove water on the surface, and weighed on a microbalance. The EWC was defined

as: Meg=(Myer-Mdry)/Myex100%, Where my,; and myr, denote the wet weight and dry weight
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of hydrogel, respectively. The average values of three measurements were taken for each
sample.

2.2.4 Measurement of mechanical properties

Dynamic viscoelasticity was measured with a Kinexus Pro rheometer (Malvern Instruments
Ltd) using parallel plates of 40-mm diameter and a plate-to-plate distance of 900um. The
frequency-sweep spectra were recorded in a constant-strain (10%) mode over the frequency
range of 0.1-100 rad/s at 25 °C. The time-sweep spectra were recorded at a constant-strain
(10%) mode and constant frequency of 10 rad/s over time at 25 °C. The strain-sweep spectra
were recorded in a constant frequency of 10 rad/s over the strain range of 0.01-10 at 25 °C.
The temperature dependence of the storage and loss moduli was determined by oscillatory
shear deformation over a temperature range of 20 °C to 50 °C.

The tensile stresses of hydrogels were measured on an Instron 5543 Amechanical tester
(Instron Corp., Norwood, MA) at room temperature. Hydrogels were cut into rectangular
pieces with dimensions of 20 mmx2 mmx0.50 mm for tensile strength tests. Crosshead speed
was set at 100 mm/min, and at least three specimens were tested for each hydrogel sample.
Cylindrical hydrogel samples (8 mm in diameter and 10 mm thick) were used for the cyclic
compression test. We performed 10,000 cycles with 45 % displacement of gel height at a
frequency of 0.5 Hz in a 25 °C water bath. The compression modulus was obtained from the
linear regression of the stress-strain curve.

2.2.5 Quantification of the self-healing efficiency

We have demonstrated the viability of the AAZ hydrogel platform for the formation of a one-
piece integrated block hydrogel from original individual hydrogels with differing mechanical
properties. Then, we utilized tensile tests to quantify the efficiency of the self-healing effect.
Using a razor blade, one AAZ sample was cut into two completely separate pieces and these
cut parts were then kept apart for different times before being gently rejoined. The fusion
process happened immediately upon rejoining. After remaining under ambient conditions for
24 hours without additional treatment, each sample was subjected to a tensile test. The tensile

strength and modulus of the mended samples were recorded.
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2.2.6 Cell adhesion assay

Three AAZ hydrogel disks of 0.5 cm diameter (0.5 mm thickness when cast) were placed
individually into the wells of a 48-well plate with PBS. To sterilize the hydrogels, they were
irradiated with UV light for 30 min and refrigerated overnight in 1x penicillin-streptomycin.
COS-7 and NIH/3T3 cells were seeded onto the hydrogels at a concentration of 10* cells/ml
in supplemented DMEM. Cells were allowed to grow for 24 h at 37°C, 5% CO,, and 100%
humidity, after which time the hydrogels were photographed at 10x magnification on a Nikon
Eclipse TE2000-U microscope.

2.2.7 Cell encapsulation assay

For 3D cell-hydrogel constructs, variable amounts of COS-7 or NIH/3T3 cells were mixed
and suspended inside a PBS solution of monomers as described in the manuscript. After
adding initiators, the solution was allowed to polymerize at 37°C for 10min. The cell-
encapsulated AAZ hydrogels were cultured in medium. The viability of encapsulated cells
was examined by using a commercial LIVE/DEAD assay kit (Invitrogen).

2.2.8 Quantification of the hydration free energy of AAZ, AAS and AAN

Molecular simulations were employed to calculate the hydration free energy of AAZ, AAS
and AAN. The initial simulation system was a periodic water box (initial size: 2.7 x 2.7 x 2.7
nm) containing one solute molecule and certain number of water molecules with the density
as 1g/cm’. The potential energy of intermolecular interactions is calculated as a combination

of a Lennard—Jones (L-J) 12—6 potential and a Coulombic potential, as shown in Equation 1:

12 6
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The force field parameters for AA and ACA were obtained from the OPLSAA force field.
We employed the SPC/E model® for water molecules in this work. Long-range electrostatic
interactions were computed with the particle mesh Ewald method with periodic boundary
conditions in all three dimensions and the short-range van der Waals interactions were
calculated with a cutoff distance of 1.0 nm.

For each system, an energy minimization and a 10.0 ns molecular dynamics (MD) simulation
with an integral step of 1.0 fs in NPT (T=300 K, P=100 bar) ensemble were performed for

22



equilibrium. The system was maintained at 298 K (0.1 ps time constant) and 100.0 KPa with
the Berendsen algorithm. For each system, the equilibrated configurations from the 5.0, 7.5
and 10 ns were used for the calculation of hydration free energy.

Hydration free energies of AAZ, AAS and AAN were calculated with the free energy
perturbation (FEP) method, which mimics the reversible process of dehydration process. The
negative of the free energy change of this process is the hydration free energy. As shown in
Equation 2, we change the interaction energy between the solute molecule and water
molecules, including the van der Waals interaction energy and electrostatic interaction energy,
from the normal values to zero gradually as A changes from zero to 1.

12 6 (1 /1)
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This interaction change causes the potential energy of the system to vary gradually from
UA(A =0) to UB(A =1). A should decrease small enough in every step to preserve reversibility.
In this work, we divided A into 20 intervals from zero to one evenly. For every A,;, a 1000 ps
MD simulation with 1fs as the integral step was carried out with the initial structure obtained
from the final structure of MD simulation of A,. The potential energy is the average of the last
500 ps MD simulations. Three independent FEP calculations with different initial
configurations were carried out for each molecule. All the MD simulations and FEP

calculations in this work were carried out with Gromacs 4.5.4.26

2.3 Results and Discussion

Physically crosslinked AAZ hydrogels were synthesized as described in the Methods. The
samples presented in this report contain a fixed monomer concentration of 25% and were
dyed with different colors for easy inspection (Fig. 1d). As illustrated in Fig. 1c, by gently
bringing the original surfaces of an AAZ hydrogel together without adding any healing agents
or external energy, we observed excellent fusion between hydrogel blocks (Fig. 1e). In order
to demonstrate the effectiveness of zwitterionic fusion, we stretched and bent the block
hydrogel. As shown, it can withstand a rather large deformation of ~300% (Fig. 1f) and

bending does not tear apart the joined connections (Fig. 1g).
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As presented in Fig. 2.6, superhydrophilic AAZ is particularly hygroscopic, adsorbing water
from the air to form droplets in a very short time. We further quantified the hydration free
energy of AAZ using the free energy perturbation (FEP) method, which mimics the reversible
dehydration process as described above. In this work, the simulation results show the
hydration free energy of AAZ (-404.04+9.9 KJ/mol) is much lower than AAS (-256+4 KJ/mol)
and AAN (-18.53£2 KJ/mol), indicating that the zwitterionic AAZ can be hydrated much
more easily than single-charged and non-ionic materials. Therefore, in contrast to amphiphilic
materials, it is expected that AAZ moieties surround themselves with a compact hydration
layer, shielding them from direct contact with air. As a result, surface reconstruction can be
effectively avoided by using a single superhydrophilic material. The dynamic equilibrium
water content (EWC) of AAZ, AAN and AAS hydrogels can be found in Fig. 2.8, where the
EWC of an AAZ hydrogel in air does not change with time. It is expected that, contrary to
single-charged or amphiphilic materials, superhydrophilic AAZ hydrogels respond differently
upon damage due to a unique process of zwitterionic fusion. As illustrated in Fig. 1a, after
damage, the hydrophilic functional groups in AAZ hydrogels will remain exposed to the air
without surface reconstruction due to the stable hydration layer. Consequently, when two gel
surfaces are brought into contact, regardless of whether they have been freshly cut, positively
and negatively charged groups in the zwitterionic material will easily fuse across the
boundary through electrostatic attraction and form zwitterionic pairs (Fig. 1c). This
zwitterionic fusion can thus reconnect separate pieces to form one integrated material,
avoiding the electrostatic repulsion experienced by single-charged hydrogels. AAZ hydrogels
also exhibit excellent rheological stability under various rheological tests; these results can be

found in Fig. 2.9-2.10.

Because the formation of an AAZ hydrogel is based on reversible interactions, it should
exhibit self-healing properties by virtue of dynamic bond formation. Here, we utilized step-
strain measurements to conduct a break test of the AAZ hydrogel. When conducting a strain
sweep on an AAZ hydrogel from a small to a large strain, as presented in Fig. 2a, G' is larger
than G" under 100% strain, suggesting the formation of a freestanding hydrogel. Additionally,
G' and G" were observed to remain constant from 0%-30% strain, reflecting that no apparent
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damage was conferred to the AAZ hydrogel within that range. We observed that the values of
G' and G" decayed sharply when the strain increased above 50%, suggesting plastic
deformation due to dislocation and cutoff of polymer chains under large strains. The relative
positions of G' and G" inverted when the strain grew larger than 300%, showing that the AAZ
hydrogel can revert to a sol state under higher strain. We also conducted a cyclic test on the
AAZ hydrogel by toggling strain between 1% and 1,000%. As presented in Fig. 2b, when
reverting from 1,000% strain back to 1%, the values of G' and G" were able to recover to
their initial state in 100 seconds. Over the time scale we observed, this recovery behavior was
reproducible for cycles. This quick sol-gel transformation is due to the topological structure
built by forming dynamic physical interactions under small strain. Then, under large strain,
the severing of these physical interactions absorbs energy before chemical bonds break,
leaving less permanent damage to the hydrogel. As a result, when the strain recovered to 1%,

the secondary interactions re-formed on-site and restored the hydrogel to its original state.

Based on the superhydrophilic nature of AAZ discussed above and illustrated in Fig. 1a, we
expected AAZ hydrogels to exhibit spontaneous self-healing independent of time after
damage or cutting. In order to investigate this further, we measured the tensile strength of the
healed AAZ hydrogel. Cut samples were kept apart in PBS for different waiting times before
they were brought back into contact. After the cut hydrogel pieces were linked together, the
healed samples were left for 24 hours prior to tensile tests. The results were compared with
those from both an uncut sample and a healed sample whose separate parts were brought into
contact immediately after being cut. As presented in Fig. 2c, the tensile strength of the healed
samples varied minimally over the time scale we observed, even though the pieces were kept
apart for up to 24 hours before being rejoined. Modulus changes showed similar trends, as
shown in Fig. 2d. In this work, we also investigated fused hydrogels based on another
zwitterionic material, carboxybetaine methacrylate (MAZ). Results (Fig. 2.11) show the time-

independent self-healing behavior of MAZ and the importance of zwitterionic fusion.

In contrast to the time-independent healing behavior of the AAZ hydrogel, cut AAS and AAN
hydrogels performed differently upon rejoining. As shown in Fig. 2¢-d, due to the electronic

repulsion between the charged carboxyl groups, cut AAS hydrogels could not be healed under
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physiological pH. For the non-ionic and amphiphilic hydrogel AAN, even though they
exhibited some self-healing property with freshly cut surfaces, increasing the waiting time
dramatically compromised their healing efficiency. As shown in Fig. 2c-d, the healing
efficiency of an AAN hydrogel decreased almost 90% even though the waiting time was
increased by only 1 min, and it completely lost its healing capacity when the waiting time

was prolonged to 60 min.

In order to understand the time-independent healing behavior further, we tested changes in
hydrophilicity at the break point. Here, we measured the contact angle (0) of water on the cut
surface of the superhydrophilic AAZ hydrogel at different times after damage (Fig. 2e), with
the non-ionic and amphiphilic AAN hydrogel used for comparison. As shown in Fig. 2e, the
contact angle 6 changes as a function of time after the gel is cut. For the amphiphilic AAN
hydrogel, 0 increased significantly after cutting and the entire “hydrophobic regeneration”
process was accomplished in 20 min. However, for the AAZ hydrogel, 0 at the cut interface
increased only slightly during the entire time range. We also compared the morphology of
water droplets on the freshly cut surface with those on the uncut surface. As seen in Fig. 2f (i,
i1), the droplet morphology on the AAZ hydrogel varies minimally between the uncut and
freshly cut surface. In contrast, the uncut surface (Fig. 2f (iii)) of AAN is more hydrophobic
than its freshly cut surface (Fig. 2f (iv)). This supports the expectation that hydrophobic
surface regeneration can be effectively avoided by constructing the hydrogel from only one
superhydrophilic component, AAZ. This allows the aforementioned zwitterionic fusion to
occur across the interface and fuse hydrogels at any time without the need for external energy

or regeneration agents.

It is generally difficult for chemically crosslinked hydrogels to heal themselves due to their
fixed backbones. Here, we endeavored to demonstrate the effect of chemical crosslinkers on
the healing behavior of zwitterionic AAZ hydrogels, using MBAA as a model crosslinker.
Non-ionic AAN hydrogels were used as a control. When the hydrogel system was augmented
with MBAA, new nomenclature was used as described below. The crosslinker concentrations
were chosen as 0.5mM (AAZ/N-a), SmM (AAZ/N-b), 50mM (AAZ/N-c), and 125mM

(AAZ/N-d, maximum solubility of MBAA in PBS). As presented in Fig. 3a-b, the
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introduction of MBAA into polymeric networks significantly increases the mechanical
strength of AAZ hydrogels. While most chemically crosslinked hydrogels lose their healing
capacity due to the limited chain mobility, we found the MBAA-crosslinked AAZ hydrogels
to behave differently. As seen in Fig. 3c, the healing efficiency of a non-ionic AAN hydrogel
decreased significantly from 76.3% to 5.8% when 0.5mM MBAA was added, and its self-
healing capacity was completely lost when the crosslinker content reached SmM. In contrast,
compared with a physically crosslinked AAZ hydrogel, the healing efficiency of AAZ-a was
reduced by only 1.5% when 0.5mM MBAA was added. Moreover, even though the
crosslinker concentration increased ten-fold, its healing efficiency decreased only 5.1% from
AAZ-a to AAZ-b. We believe the zwitterionic nature of AAZ is able to compensate for the
limited chain mobility. Similar to magnetic interaction, the zwitterionic fusion does not
require the direct molecular contact needed for hydrophobic interactions14 and the formation
of covalent bonds.27-29 Additionally, the superhydrophilic long pendant side chains of AAZ
play an important role in healing these hydrogels. Unlike hydrophobic or amphiphilic
moieties, the hydrophilic zwitterionic moieties do not aggregate in aqueous solution. With
moderate crosslinker content, even though the backbones are fixed by the crosslinker, the
flexible zwitterionic side chains are still able to bridge the hydrogel boundaries and form
associations with their counterparts. The mobility of the pendant chains can be limited with
high crosslinker content. As presented in Fig. 3¢, the healing efficiency decreased to 55.1%
when the crosslinker content reached 50mM, and healing capability was lost when the

crosslinker content reached 125mM.

Like physically crosslinked AAZ hydrogels, the healing efficiency of the chemically
crosslinked samples is also independent of the separation time. As presented in Fig. 3d, even
though the healing efficiency decreased with high crosslinker content, it did not change with
a greater separation time. The superhydrophilic nature of AAZ can still avoid surface
regeneration and enable time-independent healing behavior when chemical crosslinker is
present. Due to the excellent healing capability of the chemically crosslinked AAZ hydrogels,
we expected they would be able to resist fatigue under cyclic loading and unloading. In order

to prevent water loss in the anti-fatigue test, we conducted 10,000 cycles of continuous
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compression loading and unloading in a water bath.30 Taking mechanical properties and
healing efficiency into account, AAZ-b hydrogels were used. As presented in Fig. 3e-f, the
cyclic force curves overlap very well and no significant difference was observed between the
moduli of selected cycles. Based on our discussion above, these excellent anti-fatigue
properties can be attributed to zwitterionic fusion in the AAZ hydrogels. When loaded, the
zwitterionic interactions break prior to the breaking of chemical bonds, resulting in the
hysteresis loop in Fig. 3e. When the load is removed, zwitterionic fusion allows these

interactions to be re-formed on-site and the mechanical properties are recovered.

We further evaluated whether the zwitterionic fusion process is able to mediate cell
patterning by linking different cell-hydrogel constructs together under physiological
conditions. As we have reported previously, zwitterionic hydrogels show a remarkable
capacity for resisting non-specific biofouling.31-33 Here, COS-7 and NIH/3T3 cells were
seeded onto antibiotic-sterilized AAZ hydrogels and human fibronectin (FNT)
functionalized32, 34 AAZ hydrogels. After incubating for three days, as presented in Fig. 4,
both COS-7 and NIH/3T3 cells were able to grow on the surface of FNT-functionalized AAZ
hydrogels, while non-functionalized AAZ hydrogels did not support any cell adhesion.
Notably, cells grown on the FNT-functionalized AAZ hydrogels were prone to attain a round
rather than a spread shape, since the nonfouling background prevented most non-specific
binding. To demonstrate the zwitterionic fusion process, a non-functionalized AAZ hydrogel
section was brought into contact with a piece of FNT-functionalized AAZ. After 24 hours of
room-temperature healing, COS-7 cells were seeded onto the block hydrogel and cell
adhesion was observed after another 24-hour growth period, as depicted in Fig. 5a. One can
see that COS-7 cells did not adhere to the non-functionalized AAZ hydrogel portion (bottom),
while the functionalized portion (top) was wholly covered with COS-7 cells. A quantitative
description of the adhered cells can be found in Fig. 5b, which shows a significantly

heterogeneous cell distribution.

We have demonstrated above that the self-healing process induced by zwitterionic fusion
does not require an external stimulus such as heat, chemical reagents, harsh pH conditions, or

UV exposure. One could thus envision using these materials to assemble cell-gel constructs
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and build hierarchically structured tissues. Therefore, we further examined the fusion and
biocompatibility of zwitterionic hydrogels containing cells. We first encapsulated NIH/3T3
and COS-7 cells in an AAZ hydrogel and measured their viability with a LIVE/DEAD assay
after culture in standard growth medium. As presented in Fig. 5c, the AAZ hydrogel was able
to maintain full viability of the encapsulated cells. We then proceeded to examine the cell
viability in fused zwitterionic hydrogels containing cells. In order to distinguish between
different hydrogel segments, we seeded COS-7 cells into AAZ hydrogels at densities of 10’
or 10° cells/mL. After 3 days of culture, we removed two portions of AAZ hydrogels with
different seeding densities from the growth medium, connected the pieces for 5 minutes to
initialize the healing process, and placed them back into the medium for another 24 hours.
When the fusion process completed, we cut out a section around the connection area and used
the LIVE/DEAD assay to evaluate cell viability in this region. As seen in Fig. 5d, the cell
density is noticeably higher in the left portion than in the right portion. It is noteworthy that
zwitterionic fusion did not cause significant loss of cell viability, which is of great concern in
other self-healing systems requiring heat, toxic chemicals, harsh pH conditions, or UV

exposure.

2.4 Conclusions

In summary, we herein report a unique single-component zwitterionic hydrogel with a
capability for spontaneous healing under physiological conditions without the need for
additional healing reagents or the input of external energy. This hydrogel can be physically
crosslinked via electrostatic interactions among zwitterionic moieties, a process we refer to as
zwitterionic fusion. Zwitterionic fusion resulting from the unique nature of AAZ endows the
hydrogel with time-independent healing behavior: increasing the separation time of cut
fragments does not compromise healing efficiency even in chemically crosslinked samples.
Furthermore, distinct from most self-healing systems, we demonstrate that this zwitterionic
fusion enables the connection of different cell-hydrogel constructs without compromising cell

viability.
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Figure 2.1. Illustration and demonstration of zwitterionic fusion induced time-independent
self-healing behavior. a, Different healing behaviors of single-charged, non-ionic and
zwitterionic materials. b, Chemical structure of single-charged AAS, non-ionic AAN, and
zwitterionic AAZ. ¢, The construction process of a block hydrogel from different AAZ
hydrogels. d, Individual AAZ hydrogel building blocks dyed with different colors e, A block

hydrogel constructed from the building blocks. f, The block hydrogel upon large deformation.

g, The block hydrogel upon bending.
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Figure 2.2. Mechanical properties and surface wettability tests. a, G’ and G” of AAZ

hydrogel for a strain sweep with @= 10 rad s™.

step strain measurements (25°C). Large strain (1,000%) inverted the values of G’ and G” to

give the sol state, while G’ recovered under

Tensile strength of the mended samples; mending was performed at room temperature after

cut samples were kept apart for up to 24 hours.

mending was performed in the same way as

cutting) on the value of the advancing water contact angle on the cut surfaces of the
physically crosslinked AAZ hydrogel and AAN hydrogel at 25°C. f, The morphology of

water droplets on the surface of freshly cut surface of AAZ (i), AAN (iii) and uncut surface

of AAZ (i1), AAN (iv) hydrogels.
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Figure 2.3. The effect of additional crosslinkers on AAZ and AAN hydrogels. a-b, Tensile
strength (a) and moduli (b) of chemically crosslinked AAZ hydrogels with different
crosslinker concentrations. ¢, The effect of increasing concentration of chemical crosslinker
on the healing efficiency of AAZ and AAN hydrogels. d, The effect of separation time on the
healing efficiency of chemically crosslinked AAZ-x hydrogels. The separation time causes no
significant difference among the healing efficiency of each sample. e. Cyclic compressive
force curves for AAZ-b with 45% displacement of height at a rate of 0.5Hz in 25°C water
bath. Representative curves were selected every 1000 cycles. f. Compressive moduli recorded

at the selected cycles. There is no significant difference among the moduli of selective cycles.
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Figure 2.4. Representative images of NIH/3T3 and COS-7 cells on AAZ hydrogels either

functionalized with FNT a-b or without FNT ¢-d. Scale Bar: 150um.
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Figure 2.5. Demonstration of the biocompatibility of zwitterionic hydrogels as well as the
zwitterionic fusion healing process. a. Representative images of COS-7 adhesion on a block hydrogel
constructed with FNT-functionalized AAZ (top) and original AAZ (bottom). Scale Bar: 100pum. b.
Quantitative data on the number of adhered cells on AAZ hydrogels either functionalized with FNT or
not. ¢. The viability of NIH/3T3 and COS-7 cells when encapsulated into AAZ hydrogels for different
days. d. Representative LIVE/DEAD assay image of AAZ hydrogels with different seeding densities

of COS-7 cells after zwitterionic fusion healing process. Scale Bar: 150um.
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Figure 2.6. Superhydrophilic AAZ can strongly absorb water from the air in a short time and

turn from solid (a) into droplets (b).
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Chapter 3 Restraint of the Differentiation of Mesenchymal Stem Cells by a

Nonfouling Zwitterionic Hydrogel

The success of human mesenchymal stem cell (hMSC) therapies is largely dependent on the
ability to maintain the multipotency of cells and control their differentiation. External
biochemical and biophysical cues can easily trigger hMSCs to spontaneously differentiate,
resulting in a rapid decrease of the multipotent cell population and thus compromising their
regenerative capacity. In this work, we demonstrate for the first time that nonfouling
hydrogels composed of pure poly(carboxybetaine) (PCB) allow hMSCs to retain their stem
cell phenotype and multipotency, independent of differentiation-promoting media,
cytoskeletal manipulation agents, and the stiffness of the hydrogel matrix. Moreover,
encapsulated hMSCs can be specifically induced to differentiate down osteogenic or
adipogenic pathways by controlling the content of fouling moieties in the PCB hydrogel. This
work examines the critical role of nonspecific interactions in stem cell differentiation and
highlights the importance of materials chemistry in maintaining stem cell multipotency and

controlling differentiation.

3.1 Introduction

The extensive potential applications of human stem cells make it highly significant to reveal
the fundamental mechanism by which to control their differentiation. According to reports,
stem cell fate can be affected by altering various factors, which can be classified into
biochemical*® and biophysical signals®®. For biochemical signaling, several soluble
chemicals such as growth factors, hormones, and small molecules have been identified to
upregulate stem cell differentiation into certain lineages. Mechanical determinism is another
prevalent theory in the regulation of stem cell fate. Researchers have observed that
biophysical cues, including substrate stiffness’, porosity'’, geometry'!, or even external
forces'?, are able to direct stem cells to differentiate. The belief that integrin-mediated
cellular traction plays a vital role in translating mechanical signals into “decision-making”

information can explain the influence of these mechanical factors'>.
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In recent years, researchers have begun to realize that the material surrounding a stem cell is
highly important in determining its fate'*'’. Among current 2D substrates or 3D matrixes
used to culture stem cells, naturally occurring polymers such as collagen', alginate',
agarose > and hyaluronic acid'® are commonly chosen due to their high biocompatibility.
Though these natural materials can provide a biocompatible niche, their complex composition
makes it difficult to elucidate the stem cell differentiation mechanism and the fate choice of
stem cells cultured inside is highly dependent on their surrounding biochemical and
biophysical cues*®. Variable material processing techniques can also substantially change the
outcome—stem cells cultured in chemically crosslinked'® and physically crosslinked"
alginate hydrogels differ markedly in their differentiation behavior. Artificial materials are
usually easier to control”’, but generally not biocompatible with stem cells, especially for 3D
cell encapsulation. High-molecular-weight poly(ethylene glycol) (PEG) is presently the most
popular among the very limited synthetic materials suitable for stem cell culture”'*. Similar
to their behavior in naturally derived polymer matrixes, the fate of stem cells living in PEG

13,23 However, uniform external

hydrogels is highly influenced by chemical and physical cues
forces and chemical diffusion will be very hard to implement in upcoming clinical
applications. The development of a platform allowing stem cells to maintain their
pluripotency regardless of biochemical or biophysical influence has been a great challenge.

In sharp contrast to the natural polymers mentioned and the artificial amphiphilic material
PEG, the superhydrophilic zwitterionic material polycarboxybetaine (PCB)* exhibits an
unmatched capability for resisting nonspecific binding?**’. In the present work, to assess the
influence of a nonfouling background on the fate of encapsulated hMSCs, carboxybetaine
derived monomer carboxybetaine acrylamide (CBAA) and crosslinker carboxybetaine
dimethacrylate (CBDMA) were used to construct a hydrogel platform designated CBX (Fig.
la). The mechanical strength, or stiffness, of these hydrogels was varied by altering the
crosslinker content while holding monomer concentration constant. Prior to cell
encapsulation, integrin binding molecule cyclic-RGD was functionalized to the matrix

components in order to support stem cell attachment and mediate cellular traction. Hydrogen

bonding between the amide and carboxyl groups in the material allowed the encapsulation
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process to be completed quickly. The viability of the encapsulated hMSCs is presented in SI
Fig. 1. As seen in this figure, a CBX hydrogel can support encapsulated hMSCs with almost
100% viability over a 3-day culture in basal media. We then transferred the hydrogel-hMSC
constructs to a bipotential differentiation medium (osteogenic and adipogenic) and cultured
them for 7 days after an initial 3-day culture in basal media. As seen in SI Fig. 2,
differentiation media did not compromise the viability of encapsulated hMSCs. After
confirming PCB hydrogel biocompatibility, we endeavored to explore the differentiation of
hMSCs in this environment using immunohistochemistry (IHC), histological staining and
RNA analysis.

3.2. Experimental Section

3.2.1 Culture of hMSCs. Human mesenchymal stem cells (hMSCs) were purchased from
Lonza Corporation (Wakersville, MD). For encapsulation studies, hMSCs were expanded in
hMSC growth media (MSCGM™, Lonza Corporation) and used between passages 3-4 in
both 3D and 2D studies.

3.2.2 Preparation of hMSCs lysates. hMSCs at passage 3-4 were pelleted (1000 rpm, 4°C)
and lysed into RIPA buffer (Sigma) which enables efficient cell lysis and protein
solubilization while avoiding protein degradation and interference with the proteins
immunoreactivity and biological activity. The protein content of clarified cell lysates was
determined via BCA.

3.2.3 Preparation of 2D/3D hMSCs-PCB Hydrogel Constructs. An appropriate amount of
CBAA monomer, and CBDMA or EGDMA crosslinker were dissolved in 40ulL PBS. The
molar concentration of CBAA was fixed at 2M and the molar concentration of crosslinker
was adjusted to 2mM, 4mM and 20mM respectively. Before mixing with hMSCs,
Cyclo(RGDYKEG) peptide (cRGD) or CycloRGEYKEG) peptide (cRGE) was
functionalized to the system. In brief, equimolar N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) (Sigma) and N-Hydroxysuccinimide (NHS) (Sigma)
were added to the solution mentioned above. After incubation at 25°C for 1 hour to activate
the carboxylate group, equimolar cRGD or cRGE was added to the activated system. The

molar concentration of cRGD or cRGE in the reaction solution was chosen as 30uM, 150uM
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and 500uM. The reaction was allowed to proceed at 25°C for 24 hours before polymerization.
The efficiency of the reaction was calculated by LC-MS and shown in Table 2.1.

For 3D cell-hydrogel constructs, hMSCs were mixed with and suspended in the solution
described above. Each sample contained 60.5 million hMSCs. Photoinitiator 2-hydroxy-2-
methylpropiophenone was then added and the solution was placed between two glass slides
separated by 2 mm-thick polytetrafluoroethylene spacers and allowed to polymerize in a
crosslink oven (XL-1500B UV Crosslinker, Spectronics Corporation, NY, USA) for 1min.
The cell-encapsulating CB hydrogels were equilibrated in basal media. The viability of
encapsulated cells was examined by using a live/dead assay kit (Invitrogen). The total cell
expansion ratio was tested by Vybrant® MTT Cell Proliferation Assay Kit (Invitrogen) as per
the manufacture instruction and was measured on a microplate reader (Cytation 3 Cell
Imaging Multi-Mode Reader, BioTek). The Click-iT EdU Alexa Fluor 594 Imaging Kit
(Invitrogen) was used to label proliferating cells as per the manufacture instruction. DAPI
was used to label the nuclei and counted the total number of hMSCs. In order to remove the
influence of the cells on the surface, the 20um hydrogel near the surface were removed. Zeiss
LSM 510 META confocal microscope was used for quantifying the proliferating hMSCs
within CBE and CBX hydrogels. At least three independent constructs were used and each
one was sampled at three different depths. A Z-sampling rate of 3.6pum was used for image
acquisition

For 2D cell-hydrogel constructs, after functionalization with cRGD, photoinitiator 2-
hydroxy-2-methylpropiophenone was added and the solution was allowed to polymerize by
using the same method to the 3D work. After polymerization, CB hydrogels were removed
from casts and dialyzed in PBS for 3 days. Then, CB hydrogels were seeded with hMSCs at
20,000 cells cm * and cultured in stem cell medium for 3 days before transfer into bipotential
medium.

3.2.4 Efficiency of peptide functionalization. The data were collected using an Agilent
1200 LC 6520 Q-Tof MS system (Agilent Technologies, Santa Clara, CA). 1 pL of each
sample was injected. The chromatographic separation was performed in hydrophilic

interaction chromatography (HILIC) mode on a SeQuant ZIC-cHILIC column (150 x 2.1
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mm, 3.0 um particle size, Merck KGaA, Darmstadt, Germany). The flow rate was 0.500
mL/min, auto-sampler temperature was kept at 4 °C, the column compartment was set at 40 C,
and total separation time for both ionization modes was 40 min. The mobile phase was
composed of Solvents A (5 mM ammonium acetate in 90% H,0/10% acetonitrile + 0.2%
acetic acid) and B (5SmM ammonium acetate in 90% acetonitrile/10% H,O + 0.2% acetic

acid). The gradient conditions are shown below.

Time Segment,
Solvent A, %  Solvent B, %

min.

0-1 25 75

1-5 from 25to 70 from 75 to 30

5-9 70 30
9-9.1 from 70 to 25 from 30 to 75
9.1-40

25 75
(equilibration)

The Q-Tof mass spectrometer was equipped with an electrospray ionization (ESI) source.
The instrument was controlled by Agilent MassHunter Workstation (Agilent Technologies,
Santa Clara, CA). The ESI voltage was set at 3800 volts. The source gas was N; (99.999%
purity). The ion source conditions in positive mode were: drying gas = 10 I/min, nebulizer
gas = 45 psi, temperature = 325°C. The extracted ion chromatography (EIC, ¢cRGD
m/z=804.3602, cRGE m/z=818.3801) peaks were integrated using Agilent Mass Hunter
Qualitative Analysis (Agilent Technologies, Santa Clara, CA).

The functionalization efficiency was determined as (V¢— V.)/ V. x 100 (%), where V¢ was
the integrated value of the free cRGD or cRGE after the reaction and V., was the integrated
value of the free cRGD or cRGE in the according CBE or CBX aqueous solutions where no
coupling agents (EDC or NHS) were added.

3.2.5 Characterization of CBE and CBX hydrogels. The hydrogels were obtained as
described above and placed into PBS to reach equilibrium for at least five days before
mechanical tests. At least five 0.5 cm diameter disks of each formulation (1.5 mm thickness

when cast) were compressed at a rate of | mm/min using an Instron 5543 A mechanical tester
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(Instron Corp., Norwood, MA) with a 10 kN load cell. The Young’s modulus was calculated
from 3% to 13% strain to avoid any complications in an instance in which the top plate may
not be completely engaged with the specimen when compression begins.

The swelling ratios were determined as (Dy/D,) x 100 (%), where Ds was the diameter of the
fully swollen hydrogels and D, was the diameter of the relaxed (unswollen, but not
dehydrated) hydrogels.

3.2.6 Pore size distribution by uptake of dextran particles. As reported before' , the
relative uptake of dextran of various molar masses can be used to determine the pore size
distribution of a hydrogel. FITC—dextran of molar masses 4, 40, 70, 150, 250, 500, 1000 and
2000 kDa were dissolved in PBS buffer (100 mM) to yield a final concentration of 0.2
mg/mL. CBE and CBX hydrogels were immersed in the dextran solution and the samples
were sealed and kept in a box covered with aluminium foil in order to prevent exposure to
light. After 3 days of equilibration, the dextran-loaded hydrogels were examined by using a
Zeiss LSM 510 META confocal microscope. The partition coefficients were measured as
follows:

R=(Iger-Ipackground)/ (Isolution=Ibackground) * 100%

Igoi: fluorescence intensity inside gel

Lsomtion : fluorescence intensity in solution

Iackeground © fluorescence intensity for background

3.2.7 Preparation of self-assembled monolayers. Glass chips were first coated with an
adhesion-promoting chromium layer (thickness 2 nm) and a surface-plasmon-active gold
layer (48nm) by electron beam evaporation under vacuum. Before self-assembled monolayer
(SAM) preparation, the gold-coated glass substrate was rinsed with ethanol and water in
sequence, dried with filtered air, then further cleaned in a UV ozone cleaner (Jelight, model
42) for 20 min. The cleaned chip was immediately soaked in a 0.1 mM ethanol solution of
ATRP initiator for 24 h to form a SAM on the gold surface’. The chip was subsequently
rinsed with THF, then ethanol, and dried with a stream of filtered air just prior to surface-

initiated polymerization.
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3.2.8 Surface-initiated atom transfer radical polymerization. Surface-initiated ATRP was
carried out on SAM-coated gold substrates following a method similar to one previously
reported3. Briefly, CuBr, CuBr,, BPY, and gold chips with immobilized initiators were placed
in a sealed reaction tube and deoxygenated via vacuum and nitrogen purging. CBAA
monomer was deoxygenated in a separate sealed tube, and then dissolved in a deoxygenated
solution of methanol and pure water in a 10:1 volume ratio. The monomer solution was
transferred to the reaction tube using a syringe under nitrogen protection. In a shaker at 120
RPM and 25°C, PCBAA was allowed to react for 3 h. After polymerization, chips were
removed, rinsed with pure water and PBS, and stored overnight in PBS. Chips were rinsed
with Milli-Q water and dried with filtered air just prior to any experiments. Dry film
thickness was measured with an ellipsometer (J.A. Woollam, Alpha-SE), and chips with
thicknesses of 20-30 nm were used for SPR measurements.

3.2.9 Peptides functionalization of PCBAA polymer films. The PCBAA coated gold chips
described above were placed in 20ml petri dishes and immersed in PBS before peptides
conjugation. Then, appropriate amount of EDC and NHS were added to the petri dishes.
After incubation at 25°C for 1 hour to activate the carboxylate group, appropriate amount of
cRGD or cRGE was added to the activated system. The concentration of cRGD or cRGE in
the reaction solution was chosen as 30uM, 150uM and 500uM. The molar ratio of EDC, NHS
and peptides are fixed at 1:1:1. The reaction was allowed to proceed at 25°C for 24 hours and
the obtained chips will be used for protein adsorption tests.

3.2.10 Measurements of protein adsorption: 100% Human Serum, 1 pg/ml os-integrin
(CD49e¢, BD Biosciences) and 1 pg/ml ay-integrin (CD51, BD Biosciences) were used for the
protein absorption assay. This study used a custom-built surface plasmon resonance (SPR)
sensor from the Institute of Photonics and Electronics, Academy Sciences (Prague, Czech
Republic). A prepared chip was attached to the base of the prism and optical contact was
established using refractive index matching fluid (Cargille). A quadruple-channel flow cell
with four independent parallel flow channels was used to contain liquid samples during
experiments. A peristaltic pump (Ismatec) was utilized to deliver liquid samples to the four

channels of the flow cell. A stable baseline was first established with water, PBS, or divalent
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salt solution with different concentrations of running buffer, then serum solution was
delivered to the surface at a flow rate of 0.050 mL/min for 30 min, and the same buffer
flowed again for 10 min before determining final wavelength shifts. A surface-sensitive SPR
detector was used to monitor surface interactions in real time, and wavelength shift was used
as an indication of changes on the surface.

3.2.11 Nonspecific protein adsorption on CBE and CBX hydrogels. FITC tagged FBS was
prepared by using FluoroTag™ FITC Conjugation Kit (Sigma) and Rhodamine tagged cell
lysates (CLS) was prepared by using Rhodamine Conjugation Kit (Abcam) as per the
manufacture instruction. To evaluate nonspecific protein interactions, hydrogels were
exposed to 0.1 mg/mL of FITC tagged FBS or Rhodamine tagged CLS in PBS for overnight
at 4°C followed by washing with PBS for 3 times. Protein adsorption was detected by using
Zeiss LSM 510 META confocal microscope. For all stacking images, a Z-sampling rate of
2.5um was used for image acquisition

3.2.12 FRET Measurement and Calculation. For FRET measurements, hMSCs were
labeled with 5-hexadecanoylaminofluorescein (4 nmol/cm’; Invitrogen) in tissue culture
flasks for 24 hr, before being prepared for encapsulation as per differentiation studies. Cell
suspensions were mixed with CBE or CBX system mentioned above while cRGD was
replaced by Cyclo{RGDYKEGK(5,6-TAMRA)} (cRGD-TAMRA). The density of RGD-
TAMRA peptides was controlled by varying the concentration of peptides and corresponding
coupling agents. After mixing cells with CBE or CBX solutions and crosslinking, hydrogel
discs (500pm thick, Smm diameter) were incubated for 2 hr on an orbital shaker in phenol red
free medium (10% FBS) at 37°C, 5% CO; before FRET measurements. The 2 hr time-point
was chosen to minimize any effects of new protein synthesis on integrin-RGD bond
formation. Cyclo{RGEYKEGK(5,6-TAMRA)} (RGE-TAMRA) peptides were used as
negative controls.

We carried out FRET measurements in CBE and CBX hydrogels on a fluorescent microplate
reader (Cytation 3 Cell Imaging Multi-Mode Reader, BioTek). In order to rule out the
influence of the autofluorescence of polymer molecules as well as the fluorescence bleeding

through phenomena, the ‘donor-only’ samples, the ‘acceptor-only’ samples, and the ‘FRET’
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samples which contain both donor and acceptor were generated in parallel for FRET
calibration. Fluorescence of all samples in three filter sets (acceptor, donor, and FRET filter
set) was measured, and the calibration was accomplished with “specified bleed through with
donor and acceptor only correction” as reported before®. The FRET signals of the donor-only
samples were used to normalized FRET signals of donor—acceptor samples and expressed as
‘Normalized FRET".

3.2.13 Immunohistochemistry. After induced differentiation for 7 days, cell-hydrogel
constructs were fixed in 4% paraformaldehyde in PBS for 8 hours, transferred to 30 wt%
sucrose for 72 h, frozen in Cryo-gel (Instrumedics, Inc.) and cryosectioned (10um sections).
Vinculin-containing focal adhesion is stained by using ProteoExtract® Cytoskeleton
Enrichment and Isolation Kit (EMD Millipore) per the manufacture instruction. The F-actin
filaments is stained with CytoPainter F-actin Staining Kit (Abcam) and mounted with
ProLong Gold antifade reagent with DAPI and allowed to cure overnight.

Triple-label immunofluorescence staining was used to visualize differentiation markers and
pluripotent markers. Mouse anti-RUNX2 (Abcam) and rabbit anti-OPN (Abcam) were used
to visualize osteogenesis. Rabbit anti-PPARG (Abcam) and mouse anti-FABP4 (Abcam)
were used to visualize adipogenesis. Mouse Anti-STRO-1 (Invitrogen) and Rabbit Anti-
ALCAM (Abcam) were used to visualize pluripotency. The cells were permeabilized for 10
minutes with PBT (0.1% Triton X-100 in PBS). After blocking for 1h in 10% fetal bovine
serum, substrates were incubated with primary antibodies for 8 hours at room temperature.
Then, two types of secondary antibodies with different fluorescence tags, donkey anti-rabbit
IgG (Invitrogen), and donkey anti-mouse IgG (Invitrogen), were used to visualize the
antibodies of differentiation markers. Goat anti-mouse IgM (Invitrogen) and Donkey anti-
rabbit IgG (Invitrogen) were used to visualize antibodies of pluripotency markers. 4,6-
diamidino-2-phenylindole (DAPI; Molecular Probes) was included in the secondary solution
and samples were mounted on glass slides with ProLong® Gold reagent.

3.2.14 Biochemical assays. Dried cell-hydrogel constructs from each group (n=5) were

obtained by lyophilization. The dried constructs were crushed with a tissue grinder and
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digested in 1ml of papainase for 15h at 60 °C. The DNA content (nanograms of DNA per
milligram dry weight of the hydrogel) was determined with Hoechst 33258.

3.2.15 Quantitative Real Time PCR. At certain time points, constructs were removed from
the culture media. Then, the constructs were transferred in TRI REAGENT (Sigma) in
RNase-free test tubes and were homogenized with a tissue homogenizer. Total RNA was
extracted according to the manufacturer's instructions. Total RNA for each sample was
quantified with a UV spectrophotometer and converted to cDNA using the QuantiTect
Reverse Transcription Kit. After amplification by using SYBR Green PCR Master mix
(Qiagen), thermocycling was carried out in a solution with primers (Integrated DNA
Technologies) and cDNA. PCR conditions were as follows: 15s at 94 °C, 30s at 55°C, and

5-14
. Here, we

30s at 72°C. The primer sequence is summarized in Table 3.1 as reported before
used RNase-free DNase (Qiagen) to prevent genomic DNA contamination.
3.2.16 Osteogenic/Adipogenic Differentiation. Cell-Hydrogel constructs were cultured in
basal medium for 3 days. Following this time point, the basal medium was replaced with
bipotential differentiation medium—Ilow glucose DMEM supplemented with 20% FBS and 1%
penicillin/streptomycin (Invitrogen); Adipogenic supplement: 1uM dexamethasone, 50uM
indomethacin (Sigma), 0.5uM 3-isobutyl-1-methylxanthine (IBMX; Sigma) and 10ug/mL
human recombinant insulin (Invitrogen); Osteogenic supplement: 10mM [B-glycerol
phosphate (Sigma), 50ug/mL ascorbic acid (Sigma)). Media changes were performed every 3
days.

As a parallel control, a mixed adipogenic/osteogenic inductive media was made by
combining commercially available osteogenic and adipogenic inductive media (R&D
Systems) in a 1:1 ratio and supplementing with 1% (v/v) penicillin-streptomycin (Gibco).
The mixed media was also used for the differentiation experiment mentioned above and no
significant difference was observed compared to the lab-made bipotential differentiation
medium.

3.2.17 Histological Analysis on hMSC differentiation. After incubation for 1 week, cell-

hydrogel constructs were fixed in 4% paraformaldehyde in PBS for 8 hours, transferred to 30

wt% sucrose for 72 h, frozen in Cryo-gel (Instrumedics, Inc.) and cryosectioned (10pm
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sections). ALP activity (osteogenic biomarker) and lipid accumulation (adipogenic biomarker)
were visualized by Fast Blue BB (Sigma) and Oil Red O (Sigma). The total cell counts were
obtained by staining the nuclei with DAPI. By dividing the positive stained cells for ALP and
Oil Red O, respectively by the total cell counts, percentage of differentiated hMSCs of
osteogenesis and adipogenesis was calculated. Color micrographs were acquired using a
Nikon E800 upright microscope.

3.2.18 Inhibition assays. Inhibitors were added to cell culture media at the following
concentrations without causing apparent changes to the viability of encapsulated hMSCs.
Nocodazole (1.1uM), Cytochalasin D (0.25uM), Blebbistatin (1uM), and Y-27632 (1.8uM)
(Calbiochem). Integrin blocking antibodies (a5 and B1, Chemicon) were added at 1.1ug/mL
in the process of cell encapsulation.

3.2.19 Metabolites analysis. hMSCs were cultured within CBE and CBX hydrogels for 3
days in basal medium and 7 days in bi-potential differentiation medium as described above.
All the media were collected for glucose consumption measurement. The value obtained was
normalized to the value of fresh media. For the amino acid metabolic assay, cell-hydrogel
constructs were washed in PBS and crushed with a tissue grinder before metabolites were
extracted using an extraction solvent (1:3:1 Chloroform: Methanol: Water), and placed on a
rotary shaker for 1 hour at 4°C. The solution was then centrifuged for 3 minutes at 13000g at
4°C after which supernatant were collected and dried at 30 °C for ~2hr in a SpeedVac. The
samples were analyzed using LC-MS QqQ method system as described below.

3.2.20 Liquid chromatography conditions. The LC system was composed of two Agilent
1260 binary pumps, an Agilent 1260 auto-sampler, and Agilent 1290 column compartment
containing a column-switching valve (Agilent Technologies, Santa Clara, CA). Each sample
was injected twice, 10 puL for analysis using negative ionization mode and 2 pL for analysis
using positive ionization mode. Both chromatographic separations were performed in
hydrophilic interaction chromatography (HILIC) mode on two SeQuant ZIC-cHILIC
columns (150 x 2.1 mm, 3.0 um particle size, Merck KGaA, Darmstadt, Germany) connected
in parallel. Our setup allows one column performing separation while the other column is

getting reconditioned and ready for the next injection. The flow rate was 0.300 mL/min, auto-
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sampler temperature was kept at 4C, the column compartment was set at 40C, and total
separation time for both ionization modes was 20 min. The mobile phase was composed of
Solvents A (5 mM ammonium acetate in 90% H,O / 10% acetonitrile + 0.2% acetic acid) and
B (5§ mM ammonium acetate in 90% acetonitrile/ 10% H,O + 0.2% acetic acid). The gradient

conditions for both separations were identical and are shown below.

Time Segment,
Solvent A, %  Solvent B, %

min.

0-2 25 75

2-5 from 25to 70  from 75 to 30

5-9 70 30
9-11 from 70 to 25 from 30 to 75
11-20 25 75

The metabolite identities were confirmed by spiking the sample used for method
development with mixtures of standard compounds (each mixture contained five standard
metabolites). All the samples were analyzed over a 12-day period and the retention times (RT)
did not undergo any significant shift (each peak was within 6 seconds throughout 12 days of
analysis), which proved the robustness of our HILIC method.

3.2.21 Mass spectrometry conditions. After the chromatographic separation, MS ionization
and data acquisition were performed using an AB Sciex QTrap 5500 mass spectrometer (AB
Sciex, Toronto, ON, Canada) equipped with an electrospray ionization (ESI) source. The
instrument was controlled by Analyst 1.5 software (AB Sciex, Toronto, ON, Canada).
Targeted data acquisition was performed in multiple-reaction-monitoring (MRM) mode. We
monitored 99 and 59 MRM transitions in negative and positive mode, respectively (158
transitions in total). The source and collision gas was Nz (99.999% purity). The ion source
conditions in negative/positive mode were: curtain gas (CUR) = 25 psi, collision gas (CAD)
= high, ion spray voltage (IS) = -3.8/3.8 KV, temperature (TEM) = 500C, ion source gas 1
(GS1) = 50 psi, and ion source gas 2 (GS2) = 40 psi.. The extracted MRM peaks were

integrated using MultiQuant 2.1 software (AB Sciex, Toronto, ON, Canada).

55



3.2.22 Data analysis, model development and cross validation. A custom metabolite
database incorporating HMDB was used to identify compounds. After exporting from
MultiQuant software, spectral data were normalized using average values from the data of
quality control (QC) injections (at least five in each batch, 33 QC samples in total). Means
and standard errors of the mean were generated for all groups of picked peaks.

3.2.23 Flow Cytometry. Multicolor analysis for progenitor and stem cell phenotyping was
performed on a LSR II flow cytometer (Becton Dickinson). Cells were stained in staining
media (HBSS supplemented with FBS 2% and EDTA 2 mM) at 4°C for 1 h with Alexa
Fluor® 647 anti-STRO-1 (Biolegend), FITC anti-ALCAM (AbD Serotec), Alexa Fluor® 647
anti-RUNX2 (Bioss Inc.), FITC anti-OPN (Biorbyt), and Alexa Fluor® 647 anti-PPARG
(Bioss Inc.) and FITC anti-FABP4 (Biorbyt), then washed with staining media and analyzed.
At least 10,000 events were acquired for each analysis.

3.2.24 Statistical analysis. Examination and quantification of histological sections was done
by three independent researchers blinded to sample identity with at least five random
images/fields in each section per sample. A two-tailed Student’s #-test was used for all

statistical analyses, with *p<0.01 being considered as statistically significant.

3.3. Results and Discussion

al media. We then transferred the hydrogel-hMSC constructs to the bipotential differentiation
medium mentioned above and cultured them for 7 days after an initial 3-day culture in basal
media. As seen in Fig. 3.14, differentiation media did not compromise the viability of
encapsulated hMSCs. We also quantified the expansion of the hMSCs in CBX and CBE
hydrogels. As presented in Fig. 3.15, since no growth factor was added and hMSCs are not
able to degrade the CBX or CBE matrixes, no significant proliferation was observed in both
CBE and CBX hydrogels. After confirming the biocompatibility of PCB hydrogel, we
endeavored to explore the differentiation of hMSCs in this environment using

immunohistochemistry (IHC), histological staining and RNA analysis.
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3.3.1 IHC assay and histological staining for hMSCs within 3D nonfouling CBX and
fouling CBE hydrogels. According to current differentiation theories, the fate of hMSCs can
be tuned by adjusting the mechanical properties of their support’. As we mentioned above,
three different moduli were chosen for both CBE and CBX hydrogels. To examine the
differentiation results after a 7-day culture in the bipotential media, we first utilized IHC to
visualize nuclei (DAPI), osteogenic biomarkers, and adipogenic biomarkers. To test for
osteogenesis, we visualized RUNX2%, a key transcription factor essential for osteogenic
differentiation, and Osteopontin (OPN), an important factor in bone remodeling expressed
predominantly by osteoblasts, osteocyctes and osteoclasts®’. Similarly, two biomarkers of
adipogenesis were also examined; PPARG is a crucial regulator of adipogenesis and highly
related to the uptake and storage of lipids®', and fatty acid binding protein 4 (FABP4) is a
carrier protein primarily expressed in adipocytes®. Interestingly, as presented in Fig. 1b, both
osteogenic and adipogenic biomarkers remained absent from cells grown in CBX hydrogels
prepared in a wide range of moduli, from soft (3.1KPa) to stiff (71.2KPa). These results
suggested that neither mechanical-property-associated cell traction nor soluble differentiation
factors conclusively drive stem cell differentiation choices.

From the THC results, it appeared that nonspecific binding plays an important role in
directing stem cells to differentiate. The superhydrophilic CBX hydrogel matrix does not
interact with the cell surface and cannot induce hMSC differentiation. In sharp contrast to the
lack of differentiation we observed in CBX hydrogels, adipogenic biomarkers were robustly
expressed in cells cultured in soft CBE hydrogels (2.6KPa), and disappeared quickly when
the modulus was increased. Compared with the soft CBX constructs, it was apparent that a
minimal concentration of hydrophobic components encouraged hMSCs to differentiate to an
adipogenic lineage. On the other hand, osteogenic biomarkers were clearly expressed in the
stiffer (medium- and high-modulus) CBE hydrogel samples, with increased nonspecific
binding sites resulting in increased expression. This indicates that increasing the mechanical
strength of the matrix in the presence of nonspecific binding can help hMSCs shift their

differentiation choice from adipogenesis to osteogenesis.
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After visualizing the characteristic surface antigens, we further aimed to explore certain
chemicals and enzymes secreted within specifically differentiated hMSCs. Adipogenesis in
hMSCs can be indicated by the presence of neutral lipids®, visualized by staining with Oil
Red O. Likewise, osteogenesis can be reflected by alkaline phosphatase (ALP)™, stained with
Fast Blue salts. We conducted this histological staining for both lipid and ALP content in
hMSCs encapsulated in CBX and CBE hydrogels. As presented in Fig. 1c (i-iii), stem cells
differentiate positively in CBE hydrogels. Nearly all the differentiated cells commit to
adipogenesis in a soft CBE matrix (2.6KPa), and begin to choose the osteogenic pathway as
the stiffness is increased. In contrast, nearly all hMSCs in CBX hydrogels remain in an
undifferentiated state, with the very few differentiated cells randomly committed (Fig. 1c (iv-
vi)). We also extended the differentiation culture period to 21 days and tried to functionalize
the CBX hydrogels with cRGD of different densities. As presented in Fig. 3.17, neither
extended culture period nor varied cRGD density was able to compromise the viability of
encapsulated hMSCs or cause active differentiation of hMSCs.

Furthermore, we demonstrated the fate choice of hMSCs within PCBAA hydrogels can be
conclusively controlled by the amount of hydrophobic components. PCBAA hydrogels were
crosslinked by a combination of hydrophilic CBDMA crosslinker and hydrophobic EGDMA
crosslinker while the total molar concentration of crosslinker and monomer concentration are
fixed. As presented in Fig. 3.18a, the moduli of PCBAA hydrogels did not vary significantly
with increasing percentage of added CBDMA crosslinker. However, the fate choice of
hMSCs differed markedly with increasing percentage of CBDMA. As seen in Fig. 3.18b, the
osteogenesis dominated even though the share of the CBDMA reached 75%. However, it
decreased sharply with further increasing percentage of CBDMA. In contrast to osteogenesis,
the adipogenesis increased significantly with the reduced osteogenesis and decreased again
when the share of CBDMA increased higher than 95%. Both osteogenesis and adipogenesis
were observed to be negative in 100% CBDMA crosslinked PCBAA hydrogels.

We hypothesize that different cell-matrix interactions in CBX hydrogels or CBE hydrogels
significantly influence the fate choice of hMSCs. As illustrated in Fig. 2, when cultured in

nonfouling CBX hydrogels, hMSCs cannot fully interact with the matrix surrounding them,
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even though the matrix is anchored with c-RGD moieties. Therefore, neither physical or
chemical factors can promote these hMSCs to differentiate. In contrast to the CBX hydrogels,
the CBE hydrogels can provide sufficient nonspecific cues to those anchored hMSCs,
mediating them to fully interact with their surrounding matrix. Therefore, as illustrated in Fig.
2, hMSCs are prone to commit to the osteogenic pathway when cultured in CBE hydrogels
with a high modulus. On the other hand, hMSCs are prone to commit to the adipogenic
pathway when cultured in CBE hydrogels with a low modulus.

To confirm our hypothesis, we further aimed to visualize biomarkers signifying multipotency
in hMSCs encapsulated in CBX and CBE hydrogels. STRO-1 is one such biomarker found in
bone marrow samples, used for enriching subsets of marrow stromal cells through
recognition of a surface antigen unique to this lineage**. The CD166 antigen (encoded by the
ALCAM gene) is a transmembrane glycoprotein that has been used as a potential stem cell
marker’®. As presented in Fig. 3, hMSCs cultured in the completely nonfouling CBX
hydrogels were positive for stem cell markers STRO-1 and ALCAM, independent of matrix
modulus. The same phenomenon was observed even we extended the differentiation culture
period to 21 days (Fig. 3.19). In contrast, most of the hMSCs in CBE hydrogels were not able
to express these stem cell biomarkers, as also shown in Fig. 3. This suggests that nonspecific-
binding-mediated differentiation has been triggered, and hMSCs in CBE hydrogels lose their
multipotency when cultured with differentiation media.

3.3.2 qRT-PCR assessment of hMSC differentiation within 3D CBX and CBE hydrogels.
The expression of characteristic genes can accurately reveal the propensity of stem cells to
differentiate. Thus, we next endeavored to examine the behavior of stem cells within CBX
and CBE hydrogels from the RNA level. RNAs were isolated and we conducted quantitative
real-time PCR (qRT-PCR) to test the expression levels of certain characteristic genes. The
expression was normalized to cells at the time of encapsulation, with B-actin used as the
housekeeping gene. Since hMSCs are potentially able to differentiate into many different
lineages, we first tested the characteristic gene expression in the process of adipogenesis,
osteogenesis, chondrogenesis, myogenesis and neurogenesis. In addition to PPARG

(adipogenic marker) and RUNX2 (osteogenic marker) mentioned above, three more RNA
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biomarkers were visualized to characterize the other differentiation pathways. AGGRECAN
is a cartilage-specific proteoglycan core protein associated with chondrogenesis®, MyoD is
one of the earliest markers of myogenic commitment and plays a role in regulating muscle
repair’®, and B3 TUBULIN is expressed exclusively in neurons and serves as a popular
identifier specific to nervous tissue’’. As exhibited in Fig. 4a, hMSCs encapsulated in CBX
hydrogels exhibit no commitment to any differentiation lineage. However, while hMSCs in
CBE hydrogels did not show any significant commitment to chondrogenesis, myogenesis, or
neurogenesis, they presented noteworthy expression of the adipogenic biomarker (PPARG) in
the soft sample and the osteogenic biomarker (RUNX?2) in the stiffer samples (Fig. 4b).

Fig. 4c-d summarizes the expression of a panel of adipogenic genes in hMSCs cultured in
CBX and CBE hydrogels. In addition to PPARG and FABP4 mentioned previously, we
tested for adiponectin (encoded by ADIPQ), which regulates fatty acid breakdown®®, and
lipoprotein lipase (LPL), a water-soluble enzyme that hydrolyzes triglycerides in
lipoproteins™. As presented in Fig. 4c-d, without nonspecific binding sites there is no
enhanced expression of adipogenic genes in hMSCs cultured in any CBX hydrogel,
regardless of mechanical properties. However, when encapsulated in CBE hydrogels, the
nonspecific binding sites lead to positive expression of the adipogenic genes, which decreases
with an increasing modulus.

Fig. 4e-f summarizes the expression of osteogenic genes by hMSCs in CBX and CBE
hydrogels. We quantified the expression of two more osteogenic biomarkers as well as OPN
and RUNX2: collagen, type I, alpha 1 (COL1A1), a human gene found in osteoprogenitor
cells encoding the major component of collagen I'°, and the gene encoding osteocalcin
(OCN), a noncollagenous protein secreted exclusively by osteoblasts*'. Normalized to cells at
the time of encapsulation, the hMSCs in nonfouling CBX hydrogels did not express any of
the osteogenic biomarkers at a significant level, once again regardless of matrix stiffness and
differentiation-promoting media, as shown in Fig. 4e. And again, nonspecific binding sites
produced dramatic changes in expression. As delineated in Fig. 4f, compared to the negligible
expression of osteogenic genes in CBX hydrogels, expression was hundreds of times higher

in CBE hydrogels. There are also significant differences when the concentration of
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nonspecific binding sites changes; stem cells in the CBE hydrogel with a lower concentration
of hydrophobic crosslinker express the osteogenic genes at a much lower level than those
surrounded by a higher concentration of hydrophobic components in the CBE hydrogels of
higher moduli.

3.3.3Metabolic analysis in hMSC within 3D CBX and CBE hydrogels. Stem cells have
been proved to be able to present in different stages of activation such as in quiescence or in

the cell cycle, which is regulated by their metabolisms***

. For example, hypoxia cultures
which reduce the amino acid metabolism*’ can promote the adipogenic differentiation of
hMSCs while normoxic cultures promote osteogenic and chondrocytic differentiation*®. In
this study, we endeavored to test the influence of a nonfouling background on the glucose
consumption and amino acids metabolism of encapsulated hMSCs. After the 7 days
differentiation, the total media were collected and analyzed by liquid chromatography—mass
spectrometry (LC-MS) method involved a quadrupole time-of-flight (QTOF) mass
spectrometer. As seen in Fig. 5a, the hMSCs cultured within CBE hydrogels consumed a
large amount of glucose in the media. In contrast to the active glucose consumption of
hMSCs within CBE hydrogels, as presented in Fig. 5b, hMSCs within CBX hydrogels
exhibited a significant low level of glucose consumption, independent of the amount of added
zwitterionic crosslinkers. This suggests the hMSCs can interpret the nonfouling background
as a signal to remain quiescent and are able to keep the glucose metabolism at a very slow
rate.

In addition to the glucose consumption, we further tested the amino acids metabolism of
hMSCs within CBX and CBE hydrogels. After 7 days culture in the differentiation media, we
tested the amount of 20 basic amino acids in aminoacyl tRNA synthesis of peptides from the
hMSCs within CBE and CBX hydrogels by using LC-MS method involved a triple
quadrupole (QqQ) mass spectrometer. The signal for each amino acid was normalized to the
total DNA content and then normalized to the corresponding value of hMSCs before
encapsulation. As presented in Fig. 5c, the peptide biosynthesis in hMSCs within CBE
hydrogels was up-regulated after the induction of differentiation media. In contrast to the

hMSCs within the CBE hydrogels, the peptide biosynthesis in hMSCs within all CBX
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hydrogels was down-regulated to a great extent compared to the proliferating hMSCs,
independent of the amount of added zwitterionic crosslinkers. The metabolism analysis
suggests the hMSCs interpret the nonfouling background as a signal to remain quiescent and
we believe the restrained metabolic activity in hMSCs is critical of keeping them in a naive
state even after the induction of differentiation media for a long time.

3.3.4Modulating differentiation by cytoskeletal manipulation. It is believed that the
differentiation behavior of hMSCs is directly dependent on the cytoskeletal contractility' "%,
Here, we further evaluated the effect of several pharmacological agents known to modulate
the cytoskeleton on the differentiation behavior of encapsulated hMSCs in CBX and CBE
hydrogels. The percentage of hMSCs differentiating to adipocytes or osteoblasts in control
culture media without the addition of pharmacological agents is shown in Fig. 6a (i) and Fig.
6b (1). It is known that nocodazole can interfere with the polymerization of microtubules, thus
increasing the cell contractility'?. As seen in Fig. 6a (ii), the agent indeed reversed the fate
choice of hMSCs in a CBE hydrogel with low modulus and gave a high rate of osteogenesis
in all cases. Three other agents that are able to directly inhibit contractility of the
cytoskeleton—blebbistatin, which inhibits myosin II, cytochalasin D, which inhibits F-actin
polymerization and Y-27632, which inhibits ROCK—resulted in a significant decrease in
osteogenesis with a corresponding increase in adipogenesis, with the mechanical property of
the CBE hydrogel having no influence on differentiation (Fig. 6a(iii-v)). It is also known that
aSB1 integrin can mediate coupling of the cytoskeleton to the extracellular matrix and enable
the mechanical signal transduction'’. Here, we examined cells encapsulated in cRGD-
modified CBE hydrogels of varying rigidity in the presence of function-blocking antibodies
against a5PB1 integrin. We found that most hMSCs committed to adipogenesis in CBE
hydrogels in the presence of these antibodies, and the influence of mechanical property on
differentiation was removed (Fig. 6a(vi)). We also tested the influence of these
pharmacological agents on the differentiation of hMSCs in CBX hydrogels. As presented in
Fig. 6b, unlike in CBE hydrogels, the hMSCs in CBX hydrogels of varying rigidity exhibit a
very low rate (< 5%) of differentiation and no significant difference was observed among

CBX hydrogels treated with different pharmacological agents. These results further
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demonstrate that actomyosin contractility is not able to influence the fate choice of hMSCs in
the absence of non-specific interactions and the non-specific interactions between
extracellular matrix and cells are indispensable for hMSCs to initiate the differentiation
process.

3.4 Conclusions

In summary, as evidenced by ITHC, histological staining and RNA analysis, we show that the
absence of nonspecific interactions prevents hMSC differentiation in both 2D and 3D cultures.
Stem cells do not undergo differentiation in completely nonfouling hydrogels or on
completely nonfouling substrates regardless of materials stiffness even after long-term culture
in differentiation media or in the presence of cytoskeletal manipulation agents. The metabolic
analysis reveals that the nonfouling background can down-regulate glucose and amino acid
metabolism, which restrains hMSCs from differentiation for a long time. Furthermore, as
demonstrated by the 2D work, the quiescent hMSCs can be activated again when transferred
to a fouling environment such as petri dishes. This work demonstrates the behavior of stem
cells under the extreme condition in which non-specific interactions are eliminated.
Furthermore, this work demonstrates that varying levels of nonspecific interactions between
stem cells and platforms are responsible for their fate choice. These new findings reveal the
fundamental mechanism of cell-material interactions in directing stem cell fate and highlight

the importance of material chemistry for the long-term maintenance of stem cell multipotency.
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Figure 3.1. Fate determination of hMSCs within 3D nonfouling CBX and fouling CBE

FABP4/ RG/DAPI

hydrogels. a. Schematic illustration of cRGD conjugation to carboxybetaine monomer or
crosslinker and cell encapsulation in CBX and CBE hydrogels. b. After 7 days of culture in
bipotential differentiation medium, cell-hydrogel constructs of CBX and CBE samples were
immunostained for adipogenic (PPARG, FABP4) and osteogenic (RUNX2, OPN) biomarkers.
Scale bar, 20um. c. Representative bright-field images of Oil Red O and ALP stained hMSCs
following 7-day bipotential differentiation medium incubation within CBE, Low (i); CBE,
Medium (ii); CBE, High (iii); CBX, Low (iv); CBX, Medium (v); CBX, High (vi). Scale bar,
100pm.
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Figure 3.2. Schematic illustration of the behavior and fate choice of hMSCs in CBX or
CBE hydrogels. In both CBX and CBE hydrogels, hMSCs were first attached to the matrix
by ¢c-RGD moieties (denoted as cyan hemispheres). In nonfouling CBX hydrogels, hMSCs
cannot fully interact with the surrounding environment due to the absence of nonspecific
binding. The hMSCs in both hard and soft CBX hydrogels will retain their multipotency in
the presence of various differentiation factors (denoted as colorful particles). On the other
hand, in fouling CBE hydrogels, hMSCs can fully interact with their surrounding matrix,
mediated by the nonspecific binding. The hMSCs commit to the adipogenic pathway in soft

CBE hydrogels and commit to the osteogenic pathway in hard CBE hydrogels.
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Figure 3.3. The multipotency of hMSCs within 3D CBX and CBE hydrogels. a. By using
immunofluorescence staining, undifferentiated hMSCs were detected by visualizing
undifferentiated cell markers ALCAM (green) and STRO-1 (red) (nuclei: blue) in CBX
hydrogels from low modulus to high modulus. With the introduction of a hydrophobic
crosslinker, hMSCs differentiated and hMSC markers were barely detected. Scale bar, 30pm.
b-d. Percentage of cells expressing either ALCAM or STRO-1 when encapsulated in CBX
and CBE hydrogels with different moduli (Low: b; Medium: ¢; High: d) following incubation
for 7 days in bipotential differentiation medium. Asterisks denote statistical significance

compared with CBE hydrogels (**p<0.001, z-test). Error bars represent standard error of the

mean from 5 individual experiments.
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Figure 3.4. qRT-PCR assessment of hMSC differentiation within 3D CBX and CBE
hydrogels. a-b. Characteristic differentiation gene activity of hMSCs cultured within CBX
and CBE hydrogels in bipotential differentiation medium for 7 days. c-d. Adipogenic gene
activity of hMSCs cultured in CBX and CBE hydrogels in bipotential differentiation medium
for 7 days. e-f. Osteogenic gene activity of hMSCs cultured in CBX and CBE hydrogels in
bipotential differentiation medium for 7 days. For all osteogenic and adipogenic genes, the
percent expression was significantly different between CBX and CBE hydrogels with similar
mechanical properties (*p<0.001, ¢-test). Error bars represent standard error of the mean from

5 individual experiments.
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Figure 3.5. Metabolomic analysis of hMSC within 3D CBX and CBE hydrogels. (a-b)
Total glucose consumption in media of hMSCs within CBE (a) and CBX (b) hydrogels.
Amino acid metabolism of hMSCs in fouling CBE (¢) and nonfouling CBX (d) are displayed
in aminoacyl tRNA synthesis after cultured in CBX and CBE hydrogels in bipotential

differentiation medium for 7 days.
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Figure 3.6. Percentage differentiation of hMSCs within CBE (a) and CBX (b) hydrogels
after pharmacological agents induced cytoskeletal manipulation. a (i), b (i), Percentage
of cells in CBE or CBX hydrogels differentiating to adipocytes or osteoblasts in bipotential
differentiation media. a (ii-vi), b (ii-vi), Percentage of cells in CBE or CBX hydrogels
differentiating to adipocytes or osteoblasts in the presence of cytoskeleton disruptors and

integrin blocking antibodies.
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Figure 3.7. Characterization of CBE and CBX hydrogels. (a-b) Moduli of CBX and CBE
hydrogels. (c-d) Swelling ratios of CBE and CBX hydrogels.
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Figure 3.10. Fluorescent characterization of nonspecific protein adsorption on CBE and CBX
hydrogels. (a) FITC tagged FBS and Rho tagged CLS adsorption on CBE and CBX
hydrogels with different mechanical properties. Normalized integrated fluorescent intensity
of CBX and CBE hydrogels with different mechanical properties after incubated with FITC
tagged FBS (b) and Rho tagged CLS (¢) for 24 h.
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Figure 3.11. Cytoskeletal organization of hMSCs and interaction between them and
surrounding matrixes within 3D environment. Immunofluorescence images of hMSCs stained
for filamentous actin (red), vinculin (green), and nuclei (blue). CBE and CBX hydrogel
presenting 150uM cRGD peptide and controlled CBX hydrogel (CBXC) presenting 150uM
cRGE peptide. Scale Bar: 10um.
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Figure 3.13. Live-Dead stain performed after encapsulating cells in CBX, Low (a); CBX,
Medium (b); CBX, High (¢); CBE, Low (d); CBE, Medium (e); CBE, High (f) after being

cultured in basal medium for 3 days. Scale Bar: 200pum

79



Figure 3.14. After being cultured in basal medium for 3 days and in bipotential
differentiation medium for 7 days, Live-Dead stain performed for encapsulated cells in CBX,
Low (a); CBX, Medium (b); CBX, High (¢); CBE, Low (d); CBE, Medium (e); CBE, High
(f). Scale Bar: 200um

80



a b
1.4 4 14
1.2 1.2
5 5
.g 1 .g 1
5 0.8 - g 0.8
& 0.6 - G 06
o ]
o 04 - © 04
[ w
0.2 0.2
1] T T 0 T T
CBE-Low CBE-Medium CBE-High CBX-Low CBX-Medium CBX-High
C
20 - d 20 -
- 18 1 - 18 1
= i R ]
¥ 16 % 16
5 141 3 14
O 12 O 12
2 10 2 101
E M 2 o
£ ¢ g ¢
—_— 4 o — -
© 3]
a 2 - a 2-
0 T T 0 - :
CBE-Low CBE-Medium  CBE-High CBX-Low CBX-Medium CBX-High

Figure 3.15. The fold expansion of hMSCs in the 3D encapsulation of CBE (a) and CBX (b)
hydrogels examined for 3 day culture in basal medium using MTT assay. hMSCs
encapsulated in CBE and CBX hydrogels for 3 days in basal media and tested with Click-iT®
EdU Kit. The percentage of proliferating hMSCs in CBE (¢) and CBX (d) hydrogels was
quantified shown. Error bars represent standard error of the mean from 5 individual

experiments.
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Figure 3.16. The viability of hMSCs when encapsulated into CBE hydrogels with different
mechanical properties and cRGD densities following a differentiation culture for 21 days.
The data were generated from LIVE/DEAD assay. Error bars represent standard error of the

mean from 5 individual experiments.
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Figure 3.17. The effect of extended differentiation culture period on the differentiation
behavior of hMSCs within CBX hydrogels with different mechanical properties and different
cRGD concentration for up to 21days. (a-¢) Percentage of cells in CBX hydrogels (cRGD-
150uM) differentiating to adipocytes (Lipid was stained red by Oil Red O) or osteoblasts
(ALP was stained blue by Fast Blue salt) in bipotential differentiation media for 21 days. (d-f)
The effect of varying concentration of presented cRGD on the expression of ALP (d) and

neutral lipid (e) of hMSCs within CBX hydrogels with different mechanical properties.
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Figure 3.18. PCBAA hydrogels were crosslinked by a combination of hydrophilic CBDMA
crosslinker and hydrophobic EGDMA crosslinker while the total molar concentration of
crosslinker and monomer concentration are fixed. (a) The mechanical property of selected
PCBAA hydrogels did not vary significantly with increasing percentage of added CBDMA
crosslinker. (b) Percentage of hMSCs in PCBAA hydrogels differentiating to adipocytes or
osteoblasts as a function of the composition of mixed crosslinkers in normal bipotential

differentiation media.
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Figure 3.19. The effect of extended differentiation culture period on the multipotency of
hMSCs within CBX hydrogels with different mechanical properties for up to 21days.The
multipotency of hMSCs within 3D CBX and CBE hydrogels. a. By using
immunofluorescence staining, undifferentiated hMSCs were detected by visualizing
undifferentiated cell markers ALCAM (green) and STRO-1 (red) (nuclei: blue) in CBX
hydrogels from low modulus to high modulus. Scale bar, 50um. b-c. Percentage of cells
expressing either STRO-1 (b) or ALCAM (¢) when encapsulated in CBX hydrogels with
different moduli following incubation for 7 days in bipotential differentiation medium. Error

bars represent standard error of the mean from 5 individual experiments.
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Figure 3.20. Metabolomic analysis of hMSC within 3D CBX and CBE hydrogels. (a-b)
Total glucose consumption in media of hMSCs within CBE (a) and CBX (b) hydrogels.
Amino acid metabolism of hMSCs in fouling CBE (¢) and nonfouling CBX (d) are displayed
in aminoacyl tRNA synthesis after cultured in CBX and CBE hydrogels in bipotential

differentiation medium for 7 days.
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Chapter 4 Harnessing Isomerization-mediated Manipulation of Nonspecific
Cell/matrix Interactions to Reversibly Trigger and Suspend Stem Cell

Differentiation

Specific interactions such as protein-cell interaction and drug-cell interaction have been
widely used for the manipulation of stem cell fate. Despite extensive studies, most current
platforms cannot realize reversible manipulation of stem cell differentiation. In this work, we
report a photodynamic zwitterionic hydrogel capable of reversibly triggering and suspending
the differentiation process via manipulating nonspecific interactions between cultured stem
cells and the hydrogel. The state of differentiated stem cells can be altered when the hydrogel
is exposed to a selected light program, while the differentiation can be immediately
suspended when the hydrogel is converted into a pure zwitterionic form by light. Unlike other
existing studies controlling the fate of stem cells via specific interactions, this work provides
a completely different approach, allowing reversible, real-time and site-specific manipulation

of the fate choice of stem cells via nonspecific interactions.

4.1 Introduction

Hydrogels with advanced integrated functions have numerous potential applications in the
biomedical field, especially for stem cell-based tissue engineering'™. Strategies to provide
‘smart’ capabilities to hydrogels primarily seek to achieve matrices that are
instructive/inductive to neighboring stem cells, or that stimulate/trigger desired stem cell
responses that are crucial in the tissue regeneration processes™ >. The ability to control
biophysical and biochemical properties of a hydrogel with an external stimulus is highly
desirable and actively studied”°. Conventional smart hydrogels can be actuated via a change
in pH, temperature or ionic strength as a bulk material”®. However, the most desired type of
scaffold would realize dynamic heterogeneity like natural tissues, which is unrealistic to
achieve via the bulk stimuli mentioned above’. Unlike these bulk stimuli-responsive hydrogel
systems, light-induced hydrogels have numerous advantages—specific wavelengths can be

delivered with high spatial and temporal precision, no chemical contamination is introduced,
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and closed systems such as a hydrogel-cell constructs can be conveniently and easily
actuated’"®. For example, the biophysical properties of photoresponsive hydrogels can be

tuned by photolysis with the utilization of photoscissile bonds'" "¢

or by means of bulk
photodegradation'"*'. Moreover, the biochemical properties of photoresponsive hydrogels
can be manipulated by conjugating signaling ligands via site-specific photoconjugation
chemistries such as thiol-ene addition'® '*?*, Michael-type chemistry”>*** and photo-induced
click cycloaddition®® with the aim to upregulate specific stem cell activity pathways. These
biophysical and biochemical manipulations can also be employed simultaneously, providing
dynamic environments with the scope to answer fundamental questions about material
regulation of live cell functions and advancing applications from drug delivery platform
design to tissue engineering systems''. Investigations of photoswitchable molecules including
azobenzenes26, stilbenesN, spiropyrans28’ 29, diarylethenes30, fulgides3 1, and others32'34, have
built a helpful toolbox employable for the construction of light-responsive systems and
materials. However, none of these aforementioned light-induced materials enable both
reversible photocleavage/conjugation reactions® and restraint of stem cell differentiation,
making it hard to realize continuously programmed manipulation of stem cell fate and to
provide a reference state from which biophysical and biochemical cues can be introduced and
studied.

In our previous study, ultra-low fouling zwitterionic poly(carboxybetaine)-based materials
have been demonstrated to be capable of restraining the differentiation of human
mesenchymal stem cells (hMSCs) due to the complete elimination of nonspecific interactions

with cells®™*!

. This finding encouraged us to develop a zwitterionic hydrogel platform
responsive to external stimuli and explore the influence of nonspecific interactions on the
differentiation behavior of stem cells using this hydrogel platform and its useful reference
state. Spiropyran is a unique photoresponsive molecule we hypothesized would complement
this platform, as its two isomers have vastly different properties. It can assume a zwitterionic
hydrophilic form (Merocyanine, MC), a closed-ring hydrophobic form (Spiropyran, SP), or

switch in between continuously and reversibly when exposed to invisible near-infrared (NIR)

or visible green lightzg. In a polar solution* such as water, exposure to NIR light is able to
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convert SP moieties into MC moieties via two-photon excitation (TPE), while visible green
light converts MC moieties back to SP moieties via single-photon excitation (SPE)*.

In this work, a dynamic photoresponsive zwitterionic hydrogel containing spiropyran was
developed, comprising a copolymer of static zwitterionic monomer carboxybetaine
acrylamide (CBAA) and photoswitchable monomer spiropyran methacrylate (SPMA),
crosslinked with zwitterionic carboxybetaine dimethacrylate (CBDMA). Prior to gel
formation, CBAA was functionalized with cellular recognition peptide cyclic-RGD (cRGD)
to mediate stem cell adhesion. As we have previously demonstrated, the sequence of cRGD
allows functionalized CB molecules to maintain a neutral charge and remain highly resistant
to nonspecific protein binding*'. HMSCs were encapsulated within the described hydrogel
during gel formation. The resulting cell-hydrogel constructs were then incubated in a
bipotential (osteogenic and adipogenic) differentiation medium under photoirradiation by two
constructively interacting NIR and green lights. Tuning the strength of each light enables the
balance between hydrophobic SP and hydrophilic MC moieties in the construct to be
deliberately modulated. Consequently, nonspecific interactions between hMSCs and their
culture platform can be tuned spatially and temporally. The results show that the
differentiation restraint, lineage programming, and precise spatiotemporal control of
differentiated hMSC can be achieved with this photoactuated zwitterionic hydrogel platform.

4.2 Experimental Section

4.2.1 Preparation of hMSC lysates. hMSCs at passage 3-4 were pelleted (1000 rpm, 4°C)
and lysed into RIPA buffer (Sigma) which enables efficient cell lysis and protein
solubilization while avoiding protein degradation and interference with the proteins'
immunoreactivity and biological activity. The protein content of purified cell lysates was
determined via BCA assay.

4.2.2 Preparation and purification of ¢cRGD-functionalized CBAA monomer. As we
reported before, Cyclo(RGDYKEG) peptide (cRGD) was functionalized to the system. In
brief,  appropriate = amounts of  N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) (Sigma) and N-Hydroxysuccinimide (NHS) (Sigma) were added to

CBAA monomer solution. After incubation at 25°C for 1 hour to activate the carboxylate
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group, an appropriate amount of cRGD was added to the activated system. The molar
concentration of cRGD in the reaction solution was set at 150uM. The molar ratio of EDC,
NHS and peptides was fixed at 1:1:1. The reaction was allowed to proceed at 25°C for 24
hours before purification. The efficiency of the reaction was calculated by LC-MS (Yield
78%).

An Agilent 1200 LC 6520 Q-Tof MS system (Agilent Technologies, Santa Clara, CA) was
employed to purify the functionalized monomer and quantify the efficiency of the
conjugation reaction. In brief, after the reaction, monomer sample was injected. The
chromatographic separation was performed in hydrophilic interaction chromatography
(HILIC) mode on a SeQuant ZIC-cHILIC column (150 x 2.1 mm, 3.0 um particle size,
Merck KGaA, Darmstadt, Germany). The flow rate was 0.500 mL/min, auto-sampler
temperature was kept at 4°C, the column compartment was set at 40°C, and total separation
time for both ionization modes was 40 min. The mobile phase was composed of Solvents A
(5 mM ammonium acetate in 90% H,0/10% acetonitrile + 0.2% acetic acid) and B (5 mM
ammonium acetate in 90% acetonitrile/10% H,O + 0.2% acetic acid). The gradient conditions

are shown below.

Time Segment,
Solvent A, %  Solvent B, %

min.

0-1 25 75

1-5 from 25to 70 from 75 to 30

5-9 70 30
9-9.1 from 70 to 25 from 30 to 75
9.1-40

25 75
(equilibration)

The Q-Tof mass spectrometer was equipped with an electrospray ionization (ESI) source.
The instrument was controlled by an Agilent Mass Hunter Workstation (Agilent
Technologies, Santa Clara, CA). The ESI voltage was set at 3800 volts. The source gas was
N2 (99.999% purity). The ion source conditions in positive mode were: drying gas = 10

L/min, nebulizer gas = 45 psi, temperature=325°C. The extracted ion chromatography (EIC,
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cRGD m/z=804.3602, cRGD-CBAA m/z=1015.5102,) peaks were integrated using Agilent
Mass Hunter Qualitative Analysis software (Agilent Technologies, Santa Clara, CA). The
functionalized monomers were purified by the LC system and obtained via lyophilization.
The functionalization efficiency was determined using (V.— V¢)/ V. x 100 (%), where V¢ was
the integrated value of the free cRGD after the reaction and V. was the integrated value of the
free cCRGD in the aqueous solutions in which no coupling agents (EDC or NHS) were added.
4.2.3 Preparation of 3D hMSCs-PCB hydrogel constructs. An appropriate amount of
CBAA, cRGD-functionalized CBAA, SPMA and CBDMA were dissolved in 40ulL PBS. The
molar concentration of CBAA, cRGD-functionalized CBAA, SPMA was fixed at 2M,
150mM, 10mM respectively and the molar concentration of crosslinker was adjusted to
20mM to produce hydrogels of desired mechanical rigidity.

For 3D cell-hydrogel constructs, cell/precursor solution (40uL) containing 6.1x10” cells ml™!
was used. Photoinitiator 2-hydroxy-2-methylpropiophenone was then added and mixed
thoroughly to produce a final concentration of 0.05% (w/v). The solution was placed between
two glass slides separated by 1.5 mm-thick polytetrafluoroethylene spacers and allowed to
polymerize in a crosslink oven (XL-1500B UV Crosslinker, Spectronics Corporation, NY,
USA) for 30s. The cell-encapsulating PCB hydrogels were equilibrated in basal media.
During the first 5-hour equilibration, the basal media was refreshed every hour, and then
refreshed every day. Visible and infrared light exposure was applied by employing
customized MaxMax lighting system.

4.2.4 Viability assay. The viability of encapsulated cells was examined by using a
LIVE/DEAD assay kit (Invitrogen). In order to remove the influence of cells on the surface
of the gel, a 20 um slice of the hydrogel from the surface was removed. Representative
micrographs were acquired using a Zeiss LSM 510 META confocal microscope. At least
three independent constructs were used. Three sections were sampled every 250-300 pm
across the depth of the hydrogel and at least five different fields were randomly examined in
each section. A Z-sampling rate of 2.1 um was used for image acquisition.

4.2.5 Characterization of hydrogels. The hydrogels were obtained as described above and

placed into PBS to reach equilibrium for at least five days before mechanical tests. At least
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five 0.5 cm diameter disks of each formulation (1.5 mm thickness when cast) were
compressed at a rate of I mm/min using an Instron 5543 A mechanical tester (Instron Corp.,
Norwood, MA) with a 10 kN load cell. The Young’s modulus was calculated from 3% to 13%
strain to avoid any complications in an instance in which the top plate may not be completely
engaged with the specimen when compression begins.

The swelling ratios were determined using (Dy/D,) x 100 (%), where Ds was the diameter of
the fully swollen hydrogels and D, was the diameter of the relaxed (unswollen, but not
dehydrated) hydrogels.

4.2.6 Preparation of self-assembled monolayers. Glass chips were first coated with an
adhesion-promoting chromium layer (thickness 2 nm) and a surface-plasmon-active gold
layer (48nm) by electron beam evaporation under vacuum. Before self-assembled monolayer
(SAM) preparation, the gold-coated glass substrate was rinsed with ethanol and water in
sequence, dried with filtered air, then further cleaned in a UV ozone cleaner (Jelight, model
42) for 20 min. The cleaned chip was immediately soaked in a 0.1 mM ethanol solution of
ATRP initiator for 24 h to form a SAM on the gold surface'. The chip was subsequently
rinsed with THF, then ethanol, and dried with a stream of filtered air just prior to surface-
initiated polymerization.

4.2.7 Surface-initiated atom transfer radical polymerization. Surface-initiated ATRP was
carried out on SAM-coated gold substrates following a method similar to one previously
reported’. Briefly, CuBr, CuBr,, BPY, and gold chips with immobilized initiators were placed
in a sealed reaction tube and deoxygenated via vacuum and nitrogen purging. CBAA
monomer was deoxygenated in a separate sealed tube, and then dissolved in a deoxygenated
solution of methanol and pure water in a 10:1 volume ratio. The monomer solution was
transferred to the reaction tube using a syringe under nitrogen protection. In a shaker at 120
RPM and 25°C, PCBAA was allowed to react for 3 h. After polymerization, chips were
removed, rinsed with pure water and PBS, and stored overnight in PBS. Chips were rinsed
with Milli-Q water and dried with filtered air just prior to any experiments. Dry film
thickness was measured with an ellipsometer (J.A. Woollam, Alpha-SE), and chips with

thicknesses of 20-30 nm were used for SPR measurements.
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4.2.8 Measurements of protein adsorption: HMSCs lysates and FBS were used for the
protein absorption assay. This study used a custom-built surface plasmon resonance (SPR)
sensor from the Institute of Photonics and Electronics, Academy Sciences (Prague, Czech
Republic). A prepared chip was attached to the base of the prism and optical contact was
established using refractive index matching fluid (Cargille). A quadruple-channel flow cell
with four independent parallel flow channels was used to contain liquid samples during
experiments. A peristaltic pump (Ismatec) was utilized to deliver liquid samples to the four
channels of the flow cell. A stable baseline was first established with PBS, then protein
solution was delivered to the surface at a flow rate of 0.050 mL/min for 30 min, and finally
the PBS was flowed again for 10 min before determining final wavelength shifts. A surface-
sensitive SPR detector was used to monitor surface interactions in real time, and wavelength
shift was used as an indication of changes on the surface.

4.2.9 Nonspecific protein adsorption on photodynamic hydrogels. After incubation with
CLS or FBS, the hydrogel were rinsed with PBS before fluorescent detection. FluoroTag™
FITC Conjugation Kit (Sigma) and Rhodamine Conjugation Kit (Abcam) were used to label
CLS and FBS as per manufacturer's instructions. Protein adsorption was detected by using
Zeiss LSM 510 META confocal microscope. For all stacking images, a Z-sampling rate of
2.5um was used for image acquisition.

4.2.10 Immunohistochemistry. After induced differentiation for 21 days, cell-hydrogel
constructs were fixed in 4% paraformaldehyde in PBS for 8 hours, transferred to 30 wt%
sucrose for 72 h, frozen in Cryo-gel (Instrumedics, Inc.) and cryosectioned (10um sections).
In order to remove the influence of the cells on the surface, a 20 um slice of the hydrogel
from the surface was removed. Vinculin-containing focal adhesion was stained by using
ProteoExtract® Cytoskeleton Enrichment and Isolation Kit (EMD Millipore) per the
manufacture instruction. The F-actin filaments were stained with CytoPainter F-actin
Staining Kit (Abcam) and mounted with ProLong Gold antifade reagent with DAPI and
allowed to cure overnight.

Triple-label immunofluorescence staining was used to visualize differentiation markers and

pluripotent markers. Mouse anti-RUNX2 (Abcam) and rabbit anti-OPN (Abcam) were used
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to visualize osteogenesis. Rabbit anti-PPARG (Abcam) and mouse anti-FABP4 (Abcam)
were used to visualize adipogenesis. The cells were permeabilized for 10 minutes with PBT
(0.1% Triton X-100 in PBS). After blocking for 1h in 10% fetal bovine serum, substrates
were incubated with primary antibodies for 8 h at room temperature. Then, two types of
secondary antibodies with different fluorescence tags, donkey anti-rabbit IgG (Invitrogen),
and donkey anti-mouse IgG (Invitrogen), were used to visualize the antibodies of
differentiation markers. 4,6-diamidino-2-phenylindole (DAPI; Molecular Probes) was
included in the secondary solution and samples were mounted on glass slides with ProLong®
Gold reagent. Representative micrographs were acquired using a Zeiss LSM 510 META
confocal microscope. At least three independent constructs were used. Three sections were
sampled every 250-300 um across the depth of the hydrogel and at least five different fields
were randomly examined in each section.

4.2.11 Quantitative Real Time PCR. At appropriate time points, constructs were removed
from the culture media. Then, the constructs were transferred in TRI REAGENT (Sigma) in
RNase-free test tubes and were homogenized with a tissue homogenizer. Total RNA was
extracted according to the manufacturer's instructions. Total RNA for each sample was
quantified with a UV spectrophotometer and converted to cDNA using the QuantiTect
Reverse Transcription Kit. After amplification by using SYBR Green PCR Master mix
(Qiagen), thermocycling was carried out in a solution with primers (Integrated DNA
Technologies) and cDNA. PCR conditions were as follows: 15s at 94 °C, 30s at 55°C, and
30s at 72°C. The primer sequence is summarized in Table 17!, Here, we used RNase-free
DNase (Qiagen) to prevent genomic DNA contamination.

4.2.12 Osteogenic/Adipogenic Differentiation. Cell-hydrogel constructs were cultured in
basal medium for 3 days. Following this time point, the basal medium was replaced with
bipotential differentiation medium—Ilow glucose DMEM supplemented with 20% FBS and 1%
penicillin/streptomycin (Invitrogen); Adipogenic supplement: 1uM dexamethasone, 50uM
indomethacin (Sigma), 0.5uM 3-isobutyl-1-methylxanthine (IBMX; Sigma) and 10ug/mL

human recombinant insulin (Invitrogen); Osteogenic supplement: 10mM [B-glycerol
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phosphate (Sigma), 50pug/mL ascorbic acid (Sigma). Media changes were performed every 3
days.

As a parallel control, a mixed adipogenic/osteogenic inductive media was made by
combining commercially available osteogenic and adipogenic inductive media (R&D
Systems) in a 1:1 ratio and supplementing with 1% (v/v) penicillin-streptomycin (Gibco).
The mixed media was also used for the differentiation experiment mentioned above and no
significant difference was observed compared to the lab-made bipotential differentiation
medium.

4.2.13 Histological Analysis on hMSC differentiation. After incubation for 3 weeks, cell-
hydrogel constructs were fixed in 4% paraformaldehyde in PBS for 8 hours, transferred to 30
wt% sucrose for 72 h, frozen in Cryo-gel (Instrumedics, Inc.) and cryosectioned (10pm
sections). In order to remove the influence of the cells on the surface, a 20 um slice of the
hydrogel from the surface was removed. At least three independent constructs were used.
Three sections were sampled every 250-300 um across the depth of the hydrogel and at least
five different fields were randomly examined in each section. ALP activity (osteogenic
biomarker) and neutral lipids (adipogenic biomarker) were visualized by Fast Blue BB
(Sigma) and Oil Red O (Sigma). The total cell counts were obtained by staining the nuclei
with DAPI. By dividing the positive stained cells for ALP and Oil Red O, respectively, by the
total cell counts, the percentage of differentiated hMSCs proceeding through osteogenesis
and adipogenesis was calculated. Color micrographs were acquired using a Nikon E800
upright microscope.

4.2.14 Inhibition assays. Inhibitors were added to cell culture media at the following
concentrations without causing apparent changes to the viability of encapsulated hMSCs.
Nocodazole (1.1uM), Cytochalasin D (0.25uM), Blebbistatin (1uM), and Y-27632 (1.8uM)
(Calbiochem). Integrin blocking antibodies (a5 and B1, Chemicon) were added at 1.1ug/mL
in the process of cell encapsulation.

4.2.15 Statistical analysis. Examination and quantification of histological sections was done

by three independent researchers blinded to sample identity with at least five random
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images/fields in each section per sample. A two-tailed Student’s #-test was used for all
statistical analyses, with *p<0.05 being considered as statistically significant.

4.2.16 Synthesis of 1-(2-Hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide

A mixture of 2,3,3-trimethyl-3H-indole (25.0 g, 0.157 mol) and 2-bromoethanol (24.5 g,
0.196 mol) and acetonitrile (192 mL) were placed in a flask. The solution was heated at 90 °C
for 24 h under nitrogen protection. After cooling down to ambient temperature, the solvent
was evaporated under reduced pressure. The solid obtained was purified by solvent extraction
with benzene for 24 h, and then dried overnight in vacuum. The product was further
recrystallized from a mixed solvent of methanol (50 mL) and diethylether (150 mL) to obtain
1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide (32.8 g, 71.6 %) as pink solid. 'H
NMR (300 MHz, DMSO d6): d: 7.79 (m, 2H), 7.73 (m, 2H), 4.70 (t, 2H, J %4 8 Hz), 4.13 (t,
2H, J 4 8 Hz), 2.18 (s, 3H), 1.6 (s, 6H). °C (50 MHz, DMSO d6) d: 200.74, 144.4, 143.36,
132.48, 131.56, 126.1,117.74, 60.85, 57.4, 52.84, 24.69, 12.68.

4.2.17 Synthesis of 9,9,9a-trimethyl-2,3,9,9a-tetrahydro-oxazolo3,2-aindole. A solution of
1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide (4.30 g, 15.90 mmol) and KOH
(0.93g, 16.57mmol) in water (50 mL) was stirred at room temperature for 20 min. The
product was extracted with ether and obtained under reduced pressure as yellow oil (Yield:
96.23%). IH-NMR (CDCls): & = 7.2-7.07 (m, 2H), 6.91 (t, 1H), 6.73 (d, 1H,), 3.79-3.62 (m,
2H), 3.53-3.46 (m, 2H), 1.38 (s, 3H), 1.34 (s, 3H), 1.18 (s, 3H). C-NMR (CDCls): &=
150.30, 139.76, 127.30, 122.23, 121.49, 111.75, 108.75, 62.77, 49.83, 46.72, 27.91, 15.08.
4.2.18 Synthesis of 1’-(2-Hydroxyethyl)-3’,3’-dimethyl-6-nitrospiro(2H-1-benzopyran-
2,2’- indoline). A solution of 2-hydroxy-5-nitorobenzaldehyde(25.0g,0.150mol) and 9,9,9a-
trimethyl -2,3,9,9a- tetrahydro-oxazolo3,2-aindole (20.7 g, 0.102 mol) in ethanol (238 mL)
was heated at 80°C for 16 h under nitrogen atmosphere. After cooling down to ambient
temperature, the mixture was filtrated. The resulting solid was washed with ethanol (100mL)
and dried to obtain the product as dark purple solid. '"H NMR (300 MHz, CDCI3): § 1.21 (3H,
s), 1.31 (3H, s), 3.33-3.50 (2H, m), 3.71-3.82 (2H, m), 5.98 (1H, d), 6.68-7.22 (6H, m), 8.00-
8.04 (2H, m). *C-NMR (CDCls): & = 167.12, 159.29, 146.58, 141.09, 136.17, 135.44, 128.34,
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127.91, 125.80, 122.71, 121.67, 119.84, 118.49, 115.41, 106.69, 106.37, 62.51, 52.67, 42.28,
29.57,26.34, 25.77, 19.56, 18.38.

4.2.19 Synthesis of 1° -(2 -Methacryloyloxyethyl)-3°,3’ -dimethyl-6-nitrospiro(2H-
1benzopyran-2,2° -indoline) (SPMA). To a vigorously stirred solution of 2 (4.50 g, 12.8
mmol) and a catalytic amount of N,N-dimethylaminopyridine (0.22g, 1.8 mmol) in 50 mL
CH,Cl, at 0 °C under an nitrogen atmosphere were simultaneously added CH,Cl, solutions
(each 20mL) of freshly distilled methacryolyl chloride (1.50 mL, 15.3 mmol) and
triethylamine (2.14 mL, 15.3mmol) over a period of ca. 30 min. The reaction mixture was
allowed to warm to room temperature overnight. The crude product was then subsequently
washed with aqueous solution. The crude product in the organic phase was purified on a
silica gel column using a hexanes/Ethyl acetate system. The purified product was further
purified by recrystallization (hexanes; freezer) to give light yellow solid. Yield: 3.33 g (62%).
crystals. Yield: 3.33 g (62%). '"H NMR (300 MHz, CDCls): & 8.00-7.88 (2H, m), 7.22 (1H,
td,), 7.10 -7.08 (1H, dd), 6.93 -6.86 (2H, m), 6.78 -6.67 (2H, m), 6.08 (1H, m), 5.91 (1H, d),
5.58 (1H, m), 4.27 (2H, t), 3.60 -3.41 (2H, m), 1.93-1.90 (3H, m), 1.26 (3H, s), 1.19 (3H, s).
BC NMR (CDCly): & 166.9, 158.1, 146.2, 140.1, 135.8, 135.3, 128.2, 128.0, 126.0, 125.9,
122.4,121.3,120.0, 118.9, 115.3, 106.5, 106.3, 62.4, 52.1, 42.3, 25.5, 20.0, 18.2.

4.3 Results and Discussion

4.3.1 Characterization of photo-responsive zwitterionic hydrogels. Synthesis of the
photoswitchable SPMA monomer is described above and presented in Fig. 4.6 ***. In this
work, as presented in Fig. 1a, a hydrogel was constructed with monomers, CBAA, cRGD-
functionalized CBAA, SPMA and crosslinker CBDMA. The photochromic mechanism and
property of the synthesized hydrogel were presented and evaluated in Fig. 1b-f. As presented
in Fig. 1b, we speculated the synthesized hydrogel could be dynamically manipulated
between two different states via the exposure of different lights. To test this, we exposed the
hydrogel to infrared light (800 nm, 50mW), green light (560nm, 50mW), or a combination of
the wavelengths at different powers (50mW infrared, 10mW green (NG-1)), or 50mW
infrared, 30mW green (NG-2)) for 14 days. Photographs of hydrogels receiving different
light exposures are summarized in Fig. 1c. As shown, the hydrogels appeared starkly
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different after exposure to each light program despite their chemically identical initial
compositions. The hydrogel receiving pure NIR exposure developed a dark purple color,
constructively interacting green light gradually discolored the hydrogel dependent on the
intensity of each wavelength, and the hydrogel appeared colorless under pure green light
exposure. The UV-Vis spectrum also confirmed this MC=SP balance. As presented in Fig.
1d, NIR exposure converted SP to MC and led to a significant adsorption at the MC
characteristic band (548nm). The applied green light reversed this conversion and diminished
adsorption at 548nm. The dynamic process of this photochromism is summarized in Fig. le-f.
As shown, the MC=SP conversion can be completed within 30 minutes and this
photodynamic balance was reversible and stable (up to 14 days). In addition, as presented in
Fig. 4.7, the mechanical and swelling properties of the synthesized hydrogels did not change
significantly under different light exposures, suggesting that this photochromism has little
influence on the physical properties of the reported hydrogel.

In our previous studies, we have demonstrated the ultra-low fouling properties of polyCBAA,
cRGD-functionalized polyCBAA and polyCBDMA®*> *'. In this work, we thus evaluated
protein adsorption on the photodynamic polySPMA surface. Surface plasmon resonance
(SPR) was used to measure protein adsorption on the polymer film from hMSC lysate and
fetal bovine serum (FBS). These protein-containing media were selected to evaluate the
nonspecific protein interactions from either cells or cell culture medium. The SPMA was
grafted from a gold chip via surface-initiated atom transfer radical polymerization (ATRP)
under previously reported conditions (Fig. 4.8). We exposed the pSPMA films to NIR, NG-1,
NG-2 and green light for one hour before evaluation. The ability of the polymer films to
resist nonspecific protein fouling differs starkly after exposure to various light conditions (Fig.
4.8b-c). While pSPMA films exhibited low fouling after exposure to pure NIR light,
increased protein fouling was observed when the green wavelength was added, with the
highest fouling produced after exposure to pure green light. This demonstrates that
nonspecific interactions on SP-based substrates are highly dependent on the light system
applied to them. We proceeded to encapsulate hMSCs within the aforementioned hydrogel.

The hydrogel-hMSC constructs were placed in a bipotential medium and cultured for 14 days
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under continuous exposure to pure NIR, NG-1, NG-2, or pure green light. As presented in Fig.
4.9, the encapsulated hMSCs exposed to each light condition retained nearly 100% viability
during the 14 days. We then proceeded to explore their differentiation behavior by examining
the expression of characteristic surface antigens, histological substances and mRNAs by the
encapsulated cells.

4.3.2Assessing the differentiation of encapsulated hMSCs in 3D photodynamic
zwitterionic hydrogels. To examine the differentiation behavior of hMSCs encapsulated in
photoactuated gels, we first assessed the expression of surface antigens characteristic to
adipocyte (PPARG and FABP4) and osteocyte (OPN and RUNX?2) lineages. When hMSC-
hydrogel constructs were incubated under pure NIR exposure, neither adipogenic nor
osteogenic surface antigens were observed (Fig. 2a). This suggests the differentiation
potential of hMSCs is restrained when nonspecific interactions between the matrix and cells
are eliminated, which is consistent with our previous finding*'. When nonspecific interactions
were slightly enhanced under NIR-dominant mixed wavelength (NG-1) exposure, we
observed clear expression of adipogenic surface antigens (PPARG and FABP4) by cells
within the hydrogel. However, this adipogenic antigen expression was largely absent under
green-dominant mixed (NG-2) and pure green photoirradiation, whereas osteogenic surface
antigen (RUNX2 and OPN) expression was heightened when nonspecific interactions were
further increased in these conditions (Fig. 2a). Quantitative results are summarized in Fig. 2b.

We further evaluated encapsulated hMSC differentiation via histological staining for neutral
lipids (indicating adipogenesis) with Oil Red O, and for alkaline phosphatase (ALP, an
osteogenic marker) with Fast Blue salt. As presented in Fig. 3a, these results corroborate the
IHC analysis. Neither marker was prominently found in the hydrogel-hMSC scaffolds
exposed to NIR, while supplemental green light exposure progressively increased nonspecific
binding sites and initiated differentiation. Encapsulated hMSCs were prone to commit to an
adipogenic lineage when fewer nonspecific interactions were available (NG-1) but
increasingly committed to osteogenesis as more nonspecific interactions were possible (NG-2

and green). Quantitative results are summarized in Fig. 3b-c.
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In addition, we tested the expression of characteristic mRNA via qRT-PCR (Fig. 4.10) and
observed the same trend found by IHC analysis and histological staining. Moreover, we also
demonstrated the influence of cytoskeletal manipulation on the differentiation of
encapsulated hMSCs in different systems. The results are summarized in Fig. 4.11.

4.3.3 Assessing the differentiation of hMSCs on 2D photodynamic zwitterionic
hydrogels. The results presented above demonstrate the crucial role played by nonspecific
binding in signal transfer and therefore the fate of hMSCs grown in 3D hydrogels. Compared
to 3D culture, a 2D culture gives hMSCs more room to expand and grow; we therefore
cultured hMSCs on the surface of photoswitchable hydrogels under the same light and media
conditions described above to further explore their morphologies and lineage commitment.
As presented in Fig. 4a, hMSCs form a small round shape under NIR exposure, as the
nonfouling substrate greatly inhibits spreading. In contrast, hMSCs develop larger spread
morphologies under the other light conditions, suggesting that hMSCs cultured on the surface
of the reported hydrogel can retain their stem cell phenotype under NIR exposure and commit
to differentiated phenotypes under visible light. Based on the larger round adipocyte-like
shape observed under NG-1 exposure and outstretched osteoblast morphology presented
under NG-2 and green light systems (Fig. 4a), we speculated that the cells were prone to
commit to adipogenesis under weak visible light and osteogenesis under stronger visible light
exposure as observed in 3D culture experiments.

We repeated histological staining analysis of the surface-cultured cells grown under each
light condition. As presented in Fig. 4b, hMSCs cultured under visible light exposure
differentiated predictably according to the degree of nonspecific interactions present,
committing to adipogenesis under weaker green light intensity (NG-1) and increasingly
osteogenesis under higher intensity (NG-2) or pure green light. Furthermore, we isolated
mRNAs from the surface-cultured hMSCs and utilized qRT-PCR to examine genes
characteristic to each lineage. Congruent with our other analyses of 2D- and 3D-cultured cells,
adipogenic gene expression was highest under NG-1 exposure and osteogenic gene

expression dominated under NG-2 and green conditions (Fig. 4c). None of the lineage-
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specific genes were expressed at significant levels by hMSCs on the nonfouling NIR-exposed
gel, again indicating their multipotency was maintained.

4.3.4 Controlling hMSC differentiation with high spatial and temporal precision.
Achieving robust spatiotemporal control of cell-scaffold constructs is a key challenge in the
regeneration of complex tissues or organs. We hypothesized the photoactuated platform
presented here would allow hMSC differentiation lineages to be precisely programmed in real
time and with respect to their location in the gel. A patterned and constructively interacting
irradiation method was employed first to evaluate spatial control. In brief, the entire hydrogel
sample was exposed to NIR light from the bottom, and green light at varying strengths was
applied through a patterned chrome photomask from the top. In the example shown in Fig. 5,
30mW green light is applied through the 1% and 31 patterned rows of the photomask and
10mwW green light is applied through the nd patterned row. Green light sources with
different powers were isolated to avoid crosstalk. During the patterned light exposure, we
added protein solutions from either culture medium (FBS) or hMSC lysate (CLS) onto the gel
and incubated them for 24 hours. The resulting protein adsorption was evaluated with
fluorescent tagging by Rhodamine (FBS) and FITC (CLS), as described above. As presented
in Fig. 5a, the 1* and the 3™ rows presented strong binding affinity to both FBS and CLS
proteins while the 2" row presented weaker binding affinity to these solutions. At the same
time, the remainder of the hydrogel exposed to pure NIR resisted fouling by either FBS or
CLS proteins, in sharp contrast to the patterned area exposed to visible light. After
confirming the spatially controlled protein fouling, we proceeded to test h(MSC differentiation
on the patterned hydrogel. We seeded hMSCs on the gel surface and applied the
aforementioned exposure pattern while culturing the cell-hydrogel construct in bipotential
media for 14 days. The differentiation behavior of the hMSCs was examined by histological
staining and the result is summarized in Fig. 5a. As presented, most hMSCs did not
differentiate under pure NIR exposure while they actively differentiated on the patterned area
exposed to added green light. In addition, one can clearly see that the power of green light

used can delicately specify the differentiation behavior of cultured stem cells. As seen,
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hMSCs grown on the 1st and 3rd rows conclusively underwent osteogenic differentiation,
while those grown on the 2nd row preferred adipogenesis.

Furthermore, we intended to manipulate the fate choice of encapsulated hMSCs in real time
in order to delicately control the differentiation composition on one hydrogel section. We
exposed the hMSC-encapsulating hydrogel to a continuous wavelength-sweep program (NIR,
3 days— NG-2, 1 day— NIR, 3 days— NG-1, 1 day— NIR, 3 days) in the bipotential
differentiation media. NIR was applied during the whole process and visible light with
different powers (i.e. NG-1 and NG-2) was applied for 1 day every 3 days. As presented in
Fig. 5b (i), during the first 3 days of culture under NIR exposure, the differentiation potential
of encapsulated hMSCs was largely restrained. When we switched NIR to NG-2 for one day,
we began to observe significant osteogenesis on the hydrogel while their adipogenic potential
was still largely inhibited. Notably, when we switched from NG-2 back to NIR exposure, the
differentiation process was suspended due to the elimination of nonspecific interactions. As
presented in Fig. 5b (ii1), we did not observe significantly enhanced differentiation during the
entire process of the 2nd pure NIR exposure. We further exposed the construct to the NG-1
system for one day and observed differentiation—as seen in Fig. 5b (iv), significant
adipogenesis was observed on the platform while enhanced osteogenesis was not seen.
Furthermore, this adipogenesis was again suspended by switching NG-1 exposure back to
NIR exposure. As shown in Fig. 5b (v) when compared to 5b (iv), we did not observe
significantly enhanced adipogenesis during the final 3-day exposure to NIR. A quantitative
summary of the stem cell differentiation during this continuous wavelength-sweep program is
summarized in Fig. 5c. We finally examined the cultured cells via flow cytometry after this
12-day programmed culture. As presented in Fig. 5d (i), after this 12-day culture, the cells
showed neither significant death nor apoptosis on the reported platform, indicating the high
biocompatibility of the platform and differentiation programming strategy. Examination of
the expression of characteristic surface antigens and mRNAs from cells on the hydrogel
surface further confirmed the positive differentiation of hMSCs after this 12-day culture
program. The quantitative differentiation profiles as assayed through each method are

summarized in Fig. 5c-e.
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4.4 Conclusions

In this work, we demonstrate a photoswitchable zwitterionic hydrogel platform used for the
dynamic control of hMSC differentiation spatially and temporally. This hydrogel can be
switched between a zwitterionic hydrophilic state and a hydrophobic state continuously and
reversibly when exposed to a combination of green and NIR lights, without causing cell
damage. The combined abilities to control the degree of nonspecific interactions in a
photodynamic hydrogel without changing its composition, and to restrain the differentiation
of stem cells in a zwitterionic hydrogel free of nonspecific interactions, make it possible to
precisely control stem cell self-renewal and differentiation. As a result, the composition,
location, and differentiation status of stem cells can be easily manipulated and adjusted at
will on a single hydrogel piece by controlling lights without chemical contamination. This
strategy can advance fundamental understanding of the mechanism of stem cell

differentiation, as well as provide a platform for hMSC-based regenerative medicine.
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Table 1. Description of the primers sequence utilized for qRT-PCR.

Gene Forward Primer Reverse Primer

Symbol

B3 5'-GGCCTTTGGACATCTCTTCA 5'-CGGTCGGGATACTCCTCA

TUBULIN

MYOD 5'-AGCACTACAGCGGCGACT 5'-GCGACTCAGAAGGCACGTC

AGGREC | 5-CACGCTACACCCTGGACTTG | 5'-CCATCTCTCAGGAAGCAGT

AN

RUNX2 5'-GATGACACTGCCACCTCTGA | 5-GACTGGCGGGGTGTAAGTAA

PPARG 5-GCTGTTATGGGTGAAACTCTG | 5'-ATAAGGTGGAGATGCAGGTTC

COL1A1 5'-TGAGAGACCAAGAACTG 5'-CCATCCAAACCACTGAAACC

OCN 5'- 5'-CGTAGAAGCGCCGATAGGC
ATGAGAGCCCTCACACTCCTC

OPN 5'- 5'-
CTAGGCATCACCTGTGCCATAC | CAGTGACCAGTTCATCAGATTCATC
C

ADIPOQ 5'-CCTGGTGAGAAGGGTGAGAA | 5-CTCCTTTCCTGCCTTGGATT

FABP4 5’- 5’- TTCTGCACATGTACCAGGACAC
GCCAGGAATTTGACGAAGTCAC

LPL 5'-GTGGCCGAGAGTGAGAACAT | 5'-

GAAGGAGTAGGTCTTATTTGTGGAA
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Figure 4.1. a) Photoresponsive hydrogel components spiropyran methacrylate (i, SPMA),
carboxybetaine acrylamide (ii, CBAA), cRGD-functionalized CBAA (ii) and crosslinker
carboxybetaine dimethacrylate (CBDMA). b) Reversible photochromism of spiropyran
between its hydrophobic spiropyran (SP) and hydrophilic merocyanine (MC) forms. c¢)
Representative photograph of photodynamic hydrogels receiving NIR, NG-1, NG-2 and
Green light exposure. d) UV-VIS absorption spectra of photodynamic hydrogels receiving
NIR, NG-1, NG-2 and Green light exposure. e-f) Photodynamic process of the MC=SP
conversion in hydrogels receiving different light exposures starting from either a green

hydrogel (e) or NIR hydrogel (f).
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Figure 4.2. a) After 14 days of culture in bipotential differentiation media, cell-hydrogel
constructs exposed to NIR, NG-1, NG-2 and green light conditions were immunostained for
adipogenic (PPARG, FABP4) and osteogenic (RUNX2, OPN) biomarkers. Scale bar, 50 pm.
b) Percentage of cells expressing either adipogenic (i) or osteogenic (ii) biomarkers when
encapsulated in hydrogels after exposure to different light conditions during a 14-day
incubation in bipotential differentiation media. Asterisks denote statistical significance
compared with NIR hydrogels (**p<0.001, t-test). Error bars represent standard error of the

mean from 5 individual experiments.
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Figure 4.3. a) Representative bright-field images of Oil Red O and Fast Blue salt-stained
hMSC-hydrogel constructs following a 14-day incubation in bipotential differentiation media
while exposed to different light conditions. Scale bar, 100 um. Percentage of cells expressing
neutral lipids (b) and alkaline phosphatase (ALP, c¢). Asterisks denote statistical significance
compared with NIR hydrogels (**p<0.05, t-test). Error bars represent standard error of the

mean from 5 individual experiments.
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Figure 4.4. a) Representative fluorescent micrographs of hMSCs stained with TRITC-
phalloidin (red) and DAPI (blue) grown under different light conditions. Scale bars, 15um. b)
Representative bright-field images of Oil Red O- and Fast Blue salt-stained hMSCs grown
under the same set of light conditions as in a. Scale bars, 100um. ¢) Adipogenic and
osteogenic gene activities of hMSCs cultured under each light condition. The percent
expression of all osteogenic and adipogenic genes was significantly different between
hydrogels exposed to each light condition (*p<0.05, t-test). All cells presented in this figure
were grown on the surface of the photoresponsive gel for 14 days in bipotential
differentiation media. Error bars represent standard error of the mean from 5 individual

experiments.
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Figure 4.5. a) FBS and CLS protein adsorption and hMSC differentiation on the hydrogel
receiving patterned exposure. b) Representative bright-field images of Oil Red O and Fast
Blue salt-stained hMSCs following 12-day bipotential differentiation media incubation within
hydrogels exposed to programmed light conditions. Scale bar, 30 um. ¢) Percentage of cells
differentiating to adipocytes (Lipid was stained red by Oil Red O) or osteoblasts (ALP was
stained blue by Fast Blue salt) in bipotential differentiation media for 12 days when exposed
to a light program. d) Representative flow cytometry profile of cell apoptosis/necrosis (i) and
the expression of the osteogenic biomarkers (ii) and the adipogenic biomarkers (iii) for
hMSCs grown on the hydrogel surface receiving the 12-day light program. e) Representative
gene expression profile of hMSCs grown on the hydrogel surface receiving the 12-day light

program.
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Figure 4.7. Characterization of NIR, NG-1, NG-2 and Green hydrogels. a) Moduli of NIR,
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Figure 4.8. a) Schematic illustration of grafting pSPMA polymer brush from gold chip by
ATRP. b-¢) Total protein adsorption was measured on an SPR sensor after injection of fetal
bovine serum (FBS) and hMSCs lysates on pSPMA film receiving NIR, NG-1, NG-2 and

Green light exposure.
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Figure 4.9. LIVE-DEAD stain performed after encapsulating cells in NIR, NG-1, NG-2 and

Green hydrogels after being cultured in bipotential medium for 14 days. Scale Bar: 200pum
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Figure 4.10. Adipogenic (a-d) and osteogenic (e-h) gene activity of hMSCs cultured in
photodynamic hydrogels receiving different light exposure in bipotential differentiation
medium for 14 days. For all osteogenic and adipogenic genes, the percent expression was
significantly different among NIR, NG-1, NG-2 and Green hydrogels (*p<0.001, t-test).

Error bars represent standard error of the mean from 5 individual experiments.
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Figure 4.11. Percentage of cells in hydrogels exposed to different light conditions
differentiating to adipocytes (stained by Oil red O) or osteoblasts (stained by Fast Blue salt)
in normal bipotential differentiation media (a) or in the presence of cytoskeleton disruptors

and integrin blocking antibodies (b-f).
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Chapter 5 Zwitterionic Star Polymer Hydrogel for Cell Expansion without

Loss in Bioactivity

Cell-based therapies depend on the ability to expand useful cell populations ex vivo reliably
and effectively while maintaining their functional bioactivity or multipotency. Culturing cells
in 3D hydrogel niches to mimic an in vivo environment ex vivo is a promising strategy, but
nonspecific interactions between most biomaterials and cells have been shown to trigger
phenotype change, differentiation, and senescence. Encapsulating cells in hydrogels during
radical-mediated reactions typically required for gelation can also cause cell damage while
many hydrogels are difficult to degrade for cell recovery. Here, we have developed a
hydrogel-based cell expansion platform based on star-shaped poly(carboxybetaine), a
biocompatible zwitterionic material that presents no nonspecific interactions to proteins and
cells. Star-shaped poly(carboxybetaine) is end-functionalized with complementary thiol or
disulfide pyridine groups, which react without radical initiation under physiological
conditions via a biocompatible disulfide exchange reaction and form a hydrogel. Zwitterionic
star polymers with a molecular weight greater than about 50 kDa were nontoxic to all four
cell lines tested, including human mesenchymal stem cells (hMSCs), and all cell lines
expanded 25-30 fold over two weeks of culture without losing bioactivity. The differentiation
behavior of star polymer-encapsulated hMSCs expanded in bipotential media was examined
through histological staining, gene expression, and flow cytometry. hMSCs were found to
retain their multipotency. Cell expansion inside hydrogels based on star-shaped
poly(carboxybetaine) represents a valuable platform for ex vivo cell expansion, and may

relieve a current clinical bottleneck in cell-based therapy.

5.1 Introduction

Regenerative medicine and cell-based therapies are related to many exciting recent medical
breakthroughs, enabling highly effective treatment and even promising to cure diseases once
considered lethal. As the clinical importance of cell-based therapies continues to grow, ex

vivo cell expansion of sufficient cells is key to fully realize the promises of tissue engineering
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and regenerative medicine. Cells frequently lose bioactivity and change their phenotype when
expanded using typical culture platforms, which dramatically reduces their therapeutic value.
Bioactivity loss in cells cultured on a 2D hydrophobic surface is closely linked to the loss of
telomeric repeats and associated with cellular senescence. Hydrophobic materials in
bioreactors can also provide cells with nonspecific signals that trigger phenotype change and
differentiation. Stem cell differentiation is particularly hard to control or prevent during ex
vivo expansion, deeply affecting the study and application of these expanded cells. For
example, as a large number of mesenchymal stem cells (hMSCs) are needed for their clinical
use, the limited cells obtained from a primary culture or patient must be further expanded
through multiple passages. HMSCs can grow ex vivo at a rather constant rate during the first
two to three weeks. However, cell doubling times start to increase along with the passage
number until senescence stops growth. After their initial culture, hMSCs also progressively

lose multipotency in classical media and other culture conditions.

One promising strategy to tackle this long-standing problem is culturing cells in a biomimetic
3D niche that more accurately models their in vivo environment. However, very few
biomaterials are suitable for 3D culture platforms due to concerns about their long-term
biocompatibility and immunogenic potential. Among these materials, zwitterionic
poly(carboxybetaine) (pCB) is unique in several aspects. First, it is structurally similar to
glycine betaine, a solute vital to the osmotic regulation of living organisms. Second, pCB
shows undetectable nonspecific protein adsorption (<0.3 ng cm?) from complex
physiological media such as undiluted human serum and plasma. A hydrogel matrix
constructed exclusively from pCB will thus provide no nonspecific signals to encapsulated
cells, and we recently found this complete absense of nonspecific interactions to result in
mesenchymal stem cells temporarily ‘losing' their ability to differentiate inside pCB
hydrogels. Third, each CB monomer contains one carboxyl group that can be functionalized
to immobilize biomolecules using EDC/NHS chemistry, while the carboxylic acids unreacted
after functionalization can be easily restored to their original nonfouling state. These
combined attributes make pCB particularly amenable to specifically targeting desired

molecules while remaining highly resistant to any other non-specific adhesion. In comparison,
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the popular biomaterial polyethylene glycol (PEG) is relatively difficult to functionalize, and
unreacted functional groups (such as -COOH or -NH2) still carry charge and remain as

fouling moieties after this process.

We have typically used free radical polymerization to produce pCB hydrogels in our previous
work. This often makes dialysis or prolonged soaking necessary to remove unreacted
monomers and initiators, and the free radicals generated can irreversibly damage
encapsulated cells and compromise their viability and function. Hydrogels incorporating
zwitterionic components that can form under physiological conditions and without free
radical initiation have also been reported. However, all of these “injectable" hydrogels are
based on copolymers of zwitterionic and hydrophobic portions; if used as a stem cell scaffold,
the hydrophobic content in these copolymers will trigger differentiation as we have
demonstrated. A strategy to form a purely zwitterionic hydrogel under physiological

conditions is highly desirable for this reason.

Here, we use star-shaped pCB polymers to form a fully zwitterionic hydrogel. We prepared
four-arm star poly(carboxybetaine acrylamide) (spCB) polymers using a tetrafunctional
initiator, and modified the terminal groups of each star polymer to contain either thiol groups
(spCB-SH) or disulfide pyridine groups (spCB-DP). These two functionalized polymers were
then simply mixed to form a hydrogel via a disulfide exchange reaction. As this gelation
process generates no cytotoxic species or radicals, cells can be encapsulated during gel
formation without the potential for damage. In addition, the purely zwitterionic network does
not provide any nonspecific interactions to encapsulated cells and thus restrains their

differentiation.

5.2 Experimental Section

5.2.1. Synthesis of zwitterionic star polymers

PCBAA star polymers were synthesized using atom-transfer radical polymerization (ATRP),
as previously reported. In brief, appropriate amounts of carboxybetaine acrylamide (CBAA)

or cRGD-functionalized CBAA monomer, 2,2'-bipyridine (BPY), catalysts, and
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tetrafunctional initiator pentaerythritol tetrakis(2-bromoisobutyrate) were placed in a 10 mL
reaction tube. The mixture was subjected to three freeze-pump-thaw cycles, and equilibrated
at room temperature for 20 min before water and methanol were added at a 1:1 ratio. The
polymerization reaction was stirred at room temperature for 8 h, after which the polymer
product was treated with alumina, recovered, and purified by preciptation twice into acetone.
Desired molecular weights of the polymer were tuned by adjusting the stoichiometric ratio
between the monomer and the initiator. Star-shaped pCBAA (spCB) samples with targeted

molecular weights of 5, 20, 50, 80 and 120 kDa were synthesized.

5.2.2. functionalization of star polymer

Purified spCB polymers were first end-functionalized with azide (N3) groups by reacting 2 g
of each polymer with 50 mg of sodium azide for 48 h in water at room temperature. Ns-
functionalized polymers were purified using dialysis and lyophilized. Azide groups were then
reduced to NH; using a MCM-Silylamine Pd(II) Complex, which was prepared as previously
reported. Here, 1.5 g of azide-terminated spCB and 10 mg of MCM-Silylamine Pd(II)
Complex were dissolved in 10 mL of methanol and reacted for 3 h at room temperature, after

which the complex was removed by filtration and the polymer dried under vacuum.

To functionalize spCB with thiol or disulfide pyridine groups, 3-mercaptopropionic acid or 3-
(2-Pyridyldithio) propanoic acid were functionalized to the star polymers, respectively. In
brief, appropriate  amounts of = N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) (Sigma) and N-hydroxysuccinimide (NHS) (Sigma) were added to 3-
Mercaptopropionic acid or 3-(2-Pyridyldithio) propanoic acid solution. After incubation at
25°C for 1 h to activate the carboxylate group, 1g NH,-terminated spCB was added to the
activated system. The molar concentration of in the reaction solution was set at 100uM. The
molar ratio of EDC, NHS and functionalization reagent (I or II) was fixed at 1:1:1. The
reaction was allowed to proceed at 25°C for 24 hours before purification via LC-MS. The
efficiency of the reaction was also calculated by LC-MS (Yield 68%). Scheme 1 outlines the

full synthesis and functionalization procedure.

123



5.2.3. Characterization of functionalized polymers

An Agilent 1200 LC 6520 Q-Tof MS system (Agilent Technologies, Santa Clara, CA) was
employed to purify the functionalized star polymers and quantify the efficiency of the
conjugation reactions. In brief, after the reaction, functionalized star polymer sample was
injected. The chromatographic separation was performed in hydrophilic interaction
chromatography (HILIC) mode on a SeQuant ZIC-cHILIC column (150 x 2.1 mm, 3.0 um
particle size, Merck KGaA, Darmstadt, Germany). The flow rate was 0.500 mL/min, auto-
sampler temperature was kept at 4°C, the column compartment was set at 40°C, and total
separation time for both ionization modes was 40 min. The mobile phase was composed of
Solvents A (5 mM ammonium acetate in 90% H,0/10% acetonitrile + 0.2% acetic acid) and
B (5§ mM ammonium acetate in 90% acetonitrile/10% H,O + 0.2% acetic acid). The gradient

conditions are shown in Table 5.1.

TIME RANGE (MIN) [SOLVENT A (%) |SOLVENT B (%)
0-1 25 75

1-5 from 25 to 70 from 75 to 30
5-9 70 30

9-9.1 from 70 to 25 from 30 to 75
9.1-40 25 75

Table 5.1 Description of LC program

The Q-Tof mass spectrometer was equipped with an electrospray ionization (ESI) source.
The instrument was controlled by an Agilent Mass Hunter Workstation (Agilent
Technologies, Santa Clara, CA). The ESI voltage was set at 3800 volts. The source gas was N
2 (99.999% purity). The ion source conditions in positive mode were: drying gas = 10 L/min,
nebulizer gas = 45 psi, temperature=325°C. The extracted ion chromatography (EIC, 3-
Mercaptopropionic acid m/z=106.14, 3-(2-Pyridyldithio) propanoic acid m/z=312.36) peaks
were integrated using Agilent Mass Hunter Qualitative Analysis software (Agilent
Technologies, Santa Clara, CA). The functionalized star polymers were purified by the LC

system and obtained via lyophilization.
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The functionalization efficiency was determined using (V .- V ¢)/ V ¢ x 100 (%), where V ¢is
the integrated value of the free 3-Mercaptopropionic acid or 3-(2-Pyridyldithio) propanoic
acid after the reaction and V . is the integrated value of the free 3-Mercaptopropionic acid or
3-(2-Pyridyldithio) propanoic acid in the aqueous solutions in which no coupling agents

(EDC or NHS) were added.

Molecular weights of the polymers were determined using aqueous gel permeation
chromatography (GPC) (Waters 2695 Separations Module) fitted with a Waters 2414
refractive index detector and a Waters Ultrahydrogel 250 column (7.8 mm 300 mm). The
buffer solution (0.05 M Tris buffer + 1.0 M NaCl) was used as the eluent with a flow rate of
0.5 mL/min at 35 C. All samples were filtered through 0.2 micron PTFE filters prior to
injection. The system was calibrated with narrow molecular weight polyethylene oxide

standards.
5.2.4. Cytotoxicity evaluation

The polymers were dissolved directly in the cell culture medium at 10 mg/mL. NIH-3T3,
COS-7, HEK293 and hMSC cell lines (ATCC, Manassas, VA) were plated at 2 x 10 4
cells/mL in a 96-well tissue culture treated plate and incubated at 37°C in 5% CO2 and 100%
relative humidity. After culture for 24 h, the culture medium was removed and 100 uL of
monomer solution was added in each well. Fresh medium was used as a control. After the
cells were exposed to the polymer-containing medium for how long, the medium was
removed and the cells were rinsed with PBS. An MTT assay was then used to evaluate cell
viability after exposure to each spCB polymer. 100 uL of MTT solution (5 mg of MTT/mL
serum-free DMEM) was added to each well and incubated for 4 h, then replaced with 100uLL
of DMSO per well. The optical absorbance of formazan production was measured at 570 nm
(ODs79) and 630 nm (ODg30). The relative cell viability was calculated using the following
equation: relative cell viability (% of control) = (ODs79 - ODg3¢ of treated wells)/(ODs7 -
ODg30 of the control) x 100%.
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5.2.5. Hydrogel preparation and characterization

Degradable spCB hydrogels were prepared via a disulfide exchange reaction between spCB-
SH and spCB-DP. SpCB-SH was dissolved in 100 uL PBS to make a 5% (w/v) solution.
Three amounts of spCB-DP (0.5, 1, and 2 mg) were added to the spCB-SH solution and
mixed briefly to initate gelation. Gelation was monitored by inverting the tubes until the gel

solution stopped flowing.

The mechanical properties of the spCB hydrogels formed were tested using an Instron 5543 A
mechanical tester (Instron Corp., Norwood, MA). Five(0.5 cm-diameter disks of each
formulation (1.5 mm thickness when cast) were compressed at a rate of 1 mm/min using a 10
kN load cell. The Young's modulus was calculated from 3% to 13% strain to avoid any
complications in an instance in which the top plate may not be completely engaged with the

specimen when compression begins.

Dynamic viscoelasticity of the spCB hydrogels was measured with a Kinexus Pro rheometer
(Malvern Instruments Ltd) using parallel plates 40-mm in diameter and a plate-to-plate
distance of 900um. The frequency-sweep spectra were recorded in a constant-strain (10%)
mode over the frequency range of 0.1-100 rad/s at 25°C. The time-sweep spectra were
recorded at a constant-strain (10%) mode and constant frequency of 10 rad/s over time at
25°C. The strain-sweep spectra were recorded in a constant frequency of 10 rad/s over the
strain range of 0.01-10 at 25°C. The temperature dependence of the storage and loss moduli

was determined by oscillatory shear deformation over a temperature range of 20°C to 50°C.
5.2.6. Cell encapsulation, expansion, and recovery

Four cell types (NIH3T3, COS-7, HEK293, and hMSC, all from ATCC) were encapsulated
in the spCB hydrogels, all at seeding densities of 2x10° cells/mL. To encapsulate cells, cells
were suspended in their appropriate media and mixed with media aliquots containing spCB-
SH and spCB-DP, with each star polymer at a final concentration of 5% (w/v) to allow
gelation. The resulting hydrogels embedded with cells were incubated at 37°C in 5% CO, and

100% relative humidity to promote cell expansion. Immediately after encapsulation, selected
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cell-hydrogel constructs for each cell type were assayed for viability. For this viability test,
constructs were stained with 1 mg/ml fluorescein diacetate (FDA) and 1 mg/ml propidium
iodide (PI) for 30 min at 370C in the dark. The samples were then washed with a large
amount of PBS and observed under a Nikon Eclipse TE2000-U flurorescence microscope.
The initial viability was calculated as the number of live cells/the number of total

cells*100(%).

After a specified number of days of culture (3, 5, 7, 9, 11, and 15), the cell-laden hydrogels
were incubated with hydrogel-dissociation medium (cell medium containing 2 mM L-
cysteine) at 37 C for 30 min, and cells were recovered upon hydrogel decomposition and then
collected by centrifugation. Cells were stained with Trypan blue, and their viability and
proliferation rate was calculated using a hemacytometer. The rate of cell expansion was also
determined by staining for DNA and glycosaminoglcan (GAG) content in each hydrogel.
After each chosen time point, cell-hydrogel constructs from each group (n=5) were recovered
and dehydrated by lyophilization. The dried constructs were then crushed with a tissue
grinder and digested in 1 mL of papainase for 15 h at 60°C. The DNA content (nanograms of
DNA per milligram dry weight of the hydrogel) was determined by staining with Hoechst
33258 and measuring fluorescence (Ex 352 nm, Em 461 nm). The GAG content was

determined by chondroitin sulfate using dimethylmethylene blue dye.

5.2.77. HMSC differentiation

Multicolor analysis for progenitor and stem cell phenotyping was performed on a LSR II flow
cytometer (Becton Dickinson). Cells were stained in staining media (HBSS supplemented
with FBS 2% and EDTA 2 mM) at 4°C for 1 h with Alexa Fluor® 647 anti-STRO-1
(Biolegend), FITC anti-ALCAM (AbD Serotec), then washed with staining media and

analyzed. At least 10,000 events were acquired for each analysis.

To test gene expression of hMSCs cultured in spCB hydrogels, constructs were removed
from culture media at specified time points and assayed with quantitative real-time PCR
(qQRT-PCR). The constructs were transferred to TRI Reagent (Sigma) in RNase-free test tubes

and homogenized with a tissue homogenizer. Total RNA was extracted according to the
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manufacturer's instructions. Total RNA for each sample was quantified with a UV
spectrophotometer and converted to cDNA using the QuantiTect Reverse Transcription Kit.
After amplification using SYBR Green PCR Master mix (Qiagen), thermocycling was carried
out in a solution with primers (Integrated DNA Technologies) and cDNA. PCR conditions
were as follows: 15 s at 94°C, 30 s at 55°C, and 30 s at 72°C. Here, we used RNase-free

DNase (Qiagen) to prevent genomic DNA contamination.

To test for differentiation of expanded hMSCs encapsulated in spCB hydrogels, cell-hydrogel
constructs were first cultured in basal medium for 3 days. Following this time point, the basal
medium was replaced with bipotential differentiation medium to promote adipogenic and
osteogenic differentiation of hMSCs. This medium contained: low glucose DMEM
supplemented with 20% FBS and 1% penicillin/streptomycin (Invitrogen); an adipogenic
supplement: 1uM dexamethasone, 50 pM indomethacin (Sigma), 0.5 pM 3-isobutyl-1-
methylxanthine (IBMX; Sigma) and 10pg/mL human recombinant insulin (Invitrogen); and
an osteogenic supplement: 10 mM B-glycerol phosphate (Sigma) and 50 pg/mL ascorbic acid
(Sigma). Media changes were performed every 3 days. As a parallel control, a mixed
adipogenic/osteogenic inductive media was made by combining commercially available
osteogenic and adipogenic inductive media (R&D Systems) in a 1:1 ratio and supplementing
with 1% (v/v) penicillin-streptomycin (Gibco). The mixed media was also used for
differentiation experiments and no significant difference was observed compared to the lab-

made bipotential differentiation medium.

After incubation for one week, cell-hydrogel constructs were fixed in 4% paraformaldehyde
in PBS for 8 hours, transferred to 30 wt% sucrose for 72 h, frozen in Cryo-gel (Instrumedics,
Inc.) and cryosectioned (10 pm sections) to prepare for histological staining. Osteogenic
marker alkaline phosphatase (ALP) was visualized by staining with Fast Blue BB (Sigma),
while lipid accumulation was examined by staining with Oil Red O (Sigma) to assay
adipogenic activity. The total cell counts were obtained by staining the nuclei with DAPIL
The percentage of hMSCs that differentiated down an osteogenic or adipogenic pathway was

calculated by dividing the number of cells stained positive for ALP or lipids by the total cell
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counts, respectively. Color micrographs were acquired using a Nikon E800 upright

microscope.
5.2.8. Statistical analysis

Examination and quantification of histological sections was done by three independent
researchers blinded to sample identity with at least five random images/fields in each section
per sample. A two-tailed Student's t-test was used for all statistical analyses, with *p<0.01

being considered as statistically significant.

5.3 Results and Discussion

5.3.1. Star polymer cytotoxicity and hydrogel mechanical properties

We synthesized spCBs targeting a wide range of molecular weights (MWs) from 5 kDa to
120 kDa. Modifying the ratio between monomer and initiator in the initial polymerization
reaction tuned the degree of polymerization. We found the conversion to be high (between
70-80%) upon characterizing the polymers with GPC. The targeted and characterized MWs

of all spCBs along with their polymerization conditions are shown in Table 5.2.

Polymer (MW target) | Initiator (mM) Monomer (mM) Mn (Da) Conversion (%)
spCB-5K 1 5 4211 73.3
spCB-20K 1 20 17844 75.7
spCB-50K 1 50 42682 76.1
spCB-80K 1 80 72659 80.0
spCB-120K 1 120 103200 | 78.6

Table 5.2. spCB samples synthesized and their target and characterized molecular weights and

polymerization conditions.
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Then, we exposed cell lines to each spCB sample to ascertain their cytotoxicity. As shown in
Figure 1a, the higher MW spCBs were nontoxic to all cell lines, as we expected based on the
demonstrated cytocompatibility of linear pCB. The lower MW spCB polymers and oligimers
(each 'arm' of 5-kDa spCB is only ~4-5 monomers in length) resulted in lower cell viability,
possibly due to the reduced ratio of nontoxic zwitterionic moieties to the required initiator
component. We thus used high MW spCB for further cell encapsulation and expansion

experiments.

We next examined how the molecular weight of spCBs influenced the mechanical and
viscoelastic properties of corresponding spCB hydrogels. As all hydrogels formed were
designed to be very soft to allow robust cell expansion, the tensile strength and compressive
modulus measured with an Instron instrument were imprecise and rotational rheometry
proved to be a better characterization approach. To measure the dynamic viscoelasticity of
each spCB sample, we conducted a time sweep at constant strain (10%) and frequency (10
rad/s) and assessed the maximum storage (G’) and loss (G’’) moduli reached upon gelation.
When functionalized spCBs of a low MW (spCB-5K and spCB-20K) were mixed to initiate
crosslinking and examined rheologically, G’ remained greater than G’ through the time
sweep, indicating insufficient crosslinking to form a free-standing elastic hydrogel at the
concentration used for cell encapsulation. In comparison, spCBs of higher MW displayed
higher elasticity, forming soft elastic hydrogels with G’ and G’ both between 200 and 400 Pa.

This data is shown in Figure 1b.
5.3.2. Cell expansion in and recovery from spCB hydrogels

We encapsulated cells in spCB hydrogels and assessed their viability after 14 days of
expansion. As shown in the Live/Dead-stained micrographs in Figure 2a, all cells showed
excellent (over 95%) viability after expansion in spCB gels. To quantify expansion, we
immersed cell-hydrogel constructs in dissociation media and counted viable cells after
recovery. Figure 2b displays the expansion rate of each cell line, which was all between 25
and 30x. This expansion rate was corroborated by quantifying total DNA and

glycosaminoglycan (GAG) content in dried cell-hydrogel constructs using fluorescent
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markers; DNA content increased between 3000 and 3500% and GAG content increased
between 4000 and 6000%. The DNA and GAG content found at each time point are shown in

Figure 2c-d.

5.3.3. Preservation of mesenchymal stem cell bioactivity

Robust cell expansion is only clinically useful if expanded therapeutic cells maintain their
bioactivity or specific functionality. In the case of hMSCs, multipotency after expansion must
be maintained so their differentiation pathway can be deliberately chosen for optimal
therapeutic benefit. To test the multipotency of hMSCs expanded in spCB gels, we used
immunofluorescence staining to visualize the expression of multipotency biomarkers
ALCAM and STRO-1. As shown in Figure 3a, we used flow cytometry to count cells
expressing these biomarkers after one week of culture in spCB gels or in standard tissue
culture flasks and compared them to the multipotent cells initially seeded. The hMSCs
expanded in spCB hydrogels displayed positive expression of both biomarkers, equivalent to
the population initially seeded. In contrast, h(MSCs expanded in a flask were heterogeneous in
ALCAM and STRO-1 expression, with around half of the population appearing to lose

multipotency.

To further examine hMSC differentiation or multipotency, we used qRT-PCR to quantify the
expression of mRNA characteristic to adipogenic (ADIPOQ, FABP4, LPL, PPARG) or
osteogenic (COL1A1, OCN, OPN, RUNX?2) lineages. After one week, none of these genes
showed significantly enhanced expression in hMSCs cultured in spCB hydrogels, suggesting
neither adipogenic nor osteogenic fates had been chosen by the cells. The expression
measured for all genes relative to the initial population is shown in Figure 3b. Notably,
hMSCs that have conclusively chosen an adipogenic or osteogenic lineage typically show

between 100x and 10000x higher expression of these characteristic mRNAs.

We finally recovered the hMSCs expanded in spCB gels or in flasks and cultured them in
bipotential (adipogenic and osteogenic) differentiation-promoting media. In this way, we
could assay their functional bioactivity and therapeutic potential after expansion. After one

week of culture, cells were fixed and histologically stained with Fast Blue salts to mark
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osteogenic expression of alkaline phosphatase (ALP), and with Oil Red O to examine lipid
accumulation characteristic of adipogenesis. There was no difference in the differentiation
capacity of the initial h(MSC population and cells expanded in spCB gels, indicating their full
bioactivity was preserved during expansion. Conversely, hMSCs expanded in flasks
displayed a significantly reduced ability to differentiate down adipogenic and osteogenic

lineages, signifying loss in functional bioactivity.
5.4 Discussion

Physicians and clincians see the profound impact that personalized cell-based medicine can
bring to patients, but the challenge of expanding a patient’s lifesaving cells ex vivo while
maintaining their bioactivity. They calls for interdisciplinary collaboration. In the case of
stem cell expansion, it becomes clear that biochemical signals and physical interactions
between a stem cell and its niche are both key to triggering differentiation or maintaining
multi- or pluiripotency. Polymeric hydrogels have become popular platforms for studying
stem cell differentiation and expanding cell populations, as cell microenvironment can be
tuned to resemble in vivo conditions much more closely than on flat 2D substrates. While
several have reported that hydrogel scaffold stiffness is the key physical trigger of
differentiation lineage in these systems, we believe that this is not a complete picture of the
phenomena observed. Many biomaterials, including popular poly(ethylene glycol) (PEG), are
not purely hydrophilic, For example, PEG is amphiphilic and is under increasing scrutiny as
its immunogenicity reported suggest that it is not as bioinert as originally thought. Truly
hydrophilic poly(zwitterions), especially poly(caryboxybetaine) (pCB), have unlocked deeper
studies of cell-biomaterial interactions since pCB itself presents no nonspecific cues to cells,
but can be easily functionalized to induce specific signaling or binding. Notably, when we
cultured mesenchymal stem cells in pCB hydrogels in our previous work, we found the
material stiffness is irrevelvant to whether stem cells remain multipotent or commit to a
differentiated lineage. Instead, precise tuning of nonspecific interaction sites in the hydrogel
drives fate choice, and these can be controlled independent of modulus. Pure pCB hydrogels

can maintain stem cell multipotency for an unprecedented length of time. If we add
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photoswitchable moieties to the network, we can reversibly trigger differentiation through

specified wavelength exposure.

This advance encouraged us to explore key applications in which premature cell phenotype
change or scenescence in vitro is bottlenecking advances in cell-based regenerative medicine.
Many treatments require growing a substantially expanded, yet homogeneous cell population
in which expanded cells must retain their potency and specific bioactivity. Although cell
populations are routinely expanded in flasks and bioreactors, nonspecific interactions from
growth surfaces or aggregation reduce the usefulness of the population as they exhaust their
limited lifespan and change phenotype unpreditably. Many of these same cell types are
sensitive to external inputs such as UV light. Thus, encapsulation through a radical-mediated
gelation reaction can also cause damage. We endeavored to combine the unique control

enabled by pCB hydrogels with a more cytocompatible encapsulation strategy.

The spCB zwitterionic star polymers we developed in this work present several advantages
for cell expansion. First, polymerization and end-group functionalization both occur
independent of any cell interactions. Thus, we were able to carefully tune spCB molecular
weight through robust living polymerization procedures as detailed in Table 2. Any unreacted
reagents were removed after functionalization with LC-MS purification so sensitive cells are
only exposed to a pure, well-defined material. This high level of control proved useful when
optimizing spCB cytocompatibility and efficient gelation, as shown in Figure 1. Second, the
star-shaped architecture ensures that each functionalized “point” of the star can quickly react
with a complementary point on another. Therefore, simple mixing in the presence of cells
rapidly establishes a soft yet elastic supportive network that maintains high cell viability, as
presented in Figure 2a. Many cytocompatible reactions in the growing toolbox of
bioorthogonal chemistries could be used to crosslink this platform while maintaining the
overall zwitterionic nature of the network. In this work, we used a disulfide exchange
reaction to add degradable disulfide linkages between star building blocks, which allowed us
to easily break down the hydrogel by adding L-cysteine after expanding cells. These mild

conditions enable the robust expansion rate as shown in Figure 2b-d to translate to a large
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population of viable recovered cells. Finally, this flexible new strategy did not hinder the
ability of pCB niches to reliably maintain the multipotency and full differentiation capacity of
encapsulaed hMSCs. As shown in Figure 3, we combined immunofluorescence labeling,
quantification of mRNA expression and histological staining to test the bioactivity of
expanded cells. Even at a 25-fold rate of expansion, cells in the dramatically enlarged
population demonstrated equivalent potency and function to those cells in the initial seeded
culture. Many cell-based therapies have a success rate directly proportional to the number of
functional cells available for infusion. Thus, a simple platform mediating high expansion,
simple cell recovery, and high bioactivity of recovered cells will broaden the reach, reduce

the cost, and improve the success rate of these lifesaving treatments immediately.
5.5 Conclusions

We have developed a robust platform for expanding cell populations while maintaining their
full bioactivity, based on encapsulated culture in zwitterionic hydrogels that form
spontaneously by simply mixing two poly(carboxybetaine) star polymers end-functionalized
with bioorthogonal reactive groups. This strategy extends the excellent reported capacity of
zwitterionic pCB hydrogels to act as cytocompatible scaffolds for tissue culture and
regenerative medicine applications. The unique star architecture, spontaneous crosslinking
and controlled degradation without external input or radical generation is a gentle and facile
way to expand and recover valuable cell lines without loss in functionality. Reliable and
broadly-applicable methods to magnify rare cell populations could extend the reach of

cutting-edge personalized medicine.
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Chapter 6 Nonfouling Zwitterionic Hydrogel Restrains the Differentiation

of Hematopoietic Stem Cells in Ex vivo Expansion

The ability to ex vivo expand hematopoietic stem and progenitor cells (HSPC) without
differentiation during culture is critical to fully realize the potential of hematopoietic stem
cell based therapies. This is particularly true for therapies such as cord blood transplantation
that have been proven clinically effective but are limited in clinical use due to low HSPC
numbers. Through use of a 3D zwitterionic hydrogel, we achieved significant expansion of
phenotypically primitive CD34+ cord blood and bone marrow-derived HSPCs with reduced
metabolic activity. No differentiation was observed. Importantly, the cultured HSPCs were
capable of human hematopoietic reconstitution for at least 24 weeks in immunocompromised
mice, and resulted in a 70-fold increase in long-term hematopoietic stem cell (LT-HSC)
frequency as demonstrated by limiting dilution assays. Deeper analysis showed that 3D
zwitterionic hydrogel culture mitigates defects in HSPC self-renewal by inhibiting the
excessive production of reactive oxygen species (ROS). Eliminating nonspecific cell-
background interactions through use of a degradable zwitterionic matrix enables
differentiation-free HSPC expansion and should facilitate clinical hematopoietic stem cell

therapies.

6.1 Introduction

Hematopoietic cell transplantation (HCT) is an effective and widely used therapy with
curative intent for a number of hematologic malignancies and non-malignant disorders. A
total of 88,063 hematopoietic cell transplants were performed in the USA between 2009 and
2013, with 37,768 of these being from allogeneic related and unrelated stem cell donors .
However, the majority of patients in need of an HCT will not have the preferred donor,
namely an HLA-matched related donor. In addition, only approximately 50% of Caucasian
patients and far fewer patients of mixed race/minority backgrounds will be able to identify an
unrelated, suitably matched and available adult donor . For these patients, umbilical cord

blood (CB) is now commonly used as an HSC source for allogeneic HCT. Cord blood has
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the distinct advantage of less stringent HLA-matching requirements between donor and host,
allowing nearly all patients to identify CB donors without an increased risk of graft-versus-
host disease, even in the setting of mismatched donors. Cord blood transplant (CBT)
recipients have also been shown to have lower disease relapse rates post-transplant compared
with those receiving bone marrow (BM) or peripheral blood transplants. Furthermore, our
recent study evaluated the impact of pre-transplant minimal residual disease in patients
undergoing a first allogeneic stem cell transplant and demonstrated that cord blood transplant
recipients had a survival advantage compared to matched and mismatched unrelated donor
transplant recipients’. Despite these advantages, the low stem cell dose available in a single-
or double-unit CBT significantly delays hematopoietic recovery and results in a higher risk of
graft failure and early transplant-related mortality, limiting the more widespread use of this
stem cell source *.

To increase the absolute numbers of HSPCs available for clinical applications, especially in
the setting of HCT with CB donors, researchers have long sought to identify culture
conditions suitable for ex vivo expansion of HSPC populations . Early cytokine-mediated
expansion strategies promote HSPC proliferation, but also trigger notable cell differentiation,
diminishing their therapeutic value ®°. More recent efforts have focused on the use of small
molecules or targeted ex vivo manipulation of molecular pathways known to play a role in

', For example, HSPCs exposed to an optimized balance of

hematopoietic stem cell fate
stimulatory and inhibitory factors in a fed-batch reactor have exhibited promising expansion
rates and repopulation properties ''. Our group has focused on the use of an engineered Notch
ligand (Deltal) to activate endogenous Notch signaling in CB-derived HSPCs, thereby
inhibiting ex vivo differentiation and resulting in a significant increase in the absolute number
of CD34" HSPCs available for clinical applications. This approach has been evaluated in a
number of clinical trials and shown to be safe while reducing the time to hematopoietic
recovery in the myeloablative CBT setting '*'>. A number of small molecules under clinical
investigation, such as the aryl hydrocarbon antagonist SR1 and the pyrimidoindole

derivatives (UM family of molecules) '*'*, have also been shown to promote the expansion

of CB-derived HSPCs that possess robust repopulation activity. Despite these notable
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advances, and evidence of their ability to reduce the time to neutrophil recovery in a number
of CBT trials, none of these state-of-the-art culture strategies are able to avoid significant
HSPC differentiation and none are applicable for the expansion of adult BM-derived HSPCs
10

Like many cell lines, HSPCs are commonly cultured in hydrophobic polystyrene flasks,
exposing them to surroundings that differ greatly from their in vivo niche—a three-
dimensional (3D) environment dominated by hydrophilic and zwitterionic cell membrane
lipids '®. Hydrophobic materials provide abundant nonspecific interactions to all cell ligands
17 and we hypothesize that this continuous nonspecific stimulation of cells plays a key role in
triggering nonspecific HSPC differentiation in vitro. To explore this hypothesis, we
endeavored to more closely model the in vivo niche by culturing HSPCs inside a 3D
zwitterionic hydrogel matrix. Zwitterionic polymers and peptides are super-hydrophilic and
uniquely resistant to nonspecific interactions, and polyzwitterionic surfaces can completely
eliminate protein attachment in complex physiological fluids including undiluted plasma and
serum '®. In contrast to hydrophobic and amphiphilic materials, zwitterionic materials have

19 are able to resist collagenous

no effect on the activity of nearby or conjugated proteins
capsule formation when implanted in mice *°, and circumvent antibody production during
bloodstream circulation . Here, we encapsulated and cultured both CB- and BM-derived
HSPCs inside zwitterionic poly(carboxybetaine)-based hydrogels using a specifically selected
metalloproteinase-cleavable zwitterionic peptide to reversibly crosslink the gels **2. All
components were designed to completely avoid nonspecific interactions with the

encapsulated HSPCs, and the degradable crosslinks facilitated gradual growth and eventual

cell recovery.

6.2 Methods

6.2.1 Star-shaped Polymer synthesis: The polymerization was conducted as reported before.
In brief, CBMA, 2,2’-bipyridine (bpy), catalysts, tetrafunctional initiator, pentaerythritol
tetrakis(2-bromoisobutyrate), were placed in a 10 mL reaction tube, and the mixture was
subjected to three freeze-pump-thaw cycles. The mixture stayed under room temperature for

20 min, and water and methanol were added at a 1:1 ratio. The reaction was allowed to
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continue at room temperature under stirring for 8 h. The polymer product was recovered after
treatment with alumina, and finally purified by precipitation twice into acetone. The
molecular weight of the polymer can be tuned by the stoichiometric ratio between the
monomer and the initiator. Star-shaped polymers with target molecular weights of 50000 was
synthesized.

6.2.2 Synthesis of N;-functionalized star-shaped pCB polymers. After purification, 2g
star-shaped pCB polymer was mixed and tired with 50mg sodium azide in water. The
reaction was allowed at room temperature for 48 hours. The product was purified by dialysis
and dried on lyophilization .

6.2.3 Synthesis of NH,-functionalized star-shaped pCB polymers. The azide group on this
star-shaped pCB was reduced into NH; by using a MCM-Silylamine Pd(IT) Complex. MCM-
Silylamine Pd(II)Complex was prepared as reported before. In this work, 1.5g Azide-
terminated pCB polymer and 10mg MCM-Silylamine Pd(IT) Complex was dissolved in 10ml
methanol. The reaction was allowed for 3 hours at room temperature and then the complex
was filtered and the polymer was dried under vacuum.

6.2.4 Synthesis of click-functionalized star-shaped pCB polymers As we reported before,
DIFO3 was functionalized to the end of star-shaped pCB polymer. In brief, appropriate
amounts of N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (Sigma)
and N-Hydroxysuccinimide (NHS) (Sigma) were added to DIFO3 solution. After incubation
at 25°C for 1 hour to activate the carboxylate group, 1g NH,-terminated polymer was added
to the activated system. The molar concentration of DIFO3 in the reaction solution was set at
100uM. The molar ratio of EDC, NHS and peptides was fixed at 1:1:1. The reaction was
allowed to proceed at 25°C for 24 hours before purification. The efficiency of the reaction
was calculated by 'H-NMR.

6.2.5 Surface-initiated atom transfer radical polymerization

Surface-initiated ATRP was carried out on SAM-coated gold substrates following a method
similar to one previously reportedl. Briefly, CuBr, CuBr,, BPY, and gold chips with
immobilized initiators were placed in a sealed reaction tube and deoxygenated via vacuum

and nitrogen purging. CBAA monomer was deoxygenated in a separate sealed tube, and then
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dissolved in a deoxygenated solution of methanol and pure water in a 10:1 volume ratio. The
monomer solution was transferred to the reaction tube using a syringe under nitrogen
protection. In a shaker at 120 RPM and 25°C, PCBAA was allowed to react for 3 h. After
polymerization, chips were removed, rinsed with pure water and PBS, and stored overnight in
PBS. Chips were rinsed with Milli-Q water and dried with filtered air just prior to any
experiments. Dry film thickness was measured with an ellipsometer (J.A. Woollam, Alpha-
SE), and chips with thicknesses of 20-30 nm were used for SPR measurements.

6.2.6 Preparation of mix charged peptide SAMs. Peptides (CGG(KE),(GPQG and
CGG(KE)»IWGQ) were ordered from Synthetic Biomolecules (San Diego, CA) at a purity
of >95%. Gold-coated chips were cleaned by rinsing with Millipore water and ethanol
(Decon Laboratories, Inc., King of Prussia, PA) and then drying with filtered air. They were
placed in the UV cleaner for 20 min. Cleaned gold chips were incubated in a phosphate
buffered saline (PBS) solution (pH 7.4 and ionic strength 150 mM, Sigma-Aldrich, St. Louis,
MO) containing 0.14 mM peptide for 24 h. Once removed, the gold chips were rinsed with
Millipore water and dried by filtered air.

6.2.7 Preparation of Cell lysates. HSCs were pelleted (1000 rpm, 4°C) and lysed into RIPA
buffer (Sigma) which enables efficient cell lysis and protein solubilization while avoiding
protein degradation and interference with the proteins' immunoreactivity and biological
activity. The protein content of purified cell lysates was determined via BCA assay.

6.2.8 Measurements of protein adsorption

For protein adsorption tests, 1% HSCs lysates and SGF-SFEM II were used for the protein
absorption assay. This study used a custom-built surface plasmon resonance (SPR) sensor
from the Institute of Photonics and Electronics, Academy Sciences (Prague, Czech Republic).
A prepared chip was attached to the base of the prism and optical contact was established
using refractive index matching fluid (Cargille). A quadruple-channel flow cell with four
independent parallel flow channels was used to contain liquid samples during experiments. A
peristaltic pump (Ismatec) was utilized to deliver liquid samples to the four channels of the
flow cell. A stable baseline was first established with water, PBS, or divalent salt solution

with different concentrations of running buffer, then serum solution was delivered to the

142



surface at a flow rate of 0.050 mL/min for 30 min, and the same buffer flowed again for 10
min before determining final wavelength shifts. A surface-sensitive SPR detector was used to
monitor surface interactions in real time, and wavelength shift was used as an indication of
changes on the surface.

6.2.9 Metabolites analysis. Cell-hydrogel constructs were washed in PBS and crushed with a
tissue grinder before metabolites were extracted using an extraction solvent (1:3:1
Chloroform: Methanol: Water), and placed on a rotary shaker for 1 hour at 4°C. The solution
was then centrifuged for 3 minutes at 13000g at 4°C after which supernatant were collected
and dried at 30 °C for ~2hr in a SpeedVac. The samples were analyzed using LC-MS QqQ
method system as described below.

6.2.10 Liquid chromatography conditions. The LC system was composed of two Agilent
1260 binary pumps, an Agilent 1260 auto-sampler, and Agilent 1290 column compartment
containing a column-switching valve (Agilent Technologies, Santa Clara, CA). Each sample
was injected twice, 10 puL for analysis using negative ionization mode and 2 pL for analysis
using positive ionization mode. Both chromatographic separations were performed in
hydrophilic interaction chromatography (HILIC) mode on two SeQuant ZIC-cHILIC
columns (150 x 2.1 mm, 3.0 um particle size, Merck KGaA, Darmstadt, Germany) connected
in parallel. Our setup allows one column performing separation while the other column is
getting reconditioned and ready for the next injection. The flow rate was 0.300 mL/min, auto-
sampler temperature was kept at 4C, the column compartment was set at 40 C, and total
separation time for both ionization modes was 20 min. The mobile phase was composed of
Solvents A (5§ mM ammonium acetate in 90% H,O / 10% acetonitrile + 0.2% acetic acid) and
B (5 mM ammonium acetate in 90% acetonitrile/ 10% H,O + 0.2% acetic acid). The gradient

conditions for both separations were identical and are shown below.

Time  Segment,
Solvent A, %  Solvent B, %

min.

0-2 25 75

2-5 from 25to 70  from 75 to 30
5-9 70 30

9-11 from 70 to 25  from 30 to 75
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11-20 25 75

The metabolite identities were confirmed by spiking the sample used for method
development with mixtures of standard compounds (each mixture contained five standard
metabolites). All the samples were analyzed over a 12-day period and the retention times (RT)
did not undergo any significant shift (each peak was within 6 seconds throughout 12 days of
analysis), which proved the robustness of our HILIC method.

6.2.11 Mass spectrometry conditions. After the chromatographic separation, MS ionization
and data acquisition were performed using an AB Sciex QTrap 5500 mass spectrometer (AB

Sciex, Toronto, ON, Canada) equipped with an electrospray ionization (ESI) source. The

instrument was controlled by Analyst 1.5 software (AB Sciex, Toronto, ON, Canada).

Targeted data acquisition was performed in multiple-reaction-monitoring (MRM) mode. We

monitored 99 and 59 MRM transitions in negative and positive mode, respectively (158

transitions in total). The source and collision gas was Nz (99.999% purity). The ion source

conditions in negative/positive mode were: curtain gas (CUR) = 25 psi, collision gas (CAD)

= high, ion spray voltage (IS) = -3.8/3.8 KV, temperature (TEM) = 500 C, ion source gas 1

(GS1) = 50 psi, and ion source gas 2 (GS2) = 40 psi.. The extracted MRM peaks were

integrated using MultiQuant 2.1 software (AB Sciex, Toronto, ON, Canada).

6.2.12 Data analysis, model development and cross validation. A custom metabolite

database incorporating HMDB was used to identify compounds. After exporting from
MultiQuant software, spectral data were normalized using average values from the data of
quality control (QC) injections (at least five in each batch, 33 QC samples in total). Means

and standard errors of the mean were generated for all groups of picked peaks.

6.2.13 Cell sources

We obtained human umbilical cord blood samples for research purpose from normal
deliveries under Swedish Medical Center’s Institutional Review Board (Seattle) approval and
after consent was obtained. Unit processing and CD34+ cell selection were performed as

described previously (Delaney, 2010 & 2005).
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Cryopreserved immobilized peripheral blood stem cell and bone marrow stem cells were
purchased from Cell Processing Facility at the Fred Hutchinson Cancer Research Center.

6.2.14 CD34" Cells expansion in ZTG

Hydrogels were created by mixing 10 wt% total star-shaped polymer and difunctionalized
peptide in media between Rain-X-treated glass slides spaced at a known distance (300 um),
and reacted for 30 min at 37°C.

HSCs were encapsulated in the ZT Gel, at various seeding densities. To encapsulate cells, cells were
suspended in HSC expansion media consisting of StemSan SFEM II (StemCell Technologies)
supplemented with human 50ng/ml stem cell factor (SCF), 50ng/ml FMS-like trysine kinase
3 ligand (FLT3), 50ng/ml thrombopoietin (TPO), 50ng/ml interleukin-6 (IL-6) and 10ng/ml
interleukin-3 (IL-3) (Invitrogen). Media aliquots containing zwitterionic polymers and peptides,
with each polymer at a final concentration of 10% (w/v) to allow gelation. The slides were
separated and the cell-encapsulating hydrogels were equilibrated in media. During the first 5-
hour equilibration, the media was refreshed every hour, and then refreshed every day. The
resulting hydrogels embedded with cells were incubated at 37°C in 5% CO, and 100% relative
humidity to promote cell expansion.

As control, selected CD34+ cells were cultured directly in tissue culture polystyrene flask or
in 2.5ug/ml Deltal ext-IgG coated flask (Delaney, 2010 & 2005). Culture media and
supplement were the same as above. For no growth factors experiment, CD34+ cells were
cultured in either hydrogel or TCPS using SFEM II media without other supplements.

6.2.15 Flow Cytometric Analysis

Cell phenotypes in fresh and expanded cells were measured using a combination of the
following antibodies and fluorophores: Primitive panel: APC-anti-huCD34, PECY7-
huCD45RA, AF700-huCD38, PE-huCD90, FITC-huCD49f; Differential panel: AF700-
huCD34, PE-huCD7, PeCy7-huCD56, APC.Cy7-huCD14, FITC-huCD15, APC-huCDI19
antibodies.

For CFSE labeling, CD34" CB cells (1x10° cells/ml) were labeled with 5 uM

carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen) according to the
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manufacturer’s guidelines. Labeled cells were encapsulated in ZTG to culture for 7 days, or
cultured in a 6 well tissue culture plate for 4 days. Cells were harvested and stained with
APC-labelled anti-human CD34.

Cell events were collected with an LSR II Flow Cytometer (BD Biosciences), and flow data
was analyzed using FlowJo software (TreeStar, Ashland, OR).

6.2.16 Assessment of Cell Morphology

Cell morphology was assessed using slides prepared by Cytospin using a cytocentrifuge
(Cytospin 2, Shandon Scientific) at 500rpm for 3 min followed by Wright-Giemsa staining.
The bright field slides were scanned with Aperio Scanscope AT. The images were recorded
and analyzed using Aperio ImageScope v12.2.1.5005. Briefly, the diameter of 50 randomly
selected cells from each group were averaged and then compared between the groups.

6.2.17 In vitro colony-forming unit assays

Frequencies of colony-forming cells were estimated by plating 200 or 500 fresh or expanded

CD34+ cells in methylcellulose containing media (MethoCult H4434, StemCell Technologies)
supplemented with thrombopoietin, and Flt-3 ligand, each at a final concentration of 50ng/ml.

After 14 days in culture, plates were visually scored for CFU-multilineage colonies.

6.2.18 In vivo repopulation studies

All experiments with animals were conducted under protocols approved for use by the Fred
Hutchinson Cancer Research Center Institutional Animal Care and Use Committee (IACUC).
NOD/LtSz-scidIL2rg—/— (NSG) mice were obtained from the Jackson Laboratory (Bar
Harbor, ME) and bred in the animal care facility at the Fred Hutchinson Cancer Research
Center. Fresh CB CD34+ cells or their progeny present in different cultures were injected
into sub-lethally irradiated (275 ¢Gy) 5-10 weeks old NSG mice one day prior to infusion via
tail vein. We assessed their repopulating ability at 4 weeks and 12-14 weeks after transplant
with marrow removed from the knee joint of anesthetized mice. At 20-30 weeks after
transplant, we killed the mice and assessed both femurs and tibias for the number and types
of human cells. For secondary transplants, 50% of the bone marrow isolated from each

recipient mouse was transplanted into one secondary sub-lethally irradiated NSG mouse.
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Human cell engraftment was monitored by flow cytometric analysis of bone marrow cells
obtained from different time point using PE.Cy5-anti-human CD45 and APC.Cy7-anti-mouse
CD45.1 antibodies. The subsets of human CD45+ cells were further determined using
PE.Cy7-anti-huCD33, APC-anti-huCD19, PE-anti-huCD56, APC.Cy7-anti-huCD3, PE-anti-
huCD41, FITC-anti-huCD235a, AlexaFluro700-anti-huCD34 or APC-anti-huCD34 and
AlexaFluro700-anti-huCD38 antibodies.

We determine the frequency of SCID repopulating cell (SRC) by limiting dilution analysis
(LDA). HSCs either from fresh isolated CB CD34+ cells or from cultured cells were diluted
serially to the desired cell doses. The frequency of SRC were calculated using the ELDA
software (http://bioinf.wehi.edu.au/software/elda/index.html) provided by the Walter and
Eliza Hall Institute.

6.2.19 Cell cycle Analysis

For the combinatory staining of surface markers and cell cycle, HSCs were stained with
APC-anti-CD34 as described above. After a washing step, the cells were fixed and
permeabilized with 70% ethanol, then intracellularly stained with FITC conjugated Ki-67.
After washing, cells were stained with Hoechst33342 for 10 minutes and washed before
resuspension in 100 ul PBS. Cells were subsequently analyzed using the LSRII flow

cytometer (BD biosciences).

6.3 Results and Discussions

To enable gentle cell encapsulation in situ, we used a bioorthogonal and cytocompatible
strain-promoted azide-alkyne cycloaddition (SPAAC) “click” reaction to form the hydrogels.
Four-arm poly(carboxybetaine acrylamide) (pCBAA) was terminated with difluorinated
cyclooctynes (DIFO;) and reacted with a bis(azide)-functionalized polypeptide (Azide—GG-
(KE)20-GPQGIWGQ-(KE),o-GG-Azide) to form an idealized three-dimensional network with
minimal local defects (Fig. 1a-c, Supplementary table S1 and Fig. S1) ***°. To maximize the
crosslinker hydrophilicity, we added zwitterionic segments of twenty alternating lysine (K)
and glutamic acid (E) residues on each side of the metalloproteinase-cleavable motif

24,25
d B

previously reporte . Particularly in contrast to hydrophobic polystyrene (the most
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common material for cell culture flasks), we did not detect any nonspecific interactions
between HSPC lysate or media proteins and either the pCBAA polymer or KE-dominated
peptide (Supplementary Fig. S2). In addition, compared with the commercial hyaluronic acid
and polyethylene glycol-based HyStem®™ hydrogel, which is designed to minimize cell
attachment, the ZTG hydrogel showed much less interaction with encapsulated HSPCs
(Supplementary Fig. S3). This finding suggests these materials can completely eliminate cell-
background interactions in the culture platform, acting as a truly “blank slate” for 3D stem
cell culture.

We isolated fresh human CD34" HSPCs from CB, encapsulated this purified cell population
within the aforementioned zwitterionic hydrogel (ZTG) in optimized growth factors and
media, and monitored proliferation responses. HSPCs secrete small amounts of
metalloproteinase, which gradually cleaves some of the peptide crosslinks during
proliferation and allows the hydrogel to swell and accommodate the growing population.
After an initial 14-day expansion period, additional metalloproteinase was added to fully
disassemble the constructs and free the expanded cells. As presented in Supplementary Fig.
S4-6, the ZTG condition exhibited much better biocompatibility than the control flask
substrate, promoting HSPC survival and self-renewal under different culture conditions. The
isolated cells were immunophenotyped and evaluated for differentiation (defined as loss of
CD34 expression). As presented in Fig. 1d, when HSPCs were cultured on a hydrophobic
tissue culture polystyrene (TCPS) substrate, a sharp decrease in CD34 expression was
observed. While aforementioned UM171, SR1 and Deltal culture can maintain CD34
expression at a much higher level, hydrophilic 2D substrates such as IgG protein coatings,
ZTG hydrogels, and HyStem® can also significantly delay the differentiation process.
Importantly, 3D culture showed a striking effect in preserving CD34 expression during this
14-day culture. Expanded HSPCs from the commercial HyStem® culture exhibited 62.1%
expression of CD34. Among all experimental groups, a surprisingly high frequency of CD34"
cells in the final harvested cell population (95.9%+3%) was achieved in 3D ZTG culture.
This encouraged us to pursue further expansion using 3D ZTG culture. We investigated the

cell cycle status of cells in the 3D ZTG culture condition by staining with anti-Ki-67 and
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Hoechst 33342. As presented in Supplementary Fig. S7, the cells began to exhibit G1 and
S+G2/M phases in the first few days of 3D ZTG culture. Then, due to contact inhibition, cells
in the G; and S+G,/M phases gradually decreased and almost all cells converged into the Go
phase by Day 14. In addition, when cells were transferred to regular cell culture flasks, we
observed that both fresh cells and ZTG-expanded cells were able to enter into cell cycles
(Supplementary Fig. S8).

As presented in Fig. le, after the initial 14-day expansion period, expanded cells were
passaged into a new ZTG at an optimal seeding density for another 10 days of culture;
contact inhibition led to a significant proliferation rate decrease after this 10-day culture
(Supplementary Fig. S9a). In this work, we used the 24-day protocol as the optimized
condition for CD34" HSPC culture in the ZTG (ZTGgpt), in which expanded cells showed a
higher cell number increase and minimized phenotype change (Supplementary Fig. S9b-d).
The final cell population was harvested for further evaluation and functional stem cell assays
(Fig. 1d, bottom). Over this 24-day culture period, we achieved a 322-fold expansion of total
nucleated cells (TNC) with excellent viability (94.2%+3%) and a surprisingly high frequency
of CD34" cells in the final harvested cell population (94.6%+2%). Cells harvested after the
second 10-day culture period in the ZTG were more robust in terms of in vitro CFU assays
and in vivo engraftment, compared to cells cultured in the ZTG for only 14 days (Fig. 1, f, g).
Given our prior experience with ex vivo expansion of human CB-derived CD34" HSPCs in
the presence of an engineered Notch ligand, and our clinical translation of these methods, we

compared the ZTG,, expansion methodology with an optimized Delta] 89

culture system
(DXI,p) and HSPC culture in unmodified flasks (Control). Highly purified fresh CB
CD34" cells (93% + 2% CD34) were used to initiate cultures in all conditions. These cells
were homogeneously small and round, with scant and agranular cytoplasm and round
eccentric nuclei (Fig. 2a). The homogeneity of this population was retained after culture in
the ZTG,pi, while both DX, and control conditions resulted in heterogeneous populations of
large cells with granular cytoplasm and irregular nuclei, indicating some degree of cell

differentiation (Fig. 2a). ZT Gy culture conditions maintained a high percentage of CD34"

cells throughout the culture period with 94.6% + 2% of the cultured cells expressing CD34.
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In comparison, 33.6% + 2% of the DXI,; expanded cells and only 5.1% + 4% of the control
culture remained CD34" (Fig. 2b). More importantly, even though a significant portion of
DXI,p expanded cells continued to express CD34, only 4.8% + 4% of these cells were also
negative for lineage markers (CD7, CD14, CD15, CD19 and CD56), similar to the control
condition result (3.8% + 3%).

In stark contrast, 93.1% + 1% of ZTGy cells were both CD34" and Lin’, again showing no
significant difference from fresh HSPCs (91.8% + 1%) (Fig. 2b). ZTGp cells maintained a
phenotype very similar to fresh HSPCs, as well as a high frequency of CD34" CD45RA™ cells
at 74.5% =+ 9% of the total final cell population, compared to 77.6% % 5% of the initial
purified starting population. This is in contrast to the reduced CD34 CD45RA™ frequencies
observed after culture in the DXI,p (3.9% + 3%) and control (0.3% + 0.5%) cultures (Fig. 2c).
The fold expansions of both total cell count (TCC) and primitive HSPC subsets
(Supplementary Fig. S10) are summarized in Fig. 2c. Higher overall TCC proliferation was
seen in the DXl (530-fold) and control (1450-fold) conditions, but a substantial fraction of
these cells were negative for CD34. In contrast, ZTG,p,; expansion produced a 322-fold TCC
increase that was matched by a 319-fold increase in CD34" cells and a 284-fold increase in
the most phenotypically primitive subset (CD34 CD38 CD45RA CD49f'CD90")
(Supplementary Fig. S10). These results are remarkable when compared with the fold
increase of the same populations in DXI (122-fold increase in CD34" and 6-fold increase in
CD34'CD38 CD45RA CD49f'CD90" cells) and control conditions (22-fold increase in
CD34" and 30% decrease in CD34'CD38 CD45RA CD49f CD90" cells) (Fig. 2d).

The negligible expansion of CD34 cells (0.3-fold increase) and low expression of
differentiation markers in the ZTG,y-expanded population suggests the zwitterionic hydrogel
is particularly capable of inhibiting HSPC differentiation during expansion. To investigate
whether the 24-day ZTG,y cells behaved similarly to freshly isolated (non-cultured) HSPCs
in our DXl system, we initiated cultures as per our DXI,,; methods using cells harvested
after ZTGgp culture (Supplementary Fig. S11a). We demonstrated that these 24-day ZTGgp

1 ext-IgG

cells continued to retain their ex vivo expansion capacity signaled by Delta stimulation,

as expected in this system (Supplementary Fig. S11, b, ¢). As with freshly isolated HSPCs,
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ZTGep-cultured cells subsequently expanded in DXl conditions rapidly reconstituted in
NSG recipients, matching our experiments using freshly isolated HSPCs from CB for
Deltal **'¢% expansion (Supplementary Fig. S11d) 2.

Having demonstrated that CB-derived CD34" cells cultured with the ZTG,p method
maintained their in vivo repopulating ability, we next conducted limiting dilution analysis
(LDA) to determine the frequencies (adjusted to the numbers of CD34" cells at day 0) and
absolute numbers of long-term repopulating hematopoietic cells (LT-HSCs), comparing
ZTGp cultured cells with non-cultured cells (Fig. 3a, Supplementary Tables S2 and S3) 26,
When analyzed at 24 and 30 weeks post-transplantation, the LT-HSC frequency in ZTGpy
expanded populations was measured to be 1 per 12 CD34" starting cells (95% confidence
interval of 6.8 to 21.5), whereas in non-cultured CD34" CB cells, a LT-HSC frequency of 1
per 880 CD34" starting cells (95% confidence interval of 495 to 1542) was measured (Fig. 3b,
c). This represented a 73-fold increase in the frequency of day-0-equivalent LT-HSCs in
ZTGp; cultured populations when compared with non-cultured cells (Fig. 3c), a five-fold
increase over DX,y expanded cells (1/59), and a 110-fold increase over the control-
expanded cells (1/1320) (Supplementary Table S2b). At all evaluated time points (short [4
weeks], medium [12-14 weeks], and long [24-30 weeks] term post-transplant) ZTGopy
expanded cells demonstrated higher levels of human engraftment than non-cultured CD34"
cells and those expanded in DXI,,; and control cultures (Supplementary Table S2-3). Notably,
a ZTGop-expanded population generated from 100 fresh CD34" cells had a similar level of
sustained engraftment in NSG mice (24.7%) as 10,000 uncultured CD34" cells (22.4%) at 24-
30 weeks post-transplantation (Fig. 3d, e). In addition, both lymphoid and myeloid
engraftment were detected in mice that received the non-cultured and ZTGp-cultured cells
(Fig. 3d).

We next examined whether ZTG,p-expanded cells retained the multi-lineage potential of the
starting non-cultured HSPCs. To exclude the impact of different graft levels on lineage
contribution, we compared two groups that had similar human engraftment: the group
receiving ZTGgp: cells derived from the expansion of 100 fresh HSPCs, and the group

receiving 10,000 fresh HSPCs. The similar levels of human engraftment in both groups
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indicated that ZTG-expanded populations retained full HSPC multi-lineage repopulation
capabilities (Fig. 3e). Importantly, we observed similar levels of CD34'CD38 (0.73% vs
0.67%) cells, signifying the continued presence of LT-HSCs in the BM of NSG recipients
(Fig. 3e, Supplementary Table S2-3).

In addition to LDA, secondary transplants were conducted to further determine the presence
of LT-HSC engraftment. Primary recipients transplanted with ZTG,y cells were sacrificed at
24 weeks post-transplantation and half of their marrow was transplanted into secondary mice.
We observed human engraftment (defined as >0.1% human CD45" cells) in the marrow of 4
out of 5 secondary recipients (Supplementary Table S4), supporting the sustained presence of
an LT-HSC population and showing that ZTG-expanded HSPCs remained competent in
secondary recipients.

To date, most ex vivo HSPC expansion methodologies have had limited success with adult
HSPCs. After demonstrating the ability of our ZTG,, method to support ex vivo expansion of
CB-derived HSPCs with primitive phenotypes and in vivo functionality, we applied this same
strategy to expand BM-derived HSPCs ex vivo. Similar to ZTGg cultures initiated with CB
HSPCs, ZTG,p: expansion of BM-derived HSPCs inhibited differentiation while promoting
expansion and maintenance of cells expressing primitive markers (Supplementary Fig. S12 a,
b). ZTGyyp cultures initiated with BM-derived HSPCs exhibited a 238-fold TCC increase,
which was again nearly matched by the 230-fold increase in CD34" cells (Supplementary Fig.
S12c¢). Both in vitro and in vivo functional assays demonstrated strong ZTG,p; repopulating
capacity and no significant difference was found between fresh and ZTG,y groups
(Supplementary Fig. S12d and S13). All of these results corroborate our CB-derived cell
findings.

We next sought to explore the mechanism by which the nonfouling ZTG culture environment
influences HSPC activity, and thereby their self-renewal or differentiation decisions.
Biomaterials are known to induce production of reactive oxygen species (ROS), which leads
to a number of possible pathophysiological outcomes including cytotoxicity and foreign body
reactions such as fibrosis, atherogenesis and granulomas et al*’*®. Reactive oxygen species

can nonspecifically react with a number of redox-sensitive molecules, resulting in oxidative
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modifications including cysteine oxidation, cysteine nitrosylation, cysteine glutathionylation,
methionine oxidation, protein carbonylation, and protein hydroxylation”. These oxidative
modifications can directly or indirectly affect the function and activation of transcription
factors (e.g. EOXO, p53, PRDM16, NRF2, HIF et al.), as well as kinases (e.g. mTOR, p38
MAPK, AKT et al.) and phosphatases (e.g. PTEN)*". Other regulators, such as the signal
transducer B-Catenin, the cytokine signaling inhibitor LNK, the modulator KEAP1, the E3
ubiquitin ligase MDM2, and the cell cycle inhibitors pl6INK4A and pl19ARF, can also be
affected by ROS levels. It has been reported that increased ROS levels can inhibit HSPC self-

renewal pathways such as Wnt/B-Catenin®'*?

while activating pathways that can result in
defective self-renewal such as p38 MAPK™>, mTOR™ et al.*>. These ROS-induced pathway
activation and deactivation processes appear to be nonspecific. In nature, primitive HSPCs
reside in a low-oxygenic niche that limits ROS production and provides the cells with long-
term protection36. Here, we tried to elucidate whether 3D ZTG culture can also limit ROS
production and protect the encapsulated HSPCs. Since the pioneering work in the Anderson
and Langer labs”’, it has been noticed that culture in a hydrophilic environment significantly
mitigates excessive ROS production and reduces the degree of fibrosis. In our previous work,
we also found superhydrophilic zwitterionic hydrogels to resist this fibrosis™. We
hypothesize that culture in hydrophobic environments provides cells with nonspecific
interactions and induces excessive ROS production; as a result, these excessive ROS will
nonspecifically activate HSPC differentiation pathways while inhibiting HSPC self-renewal
pathways (Fig. 4a). In contrast, the lack of nonspecific interactions in zwitterionic cultures
may inhibit ROS-induced nonspecific pathway activation/deactivation, enabling
differentiation-free HSPC expansion to be achieved in zwitterionic hydrogel cultures. As
presented in Fig. 4b-c, after one day of culture in each system, cellular ROS and
mitochondrial superoxide levels slightly decreased in the ZTG group, while significant ROS
production was observed in both DXI and Control groups. We further examined the
activation or deactivation of ROS-related signaling pathways in each culture system.
Inhibition of the p38 MAPK>® and mTOR>*° pathways, along with activation of the Wnt/p-

Catenin®' pathway, have been demonstrated to significantly enhance HSPC self-renewal. In
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our analysis of these culture platforms, we first noticed increased ROS levels to clearly
correlate with increased p38 activation (Fig. 4d) in the DXI and Control cultures, likely
leading to defective self-renewal. In addition, DXI and Control cultures exhibited B-Catenin
and mTOR signaling behavior opposite to that expected for healthy self-renewal, with -
Catenin exhibiting reduced expression and mTOR showing significant activation in these
cultures (Fig. 4e-f). On the other hand, we found the inhibited production of excessive ROS
in the 3D ZTG culture to correlate with the desired pathway responses, enhancing self-
renewal and avoiding defective self-renewal behavior.

We further analyzed mitochondrial mass and membrane potential, as well as metabolic
activity markers, in the 14-day ZTG (ZTGy4), 24-day ZTG (ZTGyy), and other expanded
populations. As presented in Fig. 5a and b, mitochondrial mass and mitochondrial membrane
potential marginally decreased in ZT G4 and ZTGy, cells—these results sharply contrast the
significant increases in both mass and membrane potential observed in the DXI,, and Control
groups, which was again correlated with excessive ROS production in these platforms.
Moreover, since metabolic activity is another key regulator of stem cell self-renewal***, we
measured glucose consumption, lactate secretion, and amino acid metabolism in all
expansion cultures. After 14 days, cells in the Control and DXI,, systems exhibited
significantly higher glucose consumption and lactate secretion than ZTG cells, which
correlated to the increased energy required for differentiation and the specialized functions of
differentiated progeny (Fig. 5b, ¢)***. In comparison, no significant changes in these
metabolic activities were found in ZTGi4 and ZTG,y populations. Then, using a triple
quadrupole (QqQ) LC/MS, we tested HSPCs expanded with each platform for levels of the
twenty canonical amino acids necessary for polypeptide biosynthesis. The signal from each
amino acid was first normalized to the total DNA content and then to the corresponding
signal from fresh HSPCs. We found moderately upregulated biosynthesis in DXI,, and
control cultures, but sharply downregulated biosynthesis in ZTG-cultured HSPCs (Fig. 5c¢).
Again, no significant difference was found between ZTG14 and ZTG,yy cells, suggesting that
HSPCs in zwitterionic hydrogels interpret the nonfouling background as a signal to slow their

metabolic rate. We believe this reduced activity is critical to keeping the stem cells in a naive
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state for an extended time.Finally, for more advanced insight on the activity of CD34" stem
cells in a purely zwitterionic background, we conducted expression profiling employing
mRNA deep-sequencing (RNA-seq). As presented in Supplementary Fig. S14, while 778
genes were found to be significantly up-regulated and 926 genes were found to be
significantly down-regulated, expression of more than 10,000 genes showed no significant
change in ZTG populations compared to fresh HSPCs. Gene ontology (GO) enrichment
analysis of the biological process terms (GO:BP) for the up- and down-regulated gene sets
was done (Fig. 6a-b). After compressing GO terms (see Methods), we found 875 general
GO:BP terms to be statistically enriched in the down-regulated gene set, including those for
cell differentiation, cell activation, cytokine production et al., again indicating slowed
metabolic processes. Strikingly, we found only four terms, all associated with cell adhesion,
statistically enriched in the up-regulated gene set, suggesting the encapsulated cells were
trying to adapt to their new niche. A complete list of up-/down-regulated GO terms can be
found in the Supplementary Information. Similar to the GO enrichment analysis, a complete
canonical pathway analysis predicted activation of four pathways in ZTG expanded cells,
including self-renewal-related pathways such as Wnt/ B-Catenin and PPAR signaling®.
Furthermore, inhibition was predicted for twenty-four pathways in this platform, again
including several tied to self-renewal—p38 MAPK signaling®, ROS production®, Ga12/13
signaling”® and others. Inhibition of AMP-mediated signaling and IL-6 signaling are
correlated with the reduced metabolism in growing cells from ZTG culture?’**. A complete

canonical pathways analysis can be found in Supplementary Fig. S15.

6.4 Conclusions

Our findings establish that HSPC culture in zwitterionic hydrogels promotes significant and
clinically meaningful expansion of CB and BM-derived HSPCs with long-term repopulating
ability while blocking their differentiation ex vivo. This methodology therefore has clinical
implications beyond increasing the absolute number of CD34" cells for use in CBT; it may
also be useful in gene therapy settings in which genetically modified/corrected HSPCs can be
expanded prior to infusion. This work complements previous efforts to improve HSPC

expansion in vitro, including through fed-batch culture'', aryl hydrocarbon antagonists'?, the
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UM family of molecules', Notch ligand signaling'?, copper chelators*® or the expression of
HOX genes’. Next, it will be important to explore the clinical potential of this strategy either

by itself or in synergy with these other approaches.
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Figure 6.1. Construction of biodegradable zwitterionic hydrogel allows the
expansion of CD34" CB stem cells. (a-c) Chemical structures of the hydrogel
components; a Huisgen cycloaddition was used to form a 3D ideal network hydrogel
through a step-growth polymerization mechanism. (d) Dynamic changes in CD34
expression by using various culture systems. (e) Schematic illustration of the ZTGp,
culture procedure and experimental outline: freshly isolated HSPCs were mixed with the
click-reactive zwitterionic components to form cell-hydrogel constructs, which were
cultured in expansion media for 14 days (ZTG4). A second expansion was performed by
dividing the ZTGj4 population among new zwitterionic gels at an optimal seeding
concentration and culturing them for another 10 days before final harvest for further
experimentation. The resulting ZTG, cells will be injected into NSG mice for primary
and secondary transplantation. (f) Fold increase in CFUs after the first and second
expansions in zwitterionic hydrogels. (g) Mice were injected with 200,000 cells harvested
at the end of Day-14 or Day-24, which corresponded to the progeny of 10,000 and 667
day 0 CD34" cells, respectively. The level of human engraftment (% hCD45) in mouse
bone marrow 20 weeks after transplantation. Horizontal lines indicate the average value
for each group. * indicates a significant difference (P<0.05)
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Figure 6.2. Zwitterionic hydrogel inhibits the differentiation of CD34" CB cells

during ex vivo expansion. (a) Photomicrograph of Wright-Giemsa-stained fresh HSPCs

and cells after culture in different conditions. Scale bar: 30um. (b) The distribution of

fresh, control-, DXI,p-, and ZTGgp-cultured cells according to CD34 and lineage (CD7,

CD14, CD15, CD19 and CD56) marker expression determined by flow cytometry. (c)

Representative FACS profiles of CD34 CD45RA populations in fresh, control-, DXIop-,

and ZTGgy-cultured cells. (d) Fold expansion of defined hematopoietic cell subsets after

culture in each condition. Values represent means +SD.
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Figure 6.3. Culture of CD34" CB cells in the ZTG,p condition promotes expansion
of LT-HSCs. (a) Mice were injected with either fresh cord blood CD34" HSPCs or
ZTGqp-expanded progeny at doses normalized to their founding HSPC population. The
percentage of human CD45" cells in the mouse bone marrow at week 24-30 is shown.
Horizontal lines indicate the average value for each group. (b) Linear regression analysis
of data from Fig. 3a. Solid lines indicate the best-fit linear regression model for each data
set. Dotted lines represent 95% confidence interval. Fresh group is shown in blue and
ZTGop: group 1s shown in red. (¢) LT-HSC numbers before and after culture in the ZTGgp
condition. (d) Levels of human engraftment in NSG mice transplanted with different cell
doses. (€) ZTGp culture does not affect the lineage repopulating ability. Representative
flow cytometry dot plots from BM samples flushed from transplanted mice at week 24.
Pooled BM samples were analyzed (top: Pooled BM from 4 mice receiving 10,000 fresh
HSPCs; bottom: Pooled BM from 5 mice receiving ZTGy, cells expanded from 100 fresh
HSPCs). Progeny: CD34" starting cells (day 0 equivalent).
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Figure 6.4. 3D zwitterionic culture avoids excessive ROS production and nonspecific
pathway activation/deactivation. (a) Hydrophobicity-induced nonspecific cell-
matrix/substrate interaction leads to excessive ROS production. These generated ROS
can nonspecifically activate and deactivate intracellular pathways and result in defective
self-renewal of HSPC. (b-¢) Intracellular ROS was measured with DCFH2-DA and
Mitochondrial superoxide was measured with MitoSOX™ Red after 1-day culture. (d-f)
Mean fluorescent intensity of phospho-p38 (d), phospho-mTOR (e) and B-Catenin (f)
were examined after 1-day culture. ns indicates no significant difference. * indicates a

significant difference (P<0.05). Values represent means +SD.
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Figure 6.5. ZTG,p culture induces CD34" CB cells to reduce their metabolisms. (a-b)
Difference of mitochondrial potential and size of CB cells after ex vivo culture in each
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MitoTracker green. (c-d) Percentage change of glucose consumption and lactate secretion
by CB cells after ex vivo culture in each condition. (¢) Amino acid metabolism of CB
cells before and after culture in control, ZTGep and DXl conditions. NS indicates no
significant difference. * indicates a significant difference (P<0.05). Values represent

means +SD.
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Figure 6.6. RNA expression indicates HSPCs cultured in ZTG,,: condition are not
activated for differentiation. (a-b) Gene ontology enrichment analysis of differentially
expressed genes show statistically enriched GO categories for down-regulated (a) and up-
regulated genes (b). (¢) activated and inhibited pathways in cells from ZTGep culture
were predicted by Ingenuity pathway analysis (IPA). The first y-axis (left) shows the
significance score (—log of P-value) calculated by the Benjamini-Hochberg (B-H) method;
the B-H method was used to adjust the right-tailed Fisher’s exact test P-value, which
indicates the significance of each pathway. The blue dash line indicates —log of P-value
1.3 (P-value 0.05). The second y-axis (right) shows the ratio indicating the number of
differentially expressed genes that map to the pathway divided by the total number of
genes that map to the canonical pathway.
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Figure 6.7. Synthesis of zwitterionic star-shaped polymer. N;-terminated star-shaped
pCBAA was produced by atom-transfer radical-polymerization and subsequent azide
substitution. Then, The azide groups on pPCBAA were converted into NH, groups using a
‘click’ reaction. Finally, DIFO; was functionalized to the end of pCBAA polymer via an
EDC/NHS reaction.
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Figure 6.9. FRET measurement of nonspecific interactions between HSPC and
hydrogel matrix. (a) When the TAMRA fluorophore is presented on the matrix, 480nm
excitation yields weak 590nm (red) emission (‘Hydrogel solution’ sample). When the
HSPCs membrane is labeled with 5-hexadecanoylaminofluorescein, 480nm excitation
yields 525nm (green) emission (‘HSPC suspension’ sample), unless TAMRA labeled
components are bound to HSPCs, in which case 525nm emission is diminished and 580
nm (red) emission is enhanced (FRET effect). (b) Normalized FRET of HSPCs-
encapsulated ZTG and HyStem® hydrogels. Asterisks designate statistical significance as
per students’ t-test performed between indicated groups; N=4, p<0.05.
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Figure 6.10. ZTG culture prolongs the viable time of HSPCs but cell division in
ZTG requires growth factors (GFs). a, b) ZTG-encapsulated cord blood CD34" HSPCs
were cultured in SFEM II medium with (blue) or without (red) 5 growth factors, while
cells cultured in control conditions with (green) or without (purple) growth factors were

set as controls. Mean + SEM is shown; n=3 independent experiments.
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Figure 6.11. Examination of HSPC seeding density for ZTG culture. a) Kinetics of
TNC expansion at different seeding densities in ZTG culture (Blue: 0.6x10° cells/ml; Red:
1.2x10° cells/ml; Green: 2.5x10° cells/ml). 1.2x10° cells/ml was selected as the optimal
seeding density. Mean = SEM is shown; n=3 independent experiments. b)

Immunofluorescence for ZTG 4 cells with 1.2x10° cells/ml seeding density after staining

with DAPI (blue) and anti-CD34 antibody (pink).
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Figure 6.12. Effect of mechanical property on expanded cells from ZTG culture. a)
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significant difference.
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Figure 6.13. Dynamic cell cycle analysis. a) Dynamic cell cycle analysis by FACS
using anti-Ki-67 and Hoechst 33342 staining for HSPCs in ZTG,y culture. b)

Representative phase contrast image of ZTG,y cell at day 24 in culture.

173



<F Fresh O ZTG,y

100 100 4
*
= Py

—_— - 80 —_—
"y - £ . 23
a6 2 60 Ei .
o i o 2
C 40 S 40 =
8 5 3 -

20 20 » :

" b0 D1 D2 D3 " Do D1 D2 D3 Db D1 D2 D3
Days of Culture Days of Culture Days of Culture

Figure 6.14. ZTG,p cells show delayed entry into cell cycles. Dynamic change of cell
cycle subsets after transferring cells before (Fresh) and after ZTG,p culture into control

conditions. Mean + SEM is shown; n=3 independent experiments. *p<0.05, **p<0.001,

*#%p<0.0005 by 2-tail t-test.
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Figure 6.15. Effect of additional passages on expanded cells from ZTG culture. a)
Dynamic total cell number increase in ZTG culture. (b-d) Mean fluorescent intensity of
CD34 (b), CD45RA (c) and lineage marker cocktail (d) at different time point. NS
indicates no significant difference. * indicates a significant difference (P<0.05). Values

represent means +SD.
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Figure 6.16. ZTGy-cultured HSPCs remain phenotypically primitive.
Representative FACS profiles of the most primitive HSPC phenotype subset
(CD34+CD3 8 CD45RA CD90 CD49f" ) from fresh, control, DXI,,; and ZT G, conditions.

Consecutive gating was applied from top to down.
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Figure 6.17. HSPCs retain their capacity for subsequent expansion after ZTGp,

culture. a) Schematic representation of the experimental design. Cord blood CD34"

HSPCs were expanded in the ZTG,p: condition, after which cells were harvested and

further expanded in DX, and control conditions. These secondary groups of expanded

cells were harvested and injected into NSG mice, with progeny doses based on a

founding CD34" population of 1000 for each group. b) Flow cytometry analysis of

subsequently expanded HSPCs. ¢) Fold change of the subsequent expansion in DXl or

control conditions. d) human engraftment in NSG BM after indicated time points.
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Figure 6.18. Zwitterionic hydrogel restrains the differentiation of bone marrow
HSPCs during ex vivo expansion. a-b) Representative flow cytometry dot plot for fresh
(a) and ZTGp (b) cells. FSC: forward scatter; SSC: side scatter. ¢) Fold expansion of
total and CD34" cells after ZTGgp culture. d) CFU numbers per 1000 Fresh or ZTGep

cells.
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Figure 6.19. In vivo function of expanded BM-CD34" HSPCs from ZTGp; culture.

Levels of human engraftment and lineage repopulating in NSG mice transplanted with

different cell doses at week 24.
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Figure 6.20. 14.3% genes changed significantly after ZTG,,; culture. a) Volcano
plots of statistical significance against fold-change between cord blood CD34" HSPCs
cultured in ZTGp and fresh cord blood CD34" HSPCs demonstrating that 1704 out of
11912 genes are found to be significantly differentially expressed. There are 778 genes
up-regulated (red) and 926 genes down regulated (green). More than 10000 genes (black)
did not show significant change after ZTGg culture. b) Top 20 up- or down-regulated

genes.
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Figure 6.21. Effect of ZTG,, culture on canonical pathways. Significantly changed

canonical pathways in ZTGgp-cultured cells compared to Fresh cells was analyzed by

Ingenuity Pathway Analysis (IPA). The stacked bar chart displays the percentage of

genes that were upregulated (red), downregulated (green), and genes not overlapping
with our data set (white) in each canonical pathway. The numerical value at the top of

each bar represents the total number of genes in the canonical pathway. The secondary y-
axis (right) shows the —log of P-value calculated by the Benjamini-Hochberg (B-H)

method; the B-H method was used to adjust the right-tailed Fisher’s exact test P-value,

which indicates the significance of each pathway.
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Table 6.1 Molecular description of prepared star-shaped pCBAA polymers.
Summary of functionalized polymer weight detected by NMR or GPC and conversion

rate of each step.

NMR GPC _
Conversion (%)
Name M, (kDa) | M, (kDa) M,/M,
pCBAA-N, 20.1 20.2 1.17 85%
pCBAA-NH, 20.0 19.7 1.13 99%
pCBAA-DIFO, 20.5 20.1 1.15 78%
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Table 6.2 Limiting dilution analysis of NSG engraftment. a) Summary of primary
NSG engraftment data from different time points. HSPCs from different conditions were
injected into NSG mice at different doses. Human engraftment was examined at different
time intervals. Human engraftment higher than 0.1% was considered as positive response.
b) Poisson statistics were applied to the data in a and SRCs were calculated and
presented in different scenarios. Progeny: CD34" starting cells (day O equivalent). Cell
dose: Actual total cells infused.

a

—— Number per mouse Responses Johuman engraftment (mean =+ SEM)

Progeny |Celldose| 4W 12-14 W | 24-30 W 4W 12-14 W 24-30 W
100 100 2/5 0/5 1/5 1.3+0.83 (0.08+0.08 | 0.15+0.09

300 300 6/10 2/10 3/10 0.621+0.510.09+0.05| 0.1£0.05
Fresh 1000 1000 6/10 7/9 6/9 1.56+0.79| 1.5+1.3 | 0.65+£0.44
3000 3000 7/8 6/6 6/6 1.2+0.52 | 54439 | 102+6.5

10000 10000 10/10 9/9 8/8 9.8+39 | 10.9+39 | 224+4+0.1
3 840 3/5 0/5 0/5 0.27+0.09 (0.014+0.01| 0.02+0.02
10 2800 5/10 4/10 4/8 09+0.62 | 0.24+0.13 | 0.16+0.06

ZTGop 30 8400 5/10 8/9 9/9 0.39+0.17| 3.3£2.0 | 284132
100 28000 10/10 9/9 9/9 93£57 | 5.1£26 | 247174

300 84000 10/10 10/10 8/8 124+47 | 29.1£6.6 | 359+£3.8

100 57000 2/5 0/5 4/5 0.1+0.03 {0.024+0.01| 0.2£0.02

DXIopt 300 171000 4/5 2/5 515 0.541+0.34| 05046 | 1.8%&1.4

1000 570000 5/5 5/5 515 0.76£0.28| 1.4+0.66 | 55£2.8
300 415000 3/4 0/5 1/5 0.11£0.02 10.02£0.01 | 0.09£0.05
Control | 1000 | 1050000 4/5 1/5 3/4 0.04 +0.02|0.08+0.05| 0.16+0.05
3000 | 4150000 4/5 4/5 4/5 0.15+0.07| 6.4+5.6 | 0.82+0.51
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; s SRC frequency 95% SRC per 10° SRC frequency | 95% Confidence
Time | Conditions Confidence e ¢ e
per progeny cell CD34" starting cells | per injected cell Interval
Interval
Fresh 1/808 1/466-1/1401 1136 1/808 1/466-1/1401
4 ZTGop 1722 1/13-1/38 83333 1/6160 1/3640-1/10640
weeks
DX 1/186 1/83-1/415 16949 1/106000 1/47310-1/236600
Control 1/853 1/387-1/1881 758 17895700 1/406400-1/1975000
Fresh 1/833 1/465-1/1490 1136 1/833 1/465-1/1490
12-14 ZTGop /17 1/10-1/31 83333 1/4760 1/2800-1/8680
weeks
DXIopt 1/480 1/210-1/1049 16949 17273600 1/124800-1/597900
1/1215900-
Control 1/2782 1/1158-1/6684 758 1/2921100 1/7018200
Fresh 1/880 1/499-1/1553 1136 1/880 1/499-1/1553
24.30 ZTGop 1/12 1/7-1/22 83333 1/3360 1/1960-1/6160
e I 1/59 1/22-1/157 16949 1/33630 1/12540-1/89500
Control 1/1320 1/593-1/2937 758 1/1386000  (1/622700-1/3083900
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Table 6.3. /n vivo data analyzed at indicated time post-transplantation presented as heat-

map
Week 4 (% of reconstitution)
Fresh ZTG DXI . Control
Progeny | CD45] CD33 | CD19 [Progeny| CD45 [ CD33 | CD19 [Progeny] €D45 [ CD33 | CD19 fProgeny] CD45 | D33 [ CD 19
0.37 025 W01 592 518 035 107 073
1270 761 494 9.18 605 185 054 035 013 026 007 016
1150 866 224 158 127 06 | 1000 | 170 064 049 | 3000 0.69 040
1030 720 156 1030 826 LIl 021 L0 013 0.09
oooo | 120 044 0m | o0 LHT00 1002 083 029 022 0.17
077 044 038 0.8 062 015 017 009 019 009 009
079 079 “ 0.27 186 130 0.11
129 085 1375 168 | 300 | 046 042 1000 | 011 005 |
0 1055 635 1164 257 011 005
| 043 035
073 062 009 009 | oos
225 193 016 0.17 011 010
272 215 027 | 100 300 | 018 o011
206 085 096 oo 006 005
wo | 129 Lo 015 009 013 0l
0.16
0.
148
032
036 i
0.27 £ 0.39
021
471 468 171
( 083 064 0
1000 011 odi 30 034 o046
349 291 015 009
01
671 564 084
400 L8 103
032 027
0.13
081 081
300 oo 008 10 oo
017 017 634 617
| 009
024 0.8
0.2  0.10
0.50 042
230 042 033
100 | 0.0
032 027
414 409
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Week 12-14 (% of reconstitution)

Fresh ZT1G,, DXI, Control
Progeny | CD45 ] CD33 | CD19 |Progeny| €D45 | €D33 | CD19 [Progeny| CD45 [ CD33 [ CD19 [Pro:
303 036 251 384 074 235 080 015 047
363 046 294 290 373 1793 021 003 004
0.56 045 & 8.81 1000 [ 243 028 122 | 3000 | 263
829 040 822 2920 1507 1276 348 011 2n 0.15
042 301 | o0 | 1540 952 445 001 007 003
089 “oaatl T [2n800 467 1854 005 005
1057 494 060 014 033 0.04
0.95 044 1.56 300
3 858 370
: 3.79
012 0.43 0.34
0.32 0.28 139 030 103
227 20 189 013 157 | 100
-!‘_0_1 0.46 330 11.80 1.94 922
2490 555 1833
3000 100 212 (.24 1.24
068 WEBON o068 035 oos 022
091 014 030
2330 818 883
339 048 246
155 015 133
0.49 0.48 1850 198 1563
0.15 10,12
0.12. 129 031 094
013 0.40 0.28
1000 1 o.64 0 | o e mae
0.38 .38
[ 006 003 001
1190 100 027 063 017 035
665 379 153
013
0.24 0.18
131 061 063
0.19 017
300 0.31 0.24 10
048 016 025
0.41 0.37
100 3
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Week 24-30 (% of reconstitution)

189

Fresh Z1G,, DXL, Control
[Prozeny| cDas [ D33 | D19 [Progeny| D45 | €D33 [ €D19 [Progeny| cD45 | D33 | D19 [progeny| cDas [ cp33 [ cD19
00 1603 D) 039 035 28 217 083
1480 894 477 2446 15.16 031 021 .
138 L4 022 2934 278 [ 1000 | 694 411
276 067 198 441 L4
300 | 1560 251
503 494 3170 837 2003 049 044
612 1695 1740 519 1002 037 033
240 174 821 2365 | 300 | 043 o041
1626 21.63 921 1591 b T )
1691 2968 017
CI8AS 1T 3.0 2677 13.27 021
021 270 2025 185 025
046 1130 941 146 | 100 | 016
14.95 522 1890 1247 522 0.25
0.35 100 | 045
1410 454 615
089 022 582 224 21
2820 651 17.06
408 093 267
914
16.09
034 030 049 037
046 044 059 054
1000 |57 30 .
091 053 030
114 099
053 046 212
4,60 (.88 318 298 1.78 0.24
0.19
30 10 P25 025
0.17 056 042
050 038
100 3




Table 6.4 Summary of secondary NSG engraftment plan and data.

Conditions Human Human CD34+38- Secondary Transplant
CD45*Cell Dose Cell Dose Responses

5x109 3.74x10* 272

Fresh
1.5x10¢ 1.12x10* 2/2
7.5x108 3.98x10* a/a
2.5x106 1.33x10* 3/4

TG,
7.5x10° 3.98x10° 1/4
2.5x10° 1.33x103 0/4
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Chapter 7 Conclusions

This thesis explores and investigates the unique properties of zwitterionic hydrogels for
biomedical application. The strategy and design of zwitterionic hydrogels for specific
applications are described.

The first part of the thesis (Chapter 2) discusses the self-healing properties of zwitterionic
hydrogels. The biomedical applications of current self-healing materials are largely
impeded by their healing conditions, which usually require heating, UV exposure or
harsh pH environments. At the same time, for very few existing spontaneously self-
healing materials, healing can only be achieved immediately after rupture occurs. In this
chapter, we provided a spontaneously healing material, driven by a new mechanism,
"zwitterionic fusion", which is repairable independent of time after damage under
physiological conditions. We also tested the anti-fatigue property of this zwitterionic
hydrogel. Furthermore, we utilized this zwitterionic fusion to link different cell-hydrogel
constructs together.

The second part of the thesis (Chapters 3 and 4) explores the strategy to employ
zwitterionic hydrogel as a platform to control the self-renewal and differentiation of
mesenchymal stem cells. In Chapter 3, we demonstrate for the first time that nonfouling
hydrogels composed of pure poly(carboxybetaine) (PCB) allow hMSCs to retain their
stem cell phenotype and multipotency, independent of differentiation-promoting media,
cytoskeletal manipulation agents, and the stiffness of the hydrogel matrix. Moreover,
encapsulated hMSCs can be specifically induced to differentiate down osteogenic or
adipogenic pathways by controlling the content of fouling moieties in the PCB hydrogel.
This work examines the critical role of nonspecific interactions in stem cell
differentiation and highlights the importance of materials chemistry in maintaining stem
cell multipotency and controlling differentiation.

In Chapter 4, we provide a photodynamic zwitterionic hydrogel capable of reversibly
triggering and suspending the differentiation process via manipulating nonspecific
interactions between cultured stem cells and the hydrogel. The state of differentiated stem
cells can be altered when the hydrogel is exposed to a selected light program, while the

differentiation can be immediately suspended when the hydrogel is converted into a pure
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zwitterionic form by light. Unlike other existing studies controlling the fate of stem cells
via specific interactions, this work provides a completely different approach, allowing
reversible, real-time and site-specific manipulation of the fate choice of stem cells via
nonspecific interactions.

The third part of the thesis (Chapters 5 and 6) explores the strategy to employ
biodegradable zwitterionic hydrogels as a platform to expand mesenchymal stem cells
and haematopoietic stem cells. In Chapter 5, we have developed a hydrogel-based cell
expansion platform with star-shaped poly(carboxybetaine), a biocompatible zwitterionic
material that presents no nonspecific interactions to cells. Star-shaped
poly(carboxybetaine) is end-functionalized with complementary thiol or disulfide
pyridine groups, which react without radical initiation under physiological conditions via
a biocompatible disulfide exchange reaction and form a hydrogel. Zwitterionic star
polymers with a molecular weight greater than about 50 kDa were nontoxic to all four
cell lines tested, including human mesenchymal stem cells, and all cell lines expanded
25-30 fold over two weeks of culture without losing bioactivity.

Cord blood-derived hematopoietic stem cells (HSCs) are known to vigorously and
spontaneously differentiate when expanded ex vivo, impeding their clinical utility. In
Chapter 6, by using a 3D culture platform based on a zwitterionic hydrogel devoid of
nonspecific cell-matrix interactions, we achieved 322-fold expansion of HSCs without
prompting differentiation. The expanded cells obtained through this strategy are able to
reconstitute human hematopoiesis in NSG mice for at least 24 weeks. Notably, cells
encapsulated within zwitterionic hydrogels became more quiescent and primitive.
Eliminating nonspecific cell-background interactions by culturing cells in a zwitterionic
matrix can provide differentiation-free HSC expansion and should facilitate clinical HSC
therapy.

Based on the unique properties of zwitterionic hydrogels in restraining nonspecific
differentiation of stem cells, it is possible to expand their usage in other cell types such as

T cells, islets, platelets, cardiovacular cells and other applications such as gene therapy.
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