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Abstract
Tibbitt, Mark W. (Ph.D., Chemical Engineering)
Department of Chemical and Biological Engineering, University of Colorado at Boulder.

Fundamental Characterization of Photodegradable Hydrogels: Spatiotemporal Control of the
Cellular Microenvironment

Thesis directed by Professor Kristi S. Anseth

Synthetic hydrogels are an attractive class of materials for the design of well-defined cell
culture platforms to better understand how cells receive and integrate signals present in the
extracellular environment. Within this class, responsive hydrogels have emerged to investigate
questions as to how cells sense and respond to dynamic changes in the mechanical and
biochemical nature of the cell niche. To complement this growing body of research, this thesis
aimed to develop photoresponsive, synthetic hydrogels that enable experimenters to explore how
spatiotemporally varying cues from the extracellular matric influence biological function in real
time. Specifically, cytocompatible, chain and step polymerized hydrogels were fabricated from a
photolabile, divinyl poly(ethylene glycol) monomer that enable user-defined modulation of gel
properties with light in the presence of mammalian cells. A fundamental and quantifiable
characterization of how light-induced property changes alter the structure and function of these
photodegradable hydrogels was conducted through experimental and modeling approaches.
Similarly, the chemically similar chain and step polymerized hydrogels were employed to better
understand how network connectivity affects mechanical integrity and degradation in water-
swollen polymer networks. Based on this thorough characterization of how light can be
exploited to modulate the structure of photodegradable hydrogels, several experiments were

conducted to study how dynamic alterations in the mechanics and biochemistry of the
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extracellular matrix influence and direct specific cell function. For this, cytocompatible gelation
and irradiation conditions that enable light-induced material property changes in the presence of
cells were determined. Gradients in gel density were photopatterned into three-dimensional
hydrogels to explore how encapsulated cells respond to changes in the elasticity of the
surrounding environment, while micron-scale regions of two-dimensional hydrogels were
photoeroded to disrupt cell-material interactions on the subcellular length scale, inducing
dynamic cell retraction. Photodegradable hydrogels were further processed into protein-laden
microspheres to enable the spatially and temporally defined release of bioactive factors to cells
during culture. Finally, unique photodegradable materials were engineered based on the
principles developed in this thesis that enable the selective culture or capture of mammalian cells
that can subsequently be liberated or released from the hydrogel material. Collectively, this
thesis research developed a fundamental understanding of light-induced structure and function
changes in photodegradable, poly(ethylene glycol) hydrogels through experimental
characterization and modeling. This knowledge was then applied to modulate both the physical
and chemical nature of the cellular microenvironment in real time and in the presence of cells
with spatial and temporal control. The ability to modulate gel properties in a defined and
predictable manner enabled unique studies of how cellular function is related to dynamic signals
from the extracellular matrix. This approach and characterization should prove useful for those
seeking to investigate complex biological questions that depend on dynamic signaling from the
extracellular microenvironment and should further the development of responsive materials that

enable precise and predictable user-defined changes in structure and function.
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LIST OF FIGURES AND SCHEMES

Figure 1.1 Cell culture in two-dimensional and three-dimensional platforms. Cells
experience a drastically different environment between 2D and 3D culture. For instance, neural
cells cultured in monolayer (a) are constrained to extend processes in the plane. Cell bodies are
stained green and f-tubulin in axonal extensions is stained red. When cultured within
hydrolytically degradable poly(ethylene glycol) based hydrogels (b) the same cells form
neurospheres and extend processes isotropically in three dimensions. Images taken by M.J.
Mahoney.

Figure 1.2 Permissive and promoting hydrogels. Permissive hydrogels (a) composed of
synthetic polymers (yellow mesh) provide a 3D environment for culturing cells; however, they
fail to activate integrins (brown) and other surface receptors (orange). The synthetic
environment simply permits viability as cells remodel their surrounding microenvironment. On
the other hand, promoting hydrogels (b) formed from naturally derived polymers present a
muriad of integrin-binding sites (green) and growth factors (red) coordinated to the ECM (yellow
fibers), which direct cell behavior through signaling cascades that are initiated by binding events
with cell surface receptors.

Figure 1.3 The native extracellular matrix. The native ECM is the prototypical hydrogel that
regulates cell function on many length scales. (A) Integrin-binding with ECM proteins (green
ligands and tan receptors), growth factor sequestration within proteoglycans (red), and cell-cell
contact via cadherins (purple) occur on the scale of tens of nanometers to microns. (B)
Migration, which is critical in tissue regeneration, cancer metastasis, and wound healing, initiates
on the scale of tens to hundreds of microns. Paracrine signaling that directs differentiation (pink
growth factors) and proliferation (red growth factors) is also mediated on this length scale. (C)
Tissue homeostasis, development, and wound healing are regulated over hundreds of microns to
centimeters. Here, we illustrate neutrophils being recruited to the site of a wound in the
epithelium.

Figure 1.4 Synthetic-biologic hydrogels. Synthetic biologic hydrogels that incorporate several
well-defined and orthogonal chemistries serve as robust ECM mimics for 3D cell culture.
Depending on the application, it may be advantageous to incorporate cell- or user-defined
regulation of the material properties to emulate the native dynamic environment. However, in
many cases, synthetic hydrogels that incorporate both cell- and user-defined chemistries will be
necessary. Here, we illustrate a cell cleaving MMP degradable crosslinks (yellow circles) that
allow it to access sequestered growth factors (red) and integrin-binding sites, such as RGD
(green circles). Ultimately, this cleavage allows cell motility and the deposition of ECM proteins
(orange fiber). User-defined chemistries, such as photodegradable crosslinks (blue ellipses) and
post-gelation attachment of RGD to the network backbone, afford facile control of the dynamic
biochemical and biophysical properties of the gel, thereby directing cell attachment and motility.
Further, exogenous application of enzymes (brown) can allow user-defined release of
sequestered growth factors.

Figure 1.5 Chain and step polymerized hydrogels. (A) Hydrogels formed by a radical
initiated chain polymerization are comprised of networks with heterogeneous structure of dense
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kinetic chains (yellow) connected by crosslinking polymers (blue). (B) Hydrogels formed by
step polymerization, in this case of a tetrafunctional monomer (red) with a difunctional monomer
(blue), form a more homogeneous network with increased cooperativity between elastically
active network strands.

Figure 1.6 Photochemical patterning in hydrogels. (a) Fluorescently-labeled, acrylated RGD
was swollen into a preformed PEGDA gel and selectively coupled within the network via
photopolymerization. In this manner, fibroblast migration was confined to regions of a gel that
was patterned with RGD (blue = cell nuclei; red = cell actin; green = RGD). (b)
Photodeprotection of thiols was employed to selectively couple maleimide-functionalized
peptides to hydrogel. Here, the outgrowth of dorsal root ganglia cells was confined to adhesively
patterned regions of the gel (green = patterned peptide; red = dorsal root ganglia cells). (¢) A
similar approach coupled fluorescently-labeled peptides to a hydrogel network through
photoinitiated thiol-ene chemistry. This afforded the sequential addition of multiple biochemical
signals with spatial and temporal control. (d) Recent work has demonstrated the photoaddition
of multiple full-length proteins in three-dimensional hydrogels using photodeprotection of thiols
and maleimide-funcationalized molecules that capture proteins orthogonally. Scale bars = 100
um.

Figure 1.7 Photochemical patterning of hydrogel mechanics. (a) Sequential crosslinking
reactions have been employed to photochemically alter the mechanics of a hydrogel. Here, a
Michael-addition between dithiol peptides and methacrylated-hyaluronic acid is used to form a
gel, which can undergo secondary photochemical crosslinking through unreacted methacrylate
groups. In this experiment, cell spreading was prohibited in regions where the gel density was
increased via photopolymerization. (b) Further, this technique was extended to spatially pattern
the mechanics of a hydrogel for cell culture, whereby cell spreading was similarly restricted to
regions of lower gel density (red = photocrosslinked gel; green = cells). Scale bars, 100 wm.

Figure 1.8 Proposed mechanism of o-nitrobenzyl ether photocleavage. When an o-
nitrobenzyl ether moiety is photoexcited, it forms an intermediate five-member ring via proton
exchange that can result in molecular scission. This results in the release of X, which is typically
terminated in a carboxylic acid or amine functionality. Figure adapted from Li et al.

Figure 1.9 Photodegradable hydrogels for spatiotemporal control of the cell
microenvironment thesis organization. This thesis focuses on the development of
photodegradable hydrogels that enable user-defined control over the mechanics and biochemical
nature of the cell microenvironment. The general approach is to develop a fundamental and
quantifiable understanding of light-induced property changes on the structure and function of
photodegradable gels through characterization and modeling.  Using this knowledge,
photodegradable hydrogels will be employed to probe the cellular response to dynamic
mechanical signals, to direct and assay cell function through the spatiotemporally controlled
release of trophic factors, and to engineer unique materials for the culture and capture of
mammalian cells that enable subsequent cell release.

Figure 3.1 Photolabile hydrogels for cell culture. Recent work has emphasized the importance
of cues from the extracellular matrix in directing cell function. Namely, the elasticity, adhesive
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context, geometry, and biochemical nature of the cellular microenvironment have been shown to
direct cell migration, differentiation, and fate. Photolabile hydrogels are a dynamic class of cell
culture materials that can be exploited to precisely and predictably alter the cellular
microenvironment in both space and time. By incorporating photolabile functionalities into the
gels, the user can tune dynamically the elasticity/polymer density, biochemical nature, or
geometry of the cell culture platform in real time with light. (a) Dynamic changes in the
adhesive context influence cell morphology and cytoskeletal organization. Here, light-induced
changes in polymer density or ligand concentration are employed to control cell spreading and
cytoskeletal organization. (b) Cells can be seeded within wells of photoactive hydrogels and
subsequent changes to the geometry of the cellular microenvironment can be introduced with
light. Here, a channel is introduced between two wells, encouraging cells to migrate out of their
niche. These patterning strategies can be extended easily to tune the cellular microenvironment
around encapsulated cells or to connect encapsulated cells in 3D cell culture.

Figure 3.2 Photodegradable hydrogel synthesis and patterning. (a) Photodegradable
hydrogels are formed by redox initiated, free radical chain polymerization of PEGdiPDA
crosslinking molecules, rapidly forming an insoluble hydrogel. The resultant network structure
is comprised of polyacrylate kinetic chains (green) connected by PEG-based crosslinks (black)
with photocleavable o-nitrobenzylether moieties (blue) in the backbone. (b) Chrome masks
(black and white layer) can be placed at the surface of photodegradable gels (orange) to
selectively occlude incident light (purple). With sufficient irradiation time (t) features are
formed at the surface of PEGdiPDA gels, where the depth of feature formation depends on the
duration of exposure. This photolithographic degradation can be used to generate features in the
surface of a gel with minutes of irradiation time. (c¢) The focal point of a laser can be used to
pattern features within PEGdiPDA hydrogels. Here, a laser scanning microscope (LSM) with a
405 nm laser is used to draw regions of interest (ROI) in the material. The laser focal point is
rastered through the ROI and into the z-dimension to completely erode 3D features within the
hydrogel in seconds. Both of these patterning strategies can be translated for spatiotemporally
controlled presentation of biochemical ligands with gels containing the photoreleasable tether.
(d) An overview of irradiation parameters for degradation and complete erosion of
photodegradable hydrogels. Ultimately, these patterning approaches allow the rapid, in situ
creation of micron-scale features in the presence or absence of cells in 2D and 3D.

Figure 3.3 Photodegradable acrylate monomer synthetic scheme. Synthetic route for
preparing photodegradable acrylate. Reagents and conditions: (a) DMF, ethyl-4-bromobutyrate,
Ar, K,COs; (b) HNOs, ~ 5 °C — ~ 32 °C; (¢) EtOH, Ar, NaBH4, 38 °C; (d) DI H,O, TFA, ~ 90
°C; (e) Ar, DCM, TEA, AC, 0 °C — room temperature; (f) acetone, DI H,O.

Figure 3.4 Photodegradable acrylate. (a) The reaction set-up for the acrylation of the
photolabile group. The photolabile group is added to a round-bottomed flask with DCM and a
stir bar and chilled to 0 °C in an ice bath. TEA is added to the round-bottomed flask while AC is
mixed with DCM in an addition funnel under Ar purge. The AC/DCM is added dropwise to the
round-bottomed flask. (b) In response to light, the photodegradable acrylate (blue) undergoes
irreversible cleavage, producing the cleaved photolabile group and acrylic acid (green). (c¢) The
molar absorptivities of photodegradable acrylate (blue) and the cleaved photolabile group (green)

Xix



from 300 to 600 nm. (d) 'H NMR shifts for the photodegradable acrylate monomer for synthetic
verification.

Figure 3.5 Macromolecular monomer synthetic schemes. (a) Synthetic route for preparing the
photodegradable crosslinker (a) and photoreleasable tether (b). (a) NMP, HBTU, HOBt, DIEA,
and PEG-bis-amine. (b) NMP, HBTU, HOBt, DIEA, and RGDS peptide. (b) "H NMR shifts for
the photodegradable crosslinker for synthetic verification. (¢) MALDI-TOF spectrum for the
photoreleasable tether for synthetic verification.

Figure 3.6 Hydrogel synthesis. (a) A schematic of the network structure of photodegradable
hydrogels formed via free-radical chain polymerization of the photodegradable crosslinker:
polyacrylate kinetic chains (green coils), PEG-based crosslinks (black lines), and photolabile
moieties (blue circles). (b) A schematic of the network structure of photoreleasing hydrogels
formed via free-radical chain co-polymerization of the non-degradable crosslinker with the
photoreleasable tether: polyacrylate kinetic chains (green coils), PEG-based crosslinks (black
lines), photolabile moieties (blue circles), and pendant peptides (orange hexagons). (c)
Photolabile hydrogels are formed between an acrylated cover glass and a non-acrylated cover
glass in a silicon mold (spacer). The silicon mold is placed on the acrylated cover glass (1) and
set-up next to the non-acrylated cover glass. The macromer solution is initiated by adding
TEMED to the solution while mixing (2), and this solution is quickly pipetted onto the acrylated
cover glass (3) in the void of the mold. The non-acrylated cover glass is used to cover the
solution, and the sandwich is clamped shut with binder clips (4). After ~ 5 min, the sandwich is
opened with a razor blade (5), and the formed gel (6) is placed in PBS.

Figure 3.7 Cell encapsulation within photodegradable hydrogels. (a) Cells are encapsulated
within photolabile hydrogels by resuspending a cell pellet in the macromer solution just before
the addition of TEMED. Cell viability is verified after polymerization using a LIVE/DEAD
Cytotoxicity Assay and confocal imaging. Here hMSCS exhibit good viability within the
photodegradable hydrogel after encapsulation (live cells stained green, dead cells stained red,
day 1, confocal z-projection). Scale bar, 100 um. (b) Cell function after irradiation and gel
degradation can be assessed by measuring metabolic activity with the alamarBlue assay.
Metabolic activity of hMSCs encapsulated in a photodegradable gel increases slightly on
irradiation and degradation (8 min of 10 mW/cm?® at 365 nm), compared with photodegradable
gels without irradiation (control) (P < 0.001), but the two conditions are similar ~24 h after
irradiation (48 h in 3D culture). (¢) Irradiation of the hydrogels for up to 8 min (10 mW/cm” at
365 nm) creates z-gradient in degradation and gel cross-linking density (px). Cells were imaged
on day 4 in culture after irradiation for 8 min on day 1. This 3D gradient in cross-linking density
can be used to study how gel density influences cell function in 3D culture. hMSCs labeled with
CellTracker Green are observed spreading in lower cross-linking density regions of the gel
(right, confocal slice overlaid with bright field) as compared with regions with high cross-linking
density (left), and increasing cell area in response to this z-direction gradient is observed and
quantified with image analysis (table, px normalized to its initial, nondegraded value, pyo). Scale
bars, 50 um.

Figure 3.8 Photopatterning with photolithography. (a) To pattern photolabile hydrogels with
standard photolithography, a mask is placed between a collimated light source and the gel
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surface. For proper pattern transfer, it is important that the light be well collimated with a
collimating lens and that the mask be appropriately placed above the hydrogel surface. (b)
Photopatterning can be used to form gradients in elasticity or biochemical signals in photolabile
hydrogels via gradient masking. Briefly, the sample is placed in a PBS/media filled chamber,
and a syringe pump is used to slowly cover the sample so that the sample receives a gradient of
light, which induces a gradient in photocleavage. (c¢) Photopatterning can also be employed to
generate features at the surface of photolabile hydrogels using a chrome mask. To ensure pattern
transfer, use a well-collimated light source and rest the chrome mask just above the gel surface
on glass slides or cover glass. Here, we used a mask with square features to pattern positive
square pillars at the surface of photodegradable hydrogels. Features are shown in a confocal
surface image (upper left), brightfield image (upper right), and confocal cross section image
(bottom).

Figure 3.9 3D photopatterning with a confocal microscope. Focused, 405 nm laser light can
be used on a confocal microscope to completely erode features within photodegradable
hydrogels. (a) To maintain sterility the prepared gel is sealed within a liquid filled chamber that
fits onto the stage of a confocal microscope. ROI software is used to raster the focal point of the
405 nm laser through defined geometries within photolabile hydrogels. (b) Here, cylindrical
wells (5, 25, and 50 wm diameter, left to right) are degraded into the surface of a
photodegradable gel and imaged in brightfield (middle, scale bar 100 um) and confocal
fluorescence (right, y-cross section, scale bar 50 um). Such surface features can be used for cell
aggregation, studying cell connectivity and migration, and manipulation of cell adhesion. (c)
Further, channels can be created within photodegradable hydrogels on size scales relevant to
mammalian cells to study 3D migration and connectivity. Here, we show a bifurcating channel
patterned 50 um below the gel surface as imaged in brightfield (middle, scale bar 100 um) and
confocal fluorescence (right, z-cross section, scale bar 50 um). Note that there is non-specific
degradation in the z-dimension owing to overlapping regions of out-of-focus light.

Figure 4.1 Photodegradable hydrogel system. (a) Photodegradable PEG based hydrogels were
formed through redox-initiated free radical polymerization of the photodegradable crosslinker
(PEGdiPDA) with a co-monomer (PEGA). (b) Upon exposure to collimated irradiation, these
gels degrade as the photolabile o-nitrobenzyl ether (NBE) cleaves leading to mass loss and,
ultimately, erosion. (c) Mass loss results from the release of cleavage products from the network
that predominantly fall into three categories: i. free PEGdiPDA crosslinks, ii. kinetic chains, and
iil. kinetic chains with pendant crosslinks. Once a sufficient fraction of NBE moieties are cleaved
in a local region, the gel undergoes reverse gelation where the polymers no longer form an
infinite molecular weight network and the local material erodes from the gel. (d)
Photodegradation can be achieved at wavelengths where NBE absorbs light (solid line). In this
work, 365 nm, 405 nm, and 436 nm were employed for degradation. The mechanism of mass
loss of the gels was dictated by the total absorptivity of the degradable hydrogels, which depends
on the molar absorptivity of NBE (solid line), the molar absorptivity of the cleavage product
(NBP; dashed line), the concentrations of photoactive species, the thickness of the gel, and the
wavelength of irradiation. Molar absorptivity data previously reported in ref. 29.

Figure 4.2 Model predictions of light intensity profiles and kinetic rates. The incident
irradiation is attenuated in the hydrogel on account of the absorbing NBE within the PEGdiPDA
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hydrogels. (a) Increased thickness of the hydrogel ([NBE] = 0.04 M; A = 365 nm; [, = 10 mW
cm™) leads to decreased penetration depth of the light through the gel (z = 10 um, dash-dot line;
z = 100 wm, solid line; z = 1000 um, dashed line). (b) Similarly, increased concentration of the
NBE moieties in the gel (z = 100 um; A = 365 nm; Iy = 10 mW cm™) leads to decreased
penetration depth of the light through the gel ((NBE] = 0.004M, dashed line; [NBE] = 0.04M,
solid line; [NBE] = 0.4M, dash-dot line). (¢) The penetration depth of the light in the gel is also
dependent on the wavelength of incident irradiation ((NBE] = 0.04 M; z = 100 wm; Ip = 10 mW
cm™). Here, 365 nm irradiation (solid line) is strongly attenuated owing to the high molar
absorptivity of NBE at 365 nm (exge = 4300 L mol” ecm™). 405 nm irradiation (dashed line)
leads to increased penetration depth (exse = 720 L mol™ ¢cm™) while 436 nm irradiation (dash-
dot line) is nearly uniform through the depth of the gel (exse = 16 L mol”' cm™). (d) The initial
photocleavage rate as a function of depth is dependent on the local light intensity and the
wavelength of irradiation, through changes in absorbance and quantum yield. ((NBE] = 0.04 M;
Ip = 10 mW cm™; z = 100 um; A = 365 nm, solid line; A = 405 nm, dashed line; A = 436 nm,
dash-dot line)

Figure 4.3 Model predictions of surface and bulk erosion of photodegradable hydrogels.
Surface erosion and bulk degradation are both observed in silico for photodegradable hydrogels
depending on the total absorbance of the material. (a) PEGdiPDA hydrogels with high
absorbance (A = 10; [NBE] = 0.23 M; z = 100 wm) severely attenuate the incident irradiation (A
=365 nm; Iy = 10 mW cm™), which leads to a front of light moving through the depth of the
material as degradation proceeds. (arrows indicate the direction of increasing time; t = 0 min,
solid line; t = 22.5 min, dashed line; t = 45 min, dotted line; t = 67.5 min, dash-dot line; t = 90
min, dash-double dot line) (b) Photodegradation erodes the surface of the material, where light
remains at a high intensity. Erosion is indicated by C/Cy = 0. In this surface erosion case, the
strongly coupled equations (Egs. 1 - 3) lead to a propagation of light and mass loss through the
depth of the gel with time. (t = 0 min, solid line; t = 22.5 min, dashed line; t = 45 min, dotted
line; t = 67.5 min, dash-dot line; t = 90 min, dash-double dot line) (¢) PEGdiPDA hydrogels with
low absorbance (A = 0.01; [NBE] = 0.0056 M; z = 25 um) allow incident irradiation (A = 405
nm; Iy = 25 mW cm™) to penetrate through the full depth of the gel uniformly, which results in
bulk degradation of the material. (t = 0 min, solid line; t = 7.5 min, dashed line; t = 15 min,
dotted line; t = 22.5 min, dash-dot line; t = 30 min, dash-double dot line) (d) As light penetrates
the material uniformly, the reaction rate is uniform through the depth of the gel, which results in
an even decrease in [NBE] through the depth of the gel, which is indicative of bulk degradation.
At late time points, the whole material erodes. (t = 0 min, solid line; t = 7.5 min, dashed line; t =
15 min, dotted line; t = 22.5 min, dash-dot line; t = 30 min, dash-double dot line) For all model
calculations N = 20.

Figure 4.4 Model predictions of photodegradation in PEGdiPDA hydrogels. For PEGdiPDA
hydrogels with intermediate absorbance (A ~ 0.1 — 10), degradation is observed to be a mixture
of surface erosion and bulk degradation. (a) In these materials, light is mostly confined to the
surface volume of the gel, while a portion of the light is able to penetrate the full thickness,
leading to non-neglibile cleavage of NBE moieties. (b) As time progresses the light front moves
through the gel surface, eroding the material while anisotropically patterning the full depth of the
gel. (arrows indicate the direction of increasing time; t = 0 min, solid line; t = 7.5 min, dashed
line; t = 15 min, dotted line; t = 22.5 min, dash-dot line; t = 30 min, dash-double dot line) (¢) The
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anisotropic patterning caused by this phenomenon is predicted to generate materials with
gradients in crosslinking density as a function of depth. (t = 0 min, solid line; t = 2 min, dashed
line; t = 6 min, dashed-dot line) (d) Since the volumetric swelling ratio, Q, and Young’s
modulus, E, of PEG hydrogels depend on the crosslinking density, px, anisotropies in
crosslinking density are readily generated to create spatially varying materials, that can be
difficult to synthesize through traditional fabrication routes. For all model calculations, N = 20;
[NBE]=0.04 M; z=100 um; A =365 nm; I[p=10mW cm> A =1.7.

Figure 4.5 Model predictions compared to experimental degradation of PEGdiPDA
hydrogels. The photodegradation model was employed to predict mass loss and material
property changes in chain polymerized, PEGdiPDA hydrogels. (a) Fractional mass loss for two
formulations ([NBE] = 0.04 M; z = 1500 um; triangles — experimental, previously reported data
found in ref. 20; dashed line — prediction and [NBE] = 0.058 M; z = 1500 wm; squares —
experimental, previously reported data found in ref. 20; solid line — prediction) in response to
irradiation (A = 365 nm; Iy = 20 mW/cm?) was predicted by the statistical-kinetic mass loss
model. (b) Fractional mass loss for PEGdiPDA hydrogels ([NBE] = 0.04 M) in response to
irradiation (A = 405 nm at Iy = 25 mW/cm®) also compared well with predictions. (triangles —
experimental; solid line — prediction) (¢) The depth of channels patterned into the surface of
PEGAiPDA hydrogels ((NBE] = 0.04 M; A = 365 nm; Iy = 10 mW/cm?) was predicted, except at
short irradiation times. (triangles — experimental, previously reported data found in ref. 20; solid
line — prediction) (d) A gradient in surface elasticity generated by photomasking was also
predicted by the statistical-kinetic model. (triangles — experimental, previously reported data
found in ref. 21; solid line — prediction, line connects discrete model predictions) For all model
calculations, N = 20.

Figure 5.1 Fabrication of chain and step polymerized photodegradable hydogels. (a) Chain
polymerized and step polymerized hydrogels were formed with the same photolabile monomer,
PEGdiPDA. Chain polymerized hydrogels (CP gels) were fabricated through the co-
polymerization of PEGdiPDA with PEGA via free-radical polymerization, resulting in a
heterogeneous network structure. Step polymerized hydrogels (SP gels) were fabricated through
the co-polymerization of PEGdiDPA with PEG4SH via Michael-addition polymerization. (b)
Chain polymerized and step polymerized hydrogels form in minutes, tr = 370 + 1 s for CP gels
and t¢ = 1470 + 60 s for SP gels. (¢) Chain polymerized and step polymerized hydrogels form
with similar shear storage moduli, G'r= 4140 + 130 Pa for CP gels and G'r= 3680 + 90 Pa for SP
gels.

Figure 5.2 Mechanical analysis of chain and step polymerized hydrogels. (a) Uniaxial
extension of CP and SP gels was conducted to measure the percent strain to failure and modulus
of toughness from the stress-strain curves. Solid black line is a representative stress-strain curve
for the CP gels. Dotted grey line is a representative stress-strain curve for the SP gels. (b) The
average percent strain to failure was significantly higher for SP (grey) gels as compared to CP
(black) gels, 129 + 11% compared to 33 £ 4 %. (¢) The SP (grey) gels also demonstrated a
significantly increased tensile toughness as compared to CP (black) gels, 4130 = 370 Pa
compared to 1250 + 300 Pa.
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Figure 5.3 Photodegradation of chain and step polymerized hydrogels. (a) and (b) The o-
nitrobenzyl ether moieties (orange ring structures) in PEGdiPDA undergo an irreversible
cleavage in response to irradiation (one-photon: A ~ 320-436 nm, two-photon: A ~ 740 nm),
breaking elastically active network strands in the hydrogel backbone. In this manner, light can be
employed to degrade and, ultimately, erode the CP and SP hydrogels. (¢) Owing to the inclusion
of the same photolabile monomer into the network backbone, the initial effective cleavage
kinetic constant, defined as the opposite of the slope of In(G/Gy) as a function of irradiation time
divided by the incident irradiation intensity, was similar for the CP (black) and SP (grey) gels.

Figure 5.4 Modeling erosion in chain and step polymerized hydrogels. (a) The erosion depth
of photopatterned channels as a function of irradiation time was plotted for the CP (black) and
SP (grey) photodegradable hydrogels. A statistical-kinetic photodegradation model based on the
photocleavage reaction and network connectivity predicted these functions over the 30 minute
exposure time. (b) The critical extent of NBE moieties that need to be cleaved to reach reverse
gelation governs the rate at which features can be patterned into photodegradable gels. P, is a
function of network connectivity in both CP and SP gels. Here, Py(N) is plotted for CP gels
(solid black line) and P.(fa) is plotted for SP gels with fg = 2 (grey circles), fz = 3 (grey
squares), and fg = 4 (grey triangles).

Figure 6.1 Photodegradable hydrogel synthesis and degradation schematics. (a)
Photodegradable hydrogels were synthesized by redox-initiated radical chain polymerization of
PEGAiPDA (top left) with PEGA (bottom left) (15 wt% total macromer in water). The resulting
swollen polymer network consists of polyacrylate chains (green coils) linked by degradable PEG
(black lines with red boxes). The initial gel crosslinking density (px) is varied with crosslinker
concentration. (b) Upon irradiation, the photolabile moiety is cleaved (open red boxes),
releasing PEG (black) and decreasing the gel crosslinking density. With flood irradiation, light
can either penetrate the gel uniformly, causing bulk degradation (top), or be attenuated with
absorption by the photolabile group, causing gradient changes in the crosslinking density
(middle) or surface erosion (bottom). The intensity profile within the gel is dictated by the
irradiation wavelength and the photolabile group concentration. (¢) Three-dimensional
structures are eroded in a hydrogel using focused light directed by a single photon LSM, where
desired shapes are drawn using region of interest software and subsequently scanned with a laser
within the hydrogel.

Figure 6.2 Photolysis kinetics and gradient photodegradation. (a) Degradation of these
hydrogels was characterized using the more loosely crosslinked gel composition (10 mol % : 90
mol % PEGdiPDA : PEGA). Photodegradation rates were characterized via rheometry, where
the natural log of the storage modulus G' normalized to its initial value G', decreases with 365
nm irradiation. Fits of this data yield the characteristic degradation time, T, which varies with the
irradiation intensity (inset) and was used in conjunction with a photodegradation model to
predict changes in the hydrogel crosslinking as well as gel mass loss. (b) The experimentally-
determined t values were used to predict the hydrogel’s crosslinking density with time during
bulk degradation (normalized to initial value, (a) 10 mW cm™ and (b) 5 mW cm™ at 365 nm).
(c) A gradient in the hydrogel’s crosslinking density within the top 50 wm of the gel was created
with an irradiation gradient across the surface. No degradation occurs on the left, 5 min of
degradation occurs on the right, and a continuous and linear gradient of exposure times occurs
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between these two extremes (365 nm at 10 mW cm™). The resulting crosslinking density
gradient was measured with AFM (blue triangles) and compares well to predicted values based
on T (solid curve). (d) Flood irradiating a thick hydrogel with a highly absorbed wavelength
creates a degradation gradient in the z-direction within the hydrogel. This degradation gradient
was visualized with a confocal LSM (left), where decreased fluorescence indicates loss of
backbone chains. The effect of this degradation gradient on the material properties can be
estimated through predicted changes in the crosslinking density (normalized to its initial value)
with irradiation: (a) 2.5, (b) 5, and (c) 8 min (right). Scale bars are 100 um.

Figure 6.3. Hydrogel spatial erosion. (a) Mass loss profile and time to complete degradation
with irradiation (365 nm at 20 mW cm™) were adjusted with the initial crosslinker concentration
and agree well with predictions based on T (solid lines): 15 wt% total macromer and (a) 10 mol%
and (b) 25 mol% photodegradable crosslinker. (b) Photolithography (365 nm at 10 mW cm™
through 400 um clear lines separated by 400 um black lines) was used for spatially-specific
erosion, creating channels of increasing depth with increasing irradiation, (confocal images of
the gel cross-section with irradiation time noted). (¢) The observed eroded channel depth
(squares) compares well with channel depths predicted with T and the photodegradation model
(solid line). (d) Spatial erosion of cylinders within a hydrogel was achieved using 405 nm laser
on a LSM (top-down view of confocal stack with corresponding cross-sections marked by blue
and green lines). Each column of cylinders is a different irradiation condition with decreasing
scan speed and increasing laser power resulting in increased mass loss (left to right, scan time
per plane and laser power (a) 10 s and 25%, (b) 16 s and 25%, (c) 28 s and 25%, and (d) 10 s and
10%). (e) Similarly, vertical cylinders were degraded within a hydrogel (scan time 2 s per plane,
25% laser power, 100 um z-scan) and subsequently connected with a horizontal channel within
the hydrogel (scan time 16 s per plane, 1 um z-scan) (confocal slices false colored to aid in
visualization, with red indicating most fluorescence intensity (no degradation) and yellow to
green least fluorescence (most degradation and mass loss). The presence of the structure within
the hydrogel was verified in brightfield. All scale bars are 100 um.

Figure 6.4 Cell area and morphology in gradient degraded hydrogels. hMSCs were
encapsulated in photodegradable hydrogels and irradiated (365 nm at 10 mW cm™ for 8 min) on
Day 1 to create a crosslinking density gradient in the z-direction. (a) By Day 4, cell spreading is
observed within the upper portion of the irradiated hydrogel (top ~ 100 um), which possesses a
significantly decreased crosslinking density based on predictions shown in Fig. 2, whereas
limited spreading is observed in (b) degradable gels without irradiation (top down view of
confocal LSM stack). Changes in cell morphology were confirmed with brightfield images
(right). Scale bars are 50 um. (¢) No change in cell area was observed over 4 days without
irradiation (Day 1 prior to irradiation, Day 4 no light). In contrast, an increase in cell area was
observed with irradiation and degradation (Day 4 light) as compared to these controls (* p <0.1).
(d) Spreading in response to the crosslinking density gradient (px/pxo = 0.1 - 0.9, pxo = 0.006 M)
was examined by splitting the 100-pum thick confocal stack into 20-um thick confocal projections
(top 20 pum of the gel = position 1). On Day 4, increased cell area was observed in the top of the
gel as compared to the lower regions in irradiated samples (blue squares), whereas no change in
cell area was observed in the z-direction without irradiation (red diamonds, py/px, = 1 at all
positions).

XXV



Figure 6.5 Cell viability with photodegradation. hMSCs encapsulated in photodegradable
PEGdiPDA hydrogels were exposed to flood irradation (365 nm at 10 mW cm™ for 8 min).
Upon exposure to light, cell viability is maintained throughout the hydrogel, where live cells
fluoresce green and dead cells fluoresce red (top down view of confocal LSM stack). Scale bar
is 100 um.

Figure 6.6 Cell morphology in non-degradable hydrogel. (a) hMSCs were encapsulated in
non-degradable PEGDA hydrogels and exposed to flood irradiation (365 nm at 10 mW cm™ for
8 min). Prior to light exposure (Day 1), cells exhibit small and rounded morphologies (left, top
down view of confocal LSM stack; right, representative cells imaged with brightfield and
fluorescence), where cells are fluorescently labeled green. (b) After light exposure (Day 4), cells
persist in their small and rounded morphologies. (¢) No significant difference in cell area is
observed between encapsulated hMSCs in non-degradable PEGDA hydrogels at Day 1 (prior to
light exposure) and at Day 4 (after light exposure). Scale bars are 50 um.

Figure 6.7 Cell morphology progression. hMSCs were encapsulated in photodegradable
PEGdiPDA (a,b) and non-degradable PEGDA (¢) hydrogels. The progression of cell
morphology over the course of four days in culture was monitored by confocal LSM imaging of
cell morphology on each day, where cells are fluorescently labeled green, and of phalloidin
staining for the prescence of f-actin (red) coupled with brightfield imaging on day 4. (a) hMSCs
encapsulated in photodegradable hydrogels that were exposed to flood irradiation (365 nm at 10
mW cm™ for 8 min) exhibit a small and rounded morphology prior to light exposure (Day 1).
After light exposure (Days 2-4), the cells begin to spread and increase in cell area. hMSCs
encapsulated in photodegradable hydrogels that were not exposed to flood irradiation (b) and in
non-degradable hydrogels that were exposed to flood irradiation (365 nm at 10 mW c¢cm™ for 8
min) (c¢) persist in a small and rounded morphology throughout the four days in culture.
Corresponding phalloidin staining on Day 4 (right) indicates diffuse f-actin presence around the
exterior of the cells for all conditions. Scale bars are 50 um.

Figure 6.8 Fibronectin presentation with degradation. Fluorescein labeled fibronectin was
entrapped in photodegrable PEGdiPDA hydrogels and confocal image stacks of the fibronectin
presence were taken prior to (Day 1) and post (Day 4) light exposure. Image analysis of the
mean fluorescent intensity of the LSM stacks reveals no significant difference in fibronectin
presentation between the PEGdiPDA hydrogel prior to light exposure (Day 1) and after light
exposure (Day 4).

Figure 7.1 Two-photon induced degradation and complete erosion of photodegradable
hydrogels. (a) Poly(ethylene glycol) (PEG)-based photodegradable hydrogels were formed (a,
left) by redox-initiated free radical chain polymerization of PEGdiPDA (a, right) with PEGA.
The crosslinking density of these gels corresponds to a mesh size (&) of approximately 10 nm (a,
left), and the gels allow fibronectin to be physically entrapped within or covalently linked to the
gel structure. (b) Focused, two-photon irradiation induces complete gel erosion when the focal
point (red circle) dwells for enough time (¢ = #.) such that a sufficient fraction of PEGdiPDA
crosslinks can be cleaved locally (p = pc) for a given average laser power. This photocleavage
releases the polymer chains that comprise the hydrogel selectively from irradiated regions (b,
right).
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Figure 7.2 Parameter space for two-photon induced erosion of PEGdiPDA hydrogels. (a)
Critical exposure times (z.) for irradiation to induce complete erosion of PEGdiPDA hydrogels
were determined experimentally for a broad range of average laser powers (Pay,) (solid circles)
and plotted with model predictions (dashed line). (b) The pulse energy (Epus) for each average
laser power used was calculated and combined with #. to determine the total dosage required to
erode the material and these data were plotted (solid circles). Previous studies have concluded
that pulse energies above 1.5 nJ thermally ablate intracellular components (gray vertical line),
demonstrating that complete erosion can be performed below the cut-off for laser-induced
ablation of intracellular components. (¢) Locally confined erosion of PEGdiPDA hydrogels was
imaged in brightfield (outside images, black corner marks indicate the region of erosion) and
with cross-sections of fluorescent confocal stacks (central images) and was confirmed with
profilometry (data not shown). For the pulse energy used in cells studies and feature formation
(Epuise = 1.25 nJ, left outside image and top central image), selective erosion was achieved with
an average depth of 8 = 1 um for 7 um deep scans. At the highest pulse energies studied (Epuise =
2.3 nJ, right outside image and bottom central image), nonspecific erosion was induced with an
average depth of 11 = 1 um for 7 um deep scans. Furthermore, cavitation was observed within
the hydrogels at such high pulse energies as evidenced by bubble formation in the material.
Scale bars represent 20 wm in the fluorescent images and 50 um in the brightfield images.

Figure 7.3 Feature formation to control ECM context and geometry. (a) Defined features
can be patterned at the surface or within PEGdiPDA hydrogels by rastering the focal point of a
two-photon laser scanning microscope (LSM, Zeiss LSM 710) through specific geometries using
region of interest software. (b) Surface feature formation can be performed on size scales
relevant to the cell (~1-100 um) and spatially confined to desired regions to disrupt adhesion at
the anterior or posterior of adhered cells (purple oval and yellow circle) or to disrupt adhesion at
individual fillopodia (red triangle). To demonstrate this strategy, feature formation was
performed in the absence of cells on the order of microns (red triangle) to 100 wm (purple oval)
and was monitored with confocal microscopy (3D renderings of fluorescent confocal stacks and
the corresponding cross-sections, green and blue lines). (¢) Features were also patterned within
the bulk of PEGdiPDA hydrogels to motivate the utility of this approach for directing
encapsulated cells (e.i) to migrate down specific channels (c.ii) or for defining the geometry of
the cell niche (c.iii). 20 um and 30 um wide channels were patterned into PEGdiPDA gels (c.ii)
for representative channel formation, and a 45 um wide square cylinder was patterned into a gel
(c.iii) as a representative change to the geometry of the cell niche. Scale bars represent 20 um,
except as noted.

Figure 7.4 Two-photon erosion of PEG substrates induces subcellular detachment. (a)
Specific regions of cell-material interactions between GFP-actin transfected MSCs and
PEGdiPDA hydrogels were disrupted by two-photon erosion (t = 0 s, region outlined in gray).
This spatiotemporal erosion induced cell retraction, which was monitored with confocal
microscopy (representative images of the first 400 s for an individual cell are shown). (b) Using
confocal microscopy, cell area was monitored in response to subcellular detachment, and a
fractional area decrease (AA(t)/Ap) was calculated via image analysis. The solid line is a fit to
the equation AA(t)/A¢ = AAmax/Ao[l-exp(-(t-tp)/tc)], and good agreement is observed. (c)
Average values for the induction time (#y), retraction time (t.), and the maximum fractional area
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change (AAma/Ag) were compiled for retracting cells (n = 6, mean + s.e.m), where slowed
induction and retraction times were observed on these soft hydrogels as compared to stiff culture
substrates. Scale bars represent 20 um.

Figure 7.5 MSCs on non-photodegradable PEG hydrogels exhibit no retraction in response to
light exposure. Here, we present the fractional decrease in cell area for each of the control cells
studied (n = 4) and in each scenario there is no retraction observed. Instead, the cells undergo
fluctuations in cell area as expected for cells actively sensing a substrate. The average maximum
fractional area change (AAmax/Ag) was -0.02 = 0.04 (mean + s.e.m.), which is not significantly
different from zero, indicating random fluctuations in cell area and not a concerted retraction
mechanism.

Figure 8.1 Fabrication of PEGdiPDA hydrogels with tunable elasticity. (a) Photodegradable
hydrogels were fabricated via the co-polymerization of PEGdiPDA with PEGA under redox-
initiated, free radical chain polymerization. (b) The initial elasticity of these samples was E ~ 32
kPa and irradiation (A = 365 nm; Iy = 10 mW/cm?) lead to a monotonic decrease in substrate
elasticity. With 5 minutes of irradiation, samples with a softer elasticity, E ~ 7 kPa, were
formed.

Figure 8.2 Experimental design for probing hMSC plasticity. Cells were seeded on stiff
PEGdiPDA samples at Day 0, where they remain RunX2 positive. At Day 1, 4, or 7+, a subset
of the gels was softened in situ with light to generate soft substrates. After another 3-14 Days in
culture, cells were assayed for osteogenic or myogenic transcription factors and compared to Day
0 levels.

Figure 8.3 Dynamic elasticity changes induce a cell differentiation response. (a) hMSC
expression of RunX2, an early osteogenic transcription factor, was monitored over the course of
two weeks after stiff substrates were softened in situ to generate soft substrates. Nuclear co-
localization of RunX2 was compared to control samples, cells on a stiff substrate at Day 1. By
Day 14, the RunX2 expression was suppressed on soft substrates. (b) hMSC expression of
MyoD1, an early myogenic transcription factor, was monitored over the course of two weeks
after stiff substrates were softened in situ to generate soft substrates. Nuclear co-localization of
MyoD1 was compared to control sample, cells on a stiff substrate at Dayl. On Day 7, the
MyoD1 expression was upregulated on soft substrates but returned to basal levels by Day 14. (*
indicates significance, p < 0.05)

Figure 9.1 Photodegradable microparticle fabrication. (a) Photodegradable particles were
synthesized by reacting PEG4SH with PEGdiPDA via base-catalyzed Michael addition in an
inverse-phase, suspension polymerization. The aqueous phase, consisting of macromers, the
base catalyst triethanolamine, and the target protein, was suspended in an organic phase of
hexanes and stabilized by surfactants. Upon completion of the polymerization, the particles were
purified via centrifugation resulting in spherical particles, as imaged by SEM. The reaction of the
PEG4SH with the PEGdiPDA forms a step-growth network, and owing to the presence of
nitrobenzyl ether (NBE) moieties in the PEGdiPDA, the network degrades in response to light.
(b) The NBE moiety absorbs light strongly at 365 nm with a tail out past 405 nm. This allows
both single photon irradiation at 365 nm or 400-500 nm to be used to degrade the particles, as
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well as two-photon irradiation using a wavelength of 740 nm.

Figure 9.2 Size and degradation characteristics of photodegradable microparticles. (a)
BSA-488 was entrapped within photodegradable microspheres. (b) Image analysis was used to
quantify the size distribution of the particles synthesized by this method (n = 3130). The particles
were formed with a number average diameter of 22 um and a diameter average diameter of 42
um, which resulted in a polydispersity index of 1.9. Over 80% of the particles had a diameter
less than 50 um. (¢) Photodegradable particles swell and, ultimately, erode in response to flood
irradiation (A = 365 nm; I = 13.5 = 0.5 mW/cm?) over the time course of a minute. (d) The
swelling was quantified with image analysis and plotted as normalized volume (V/Vj) as a
function of irradiation time. Particles were exposed to 365 nm (Ip = 13.5 = 0.5 mW/cm?; circles)
and 400-500 nm (I, = 20.0 = 0.5 mW/cm?; triangles) irradiation, and the particles eroded at 55 =
5 s and 300 + 30 s for the two conditions, respectively (indicated by the dashed gray lines). (e)
The release of BSA-488 as a function of irradiation time was quantified as the particles swelled
and dissolved. Prior to dissolution (indicated by the dashed gray line), BSA-488 began diffusing
out as the particles swelled, and after dissolution the majority of the payload was released into
solution. Scale bars, 100 um.

Figure 9.3 Spatially controlled degradation of photodegradable particles. (a) BSA-488
loaded microparticles were combined with BSA-594 loaded particles in a single system and
focused irradiation from an LSM (A = 740 nm; two-photon) was used to erode individual
particles selectively. Here, a BSA-594 loaded particle was dissolved (t; to t;) followed by the
erosion of a BSA-488 loaded particle (t; to t;) without disrupting neighboring particles. (b)
Photodegradable particles can also be encapsulated within three-dimensional hydrogels and
selectively photodegraded with focused light from an LSM (A =405 nm). Here, BSA-488 loaded
particles were encapsulated within fibrin hydrogels and eroded with focused LSM irradiation
after the image t = 0 s was taken. Images were captured after erosion to monitor diffusion of the
protein through the fibrin gel. (¢) Profiles of the diffusing protein were quantified over the time
course of imaging and demonstrate that the BSA-488 diffused radially at a detectable level to a
distance of 50 um from the edge of the original particle. (d) Multiple protein loaded particle
populations were encapsulated within a single fibrin gel and individual particles were eroded
selectively as was demonstrated in 2D. Scale bars, 100 um.

Figure 9.4 Release of bioactive proteins in the presence of cells. (a) Protein-loaded,
photodegradable microparticles were incorporated into cell culture with plated cells. Collimated
irradiation (A = 365 nm; I, = 13.5 + 0.5 mW/cm?) was used to release the entrapped protein to
direct or detect cell function. (b) TGF-B1 loaded particles were added to the media of plated
PE25 cells, a TGF-f1 responsive reporter cell line, and compared to conditions: media with
blank particles, media with soluble TGF-f1, and plain media. All samples were irradiated with
the same dose used to erode particles and release the TGF-B1, and the response of the PE25 cells
was compared between each condition. The TGF-f1 loaded particles had a significantly higher
response than negative controls (blank particles and media alone), though not as strong a
response as the positive control of soluble TGF-f1. This demonstrates that a significant fraction
of the TGF-B1 remained bioactive upon entrapment and photorelease. (¢) Fluorescently-labeled
Annexin V loaded particles were added to the media on plated 3T3 cells. (+)Camptothecin was
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used to induce apoptosis and selected samples were irradiated to release the Annexin V. The
samples were imaged to visualize cells labeled as apoptotic. Samples exposed to soluble Annexin
V and photoreleased Annexin V stained positively for apoptosis (indicated by arrows at regions
of red staining on the cell membranes), while there was no staining in the sample that was
exposed to particles that were not photoreleased (particles are still visible in this image, denoted
by the asterix). Scale bar, 100 wm.

Figure 10.1. Formation of click-based hydrogels. (a) Photodegradable, MMP-degradable
hydrogels were synthesized from the copolymerization of PEGtetra-yne and MMPdiN;. (b)
These gels were degraded with 365 nm light to fully erode the gel into soluble branched polymer
chains, referred to as the degradation products.

Figure 10.2 Polymerization of click-based hydrogels. Rheometric monitoring of the shear
storage modulus (G') evolution during polymerization indicated that a gel is formed by
combining the PEGtetra-yne and the MMPdiN3 (10 wt% monomer reacted on stoichiometry)
over the course of ~10 minutes with G' = 1.7 £ 0.2 kPa.

Figure 10.3 Cell culture in click-based hydrogels. (a) hMSCs (1 x 10° cells/mL) and (b) neural
precursor embryoid bodies (500 EBs/mL) were encapsulated within the photodegradable, MMP-
degradable hydrogels and spread after 24 h in the gel or extended axons during culture after 7
days in the gel, respectively. Scale bars, 50 um

Figure 10.4 Cell recovery from click-based hydrogels. (a) hMSCs encapsulated within
photodegradable, MMP-degradable hydrogels can be liberated from the gel with light (1 = 365
nm; Ip = 10 mW/cm?). (b) 6 hours after liberation from the gel, hMSCs begin to spread on tissue-
culture polystyrene, indicating viability and functionality after the recovery process. Scale bars,
50 um

Figure 11.1 Photopolymerization of PEGdiPDA hydrogels for microfluidic capture devices.
(a) PEGdiPDA-based, photodegradable hydrogels were photopolymerized using the visible light
photoinitiator LAP within microfluidic channels to develop selective capture and release devices.
(b) PEGdiPDA hydrogels (13.2 wt% monomer; 3 wt% LAP) were photopolymerized with 2 min
of visible light exposure (A = 400-500 nm; I, = 20 mW/cm®) resulting in a final shear modulus G’
= 8200 = 200 Pa. (c) After complete polymerization, continued exposure of PEGdiPDA gels to
light exposure (A = 400-500 nm; Iy = 20 mW/cm?) completely degraded the film over the course
of an hour, demonstrated by the monotonic decrease in the normalized shear modulus.

Figure 11.2 Functionalization of PEGdiPDA hydrogel films. (a) Acrylated-NeutrAvidin
(AcryINA) was incorporated into PEGdiPDA hydrogels at a range of concentrations (0 to 0.9
mg/mL). Biotinylated-fluorescein was coupled to the available AcrylNA in the gels, and the
incorporation of NeutrAviding led to a dose-dependent increase in biotin binding. This
demonstrates that a range of concentrations in surface functionality can be presented using
AcryINA into PEGdiPDA hydrogels. (b) PEGdiPDA hydrogels were also functionalized with a
cell capture antibody (biotinylated anti-EpCAM), and EpCAM expressing cancer cells (1 x 10°
cells/mL) were only captured on anti-EpCAM functionalized gels in static capture experiments.
Scale bars, 100 um.
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Figure 11.3 Multifaceted capture devices. Dual-layer PEGdiPDA hydrogels were
photopolymerized into the microfluidic channels functionalized with BSA-488 (green) and BSA-
594 (red), demonstrating the ability to present multiple, disparate surfaces to a cell suspension
during flow. In this manner, the ability to spatially capture separate populations of cells from a
single cell suspension could be realized. Scale bar, 400 um.

Figure 11.4 Cell capture and release with PEGdiPDA microfluidic devices. (a) PC3 prostate
cancer cells, which express EpCAM, were captured with anti-EpCAM functionalized
PEGAdiPDA hydrogels under continuous flow (i). UV light (A = 350-370 nm) was employed to
degrade the thin film selectively under specific cells to release them from the capture surface.
Cells initially began to release from the capture location (ii), then began to roll away in the
direction of continuous flow (iii), and finally became entrained in the flow for full release (iv).
(b) PC3 cells were completely released in regions of degradation, curved feature on the top of
the picture, but remained attached to the non-degraded regions of the film. Scale bars, 60 um.

Figure 12.1 Photodegradable hydrogels for spatiotemporal control of the cell
microenvironment thesis organization. This thesis focused on the development of
photodegradable hydrogels that enable user-defined control over the mechanics and biochemical
nature of the cell microenvironment. The general approach was to develop a fundamental and
quantifiable understanding of light-induced property changes on the structure and function of
photodegradable gels through characterization and modeling.  Using this knowledge,
photodegradable hydrogels were employed to probe the cellular response to dynamic mechanical
signals, to direct and assay cell function through the spatiotemporally controlled release of
trophic factors, and to engineer unique materials for the culture and capture of mammalian cells
that enable subsequent cell release.

Figure 12.2 Subset of photocleavable moieties for photodegradable hydrogel synthesis.
Organic synthesis is enabling the development of a broad range of cytocompatible, photolabile
molecules, based on nitbrobenzyl ether (a-¢)® or coumarin chemistries (d)’, that can be used to
form photodegradable gels similar to the PEGdiPDA gels presented in this work. Similar
fundamental characterization should be applied to these gels as they become synthetically
available.

Figure 12.3 Modifications to statistical-kinetic model of photodegradtion. (a) Erosion depth
is predicted to trend linearly with irradiation time when diffusion and dissolution are assumed to
occur instantaneously (solid black line); however, the inclusion of a simple dissolution
assumption (dashed black line) changes the qualitative shape of the erosion depth trend line as
well as the quantitative rate of erosion. These assumptions should be included in future
developments of statistical-kinetic models of photodegradation. (b) Step polymerized gels are
being developed from many multifunctional monomers, such as eight-arm norbornene-
functionalized PEG and difunctional thiol-terminated PEG,” and as photodegradable gels are
synthesized with these network connectivities, new characterization and modeling should be
applied to these systems.
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Figure 12.4 Single cell analyses with photodegradable hydrogels. (a) Softening of 2D
substrate modulus should be combined with single-cell analyses to further investigate the
molecular mechanisms by which mammalian cells integrate mechanical signals from the
extracellular matrix. (b) Micron-scale two-photon erosion of 3D hydrogels proximal to
encapsulated cells should be explored to investigate how cells respond to changes in cell
geometry in a 3D context.

Figure 12.5 Delivery of trophic factors from photodegradable microspheres. (a) Sonic
hedgehog (Shh) loaded particles were employed to release Shh in the presence of neural
precursor embryoid bodies to direct them toward a ventral motor neuron phenotype. In vivo, Shh
patterns the CNS from ventral to dorsal with a gradient of Shh. Similarly, Shh released from
photodegradable microspheres upregulated ventral genes (Nkx2.2, Olig2, and Nkx6.1) compared
to un-treated, control embryoid bodies. *Work done in collaboration with Quinn Fleming and
Mirza Peljto. (b) The chemokine SDF-1la was loaded into photodegradable microspheres to
develop a system to study hMSC chemotaxis in response to spatial release of SDF-1a. SDF-1a
loaded microspheres were encapsulated in a small fibrin clot, which was surrounded by an
hMSC laden fibrin gel. The SDF-1a was released with photodegradation of the microspheres
and the hMSCs preferentially migrated in the direction of released chemokine. *Work done in
collaboration with Bruce Han and Kyle Kyburz.

Figure 12.6 Templated cyst-like structures from photodegradable microspheres. (a)
Adhesive proteins, such as fibronectin and laminin, were entrapped within photodegradable
hydrogels to enable coating with A549 cells. These cell coated particles were entrapped within
MMP-degradable and RGD-functionalized hydrogels and the inner photodegradable
microspheres were ablated to generate hollow, cyst-like structures. (b) A549 cells coat particles
over the course of 18 h and remain attached during encapsulation. (¢) Immunostaining for
cytoskeleton (red = actin) and nuclei (blue = nuclei) illustrated that the cyst-like structures
remain intact after cell encapsulation and photodegradation of the microspheres. *Work done in
collaboration with Katie Lewis and Dr. Vivek Balasubramaniam.

Figure 12.7 Selective recovery of encapsulated cells for downstream analysis. Cells
encapsulated in MMP-degradable and photodegradable, click-based hydrogels are selectively
released by photodegradation of regions of the gel. Released cells are then recovered for
subsequent culture or analysis.
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CHAPTER1I

INTRODUCTION AND BACKGROUND

Sections as published in Biotechnology and Bioengineering, 103, 655-663 (2009)

1.0 Overview

Methods for culturing mammalian cells ex vivo are increasingly needed to study cell and
tissue physiology and to grow replacement tissue for regenerative medicine. Two-dimensional,
static culture has been the paradigm for typical in vitro cell culture; however, it has been
demonstrated that cells behave more natively when cultured in environments that recapitulate the
three-dimensionality and/or dynamics of the in vivo environment. Permissive, synthetic
hydrogels and promoting, natural hydrogels have become popular as three-dimensional cell
culture platforms; yet, neither of these systems provides the user with full control over the
biochemical and biophysical nature of the extracellular space during culture. Synthetic
hydrogels that incorporate sophisticated chemistries that enable cell-defined or user-defined
changes in material properties during cell culture have begun to bridge the gap between blank
slate, in vitro culture and the native, in vivo environment. A major goal of this thesis is the
development and characterization of photoresponsive hydrogel platforms that enable user-
programmable control over the physical and biochemical environment that cells interact with

during culture to understand how cells integrate information from their dynamic surroundings.



While the biology and tissue engineering communities seek to better understand how
cells receive information from their extracellular niche and integrate the signals to modulate
output cell function, unique materials that enable hypothesis testing of how specific interactions
influence cell fate are increasingly required. In this thesis, easily synthesized, light responsive
biomaterials are characterized and applied to control the mechanical and chemical nature of cell-
laden hydrogels in all three-dimensions and in real time. The overall goal of this thesis is the
development of chain polymerized and step polymerized poly(ethylene glycol) (PEG) based
hydrogels that undergo degradation upon exposure to appropriate wavelengths and intensities of
light, affording the user full control over the extracellular niche in both space and time. The
precise nature in which the light modifies hydrogel properties is characterized for both gel
systems, while models are developed to predict how irradiation conditions and network
connectivity influence evolving material properties. This precise and predictable control over
material properties is then exploited to investigate how dynamic mechanical and biochemical
extracellular environments influence and direct cell function.

This introductory chapter begins with a review of the use of hydrogels as extracellular
matrix mimics for cell culture, focusing on the materials and methods commonly used for in
vitro cell culture. Subsequently, the formation mechanisms of PEG based hydrogels are
discussed, as well as the relevant material properties of hydrogels. Finally, photoreactions and
photolabile chemistries for user-defined, dynamic property control in PEG hydrogels are

presented.

1.1 Hydrogels as extracellular matrix mimics for cell culture



The culture of mammalian cells in vitro provides a defined platform for investigating cell
and tissue physiology and pathophysiology outside of the organism. Traditionally, this has been
done by culturing single cell populations on two-dimensional (2D) substrates such as tissue
culture polystyrene (TCPS) or the surface of tissue analogs. Experiments with these 2D
constructs have provided the basis for our nascent interpretation of complex biological
phenomena, including molecular biology, stem cell differentiation,' and tissue morphogenesis.”
Furthermore, 2D experiments have given rise to seminal findings in the dynamic relationship
between cell function and interactions with the cellular microenvironment. For example, Discher
and coworkers demonstrated that the differentiation of human mesenchymal stem cells (hMSCs)
is dependent on the mechanical stiffness of the 2D culture platform.>* Further, Ingber and
coworkers have shown that the degree to which a cell is mechanically distended on a 2D scaffold
dictates relative growth and apoptotic rates.™® Thus, in vitro cell constructs can be used to
examine how epigenetic factors affect physiological phenomena; however, recent work has
shown that cells often exhibit unnatural behavior when they are excised from native three-
dimensional (3D) tissues and confined to a monolayer.

In their groundbreaking work, Bissell and coworkers demonstrated that human breast
epithelial cells develop like tumor cells when cultured in two dimensions, but revert to normal
growth behavior when cultured in 3D analogs of their native microenvironment.” Also,
enhanced chondrogenesis of embryonic stem cells has been observed when cells are cultured in
3D embryoid bodies as compared to monolayer culture.® These findings in oncogenesis and
stem cell differentiation elucidate acute disparities in cell function between 2D and 3D culture

and suggest that examining hierarchical biology in just two dimensions is insufficient.



As a result, biologists and bioengineers alike have investigated many three-dimensional
scaffolds that recapitulate aspects of the native cellular microenvironment for in vitro cell
culture. Among these, hydrogels — crosslinked networks that possess high water contents —
demonstrate a distinct efficacy as matrices for 3D cell culture. Currently, the gamut of hydrogels
used for mammalian cell culture ranges from purely natural to purely synthetic materials with
each hydrogel system possessing its own advantages and limitations. As the field moves
forward, the need for matrices that combine the benefits of natural and synthetic materials is
becoming more apparent, along with identifying the essential biophysical and biochemical

signals to incorporate in these synthetic extracellular matrix (ECM) analogs.

1.1.1 The cell culture context matters

The paradigm that cellular scaffolds serve solely as passive vehicles with which to study
the relationship between gene expression and cell function has become outdated. It is now
evident that the cellular microenvironment contributes to the spatially and temporally complex
signaling domain that directs cell phenotype. In fact, Bissell’s work established that phenotype
can supersede genotype simply on account of interactions with the ECM. Thus, a cell can no
longer be thought of as a solitary entity defined by its genome, but must be evaluated in the
context of the ECM, soluble growth factors, hormones, and other small molecules that regulate
organ, and ultimately organism, formation and function. This dynamic, extracellular
environment orchestrates an intracellular signaling cascade that influences phenotypic fate by
altering gene and protein expression.” The differences in cell behavior observed between 2D and

3D cultures come from perturbations in gene expression that stem from how the cell experiences



its microenvironment differently in two dimensions as compared to the natural 3D suroundings

(Figure 1.1).

Figure 1.1 Cell culture in two-dimensional and three-dimensional platforms. Cells
experience a drastically different environment between 2D and 3D culture. For instance, neural
cells cultured in monolayer (a) are constrained to extend processes in the plane. Cell bodies are
stained green and f-tubulin in axonal extensions is stained red. When cultured within
hydrolytically degradable poly(ethylene glycol) based hydrogels (b) the same cells form
neurospheres and extend processes isotropically in three dimensions. Images taken by M.J.
Mahoney.

For instance, 2D culture can polarize cells, such that only a segment of the cell’s
membrane can interact with the ECM and neighboring cells, while the rest of the cell is exposed
to the bulk culture media.'"’ This polarization often leads to unnatural integrin binding and
mechanotransduction, which both affect intracellular signaling and phenotypic fate.'' The
inherent polarity also leads to unnatural interactions with soluble factors. In 2D culture, cells
experience a relatively homogenous concentration of nutrients, growth factors, and cytokines
present in the bulk media with the section of the membrane that contacts the surrounding media.

In contrast, the concentrations of soluble factors that influence cell migration, cell-cell
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communication, and differentiation possess dynamic spatial gradients in vivo.



Morphology alone has been shown to influence subtle cellular processes such as global
histone acetylation," as well as proliferation, apoptosis,® differentiation,'* and gene expression.”
2D culture confines cells to a planar environment and restricts the more complex morphologies
observed in vivo.

Furthermore, differences in migration exist between a 2D surface and a 3D environment.
Not only is a cell confined to a plane in 2D, but also encounters little to no resistance to
migration from a surrounding ECM. This applies to other phenomena that occur over longer
length scales, such as cancer metastasis and tissue organization, where the behavior is regulated
by mechanical interactions with the surrounding cellular microenvironment. Thus, to properly
study cell physiology, mechanotransduction, and tissue morphogenesis in vitro, cells should be
cultured in model microenvironments that more precisely recapitulate critical mechanical and
biochemical cues present in the native ECM, while facilitating hierarchical processes such as

migration and tissue organization.

1.1.2 Hydrogels as 3D culture platforms
Over the past few decades, tissue engineers and cell biologists have begun to develop
material systems to culture mammalian cell within 3D ECM mimics to circumvent the

limitations posed by traditional 2D cell culture. To this end, cells have been encapsulated within
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microporous,>!" nanofibrous, and hydrogel scaffolds.”® Microporous scaffolds allow for
convenient encapsulation of cells, but they contain porosities (~ 100 pm) greater than the average
cell diameter (~ 10 um); thus, they effectively serve as 2D scaffolds with curvature. Nanofibrous
scaffolds provide a 3D topology that better mimics the architecture formed by fibrillar ECM

proteins; however, many are too weak to handle the stress needed for proper



mechanotransduction. These limitations are not found in hydrogels, which capture numerous
characteristics of the architecture and mechanics of the native cellular microenvironment.*'

Owing to their ability to simulate the nature of most soft tissues, hydrogels are a highly
attractive material for developing synthetic ECM analogs. These reticulated structure of
crosslinked polymer chains possess high water contents, facile transport of oxygen, nutrients and
waste, as well as realistic transport and/or binding of soluble factors.”> Furthermore, many
hydrogels can be formed under mild, cytocompatible conditions and are easily modified to
posses cell adhesion ligands, desired viscoelasticity, and degradability.”

Hydrogels used for cell culture can be formed from a vast array of natural and synthetic
materials, offering a broad spectrum of mechanical and chemical properties. For excellent
reviews of the materials and methods used for hydrogel synthesis see Lee and Mooney 2001 and
Peppas et al. 2006 and 2009.°**** At the simplest deconstruction, hydrogels are promoting of
cell function when formed from natural materials and permissive to cell function when formed

from synthetic materials (Figure 1.2).

o

Figure 1.2 Permissive and promoting hydrogels. Permissive hydrogels (a) composed of
synthetic polymers (yellow mesh) provide a 3D environment for culturing cells; however, they
fail to activate integrins (brown) and other surface receptors (orange). The synthetic
environment simply permits viability as cells remodel their surrounding microenvironment. On
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the other hand, promoting hydrogels (b) formed from naturally derived polymers present a
muriad of integrin-binding sites (green) and growth factors (red) coordinated to the ECM (yellow
fibers), which direct cell behavior through signaling cascades that are initiated by binding events
with cell surface receptors.

1.1.3 Permissive and promoting hydrogels

Natural gels for cell culture are typically formed of proteins and ECM components such
as collagen,26 fibrin,?’ hyaluronic acid,”™®* or Matrigel, as well as materials derived from other
biological sources such as chitosan,” alginate,’'** or silk fibrils.” Since they are derived from
natural sources, these gels are inherently biocompatible and bioactive.”* They also promote
many cellular functions due to the myriad of endogenous factors present, which can be
advantageous for the viability, proliferation, and development of many cell types. However,
such scaffolds are complex and often ill-defined, making it difficult to determine exactly which
signals are promoting cellular function.”> Furthermore, tuning their material properties such as
mechanics and biochemical presentation can be difficult; there is risk of contamination, they can
be degraded or contracted too quickly, and they possess an inherent batch-to-batch variability
that confounds the effect of the scaffold on cell proliferation, differentiation, and migration.

On the other hand, hydrogels can be formed of purely non-natural molecules such as
poly(ethylene glycol) (PEG),*® poly(vinyl alcohol),”” and poly(2-hydroxy ethyl methacrylate).*®
PEG hydrogels have been shown to maintain the viability of encapsulated cells and allow for
ECM deposition as they degrade,” demonstrating that synthetic gels can function as 3D cell
culture platforms even without integrin-binding ligands. Such inert gels are highly reproducible,
allow for facile tuning of mechanical properties, and are simply processed and manufactured.

However, they lack endogenous factors that promote cell behavior and act mainly as a template

to register cells in 3D and permit their function.”



These synthetic scaffolds offer a minimalist approach to the culture of mammalian cells
outside of the body and have been used for clinical applications, as well as for fundamental
studies of cell physiology.”” However, in order to properly mimic the native ECM, some of its

complexity must be integrated into these permissive hydrogel.

1.1.4 Native extracellular matrix

In vivo, cells grow within a complex and bioactive hydrogel scaffold that provides
mechanical support while directing cell adhesion, proliferation, differentiation, morphology, and
gene expression — the ECM. Functional scaffolds for three-dimensional culture that permit cell
growth while promoting function and tissue organization should emulate this prototypical
hydrogel*' on multiple length scales (Figure 1.3).

The ECM’s backbone — a complex artchitecture of structural, fibrous proteins such as
fibronectin, collagen, and laminin — provides the matrix’s mechanical properties. Cells sense
these mechanics through binding events between integrins on the cell surface and binding motifs
of the ECM proteins. Hydrated proteoglycans fill the interstitial voids of this backbone,
sequestering soluble biomolecules: growth factors, small integrin-binding glycoproteins
(SIBLINGS), and matricellular proteins. Cells dynamically restructure the microenvironment to
release signaling molecules, allow migration, or accommodate cell function via ECM-cleaving
proteins, such as metalloproteinases (MMPs), and the deposition of ECM components, both of
which are regulated by integrin-mediated signaling pathways.** This remodeling is necessary for
proper tissue homeostasis and becomes more pronounced in pathological and developing states.
Although ECM composition varies significantly from tissue to tissue within the organism,

understanding its general composition and how remodeling functions in development and wound



healing points to important design criteria for 3D cell culture platforms. For a complete review

of ECM remodeling see Daley et al. (2008).*

Figure 1.3 The native extracellular matrix. The native ECM is the prototypical hydrogel that
regulates cell function on many length scales. (A) Integrin-binding with ECM proteins (green
ligands and tan receptors), growth factor sequestration within proteoglycans (red), and cell-cell
contact via cadherins (purple) occur on the scale of tens of nanometers to microns. (B)
Migration, which is critical in tissue regeneration, cancer metastasis, and wound healing, initiates
on the scale of tens to hundreds of microns. Paracrine signaling that directs differentiation (pink
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growth factors) and proliferation (red growth factors) is also mediated on this length scale. (C)
Tissue homeostasis, development, and wound healing are regulated over hundreds of microns to
centimeters. Here, we illustrate neutrophils being recruited to the site of a wound in the
epithelium.
1.1.5 Design criteria

Developing bioactive hydrogels for 3D cell culture is an archetypal engineering problem,
requiring control of physical and chemical properties on length scales from microns to
centimeters and time scales from seconds to weeks. In order to develop a functional ECM
mimic, the gel’s mechanical properties, adhesive ligand and growth factor presentation, transport
and degradation kinetics must be tuned to the given culture’s needs a priori in a cytocompatible,

reliable, and cost effective fashion.”'*

Furthermore, these gels’ chemistries and their
degradation products cannot have a deleterious effect on encapsulated cells.

Traditionally, a scaffold’s mechanical and chemical properties are set during
encapsulation with little user- or cell-defined control post-fabrication. In order to truly mimic
the ECM, it is necessary to develop materials whose mechanical and chemical properties can be
tuned on the time and length scale of cell development, exogenously by the user, or
endogenously by the cells. Although scaffolds are designed to mimic the native ECM, the prime
culture conditions are not precisely known a priori, so the expression of one or more facets of
the gel can be altered to approach the proper conditions for a desired cellular response.

Ultimately, the goal is to rationally engineer biomaterial scaffolds that meld the benefits of

synthetic and natural gels to satisfy the required needs of a given culture system in a robust

scaffold.
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1.1.6 Bridging the gap
Recent work in scaffold engineering demonstrates that 3D synthetic microenvironments
can be designed to promote cell viability and direct cell adhesion,** differentiation,®

7 through the controlled presentation of mechanical and

proliferation,” and migration®
biochemical cues. Such instructive materials are bridging the gap between promoting and
permissive gels by incorporating biomimetic signals into synthetic materials that elicit desired
cell-gel interactions. These scaffolds can be tailored to the specific cell culture requirements and
design criteria and are providing novel and well-defined ECM mimics for controlled hypothesis
testing in cell biology and regenerative medicine.”

In vivo, the ECM provides a milieu of binding ligands for cell adhesion that connect a
cell’s cytoskeleton to the cellular microenvironment.” These ligands encourage integrin-binding
events that communicate the mechanics of the ECM to the cell and direct cell fate through
intracellular signaling pathways.* Thus, integrin-binding events play a critical role not only in
cell adhesion, but also in most cellular processes.”’ In the simplest case, these binding ligands
are recapitulated in synthetic hydrogels by physically entrapping ECM proteins, such as
collagen, laminin, or fibronectin, into the network. These large proteins provide binding
domains for integrin adhesion and have been shown to improve cell viability and function.”
However, entrapped proteins can denature, aggregate, introduce multiple binding motifs, and are
often heterogeneously distributed throughout the gel, all of which confound their effects.

Protein engineering has evolved such that we can identify active peptide sequences from
desired proteins and incorporate them into synthetic hydrogels.”> This allows the controlled
placement of specific binding domains onto an otherwise bioinert background™ to study the

interactions between adhesive peptide sequences, such as RGD and IKVAYV, and cell function.
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In PEG scaffolds the incorporation of pendant RGD — the known binding domain of fibronectin

3355 Purther, studies

— has been shown to increase viability and adhesion of encapsulated cells.
with RGD tethered to synthetic gels have indicated ideal clustering and ligand density for cell
spreading™® and migration.”” Novel polymerization mechanisms, such as photoinitiated thiol-
acrylate and thiol-ene chemistries,”*®" are now allowing facile incorporation of peptides within
routinely used synthetic gels.

Natively, the presentation of such binding domains is regulated spatially and temporally.
For example, during chondrogenesis fibronectin is downregulated within 7-12 days of hMSCs
differentiating to chondrocytes by upregulating the production of matrix metalloproteinase 13
(MMP-13), which cleaves fibronectin.®’ To mimic this temporal control, an RGD peptide
sequence that was susceptible to MMP-13 cleavage was built into a PEG gel so that hMSCs
could remove RGD, the fibronectin analog, as they would naturally. This successfully
upregulated chondrogenesis in the synthetic environment as the removal of fibronectin does in

. 45
vivo.

This is not a singular example of temporal presentation, and it is becoming increasingly
important to design sophisticated gel niches that afford temporal regulation of such instructive
cues.

Similar concepts can be extended to other functional peptide sequences. In the native
ECM, the delivery of chemokines, such as growth factors, to specific locations at specific times
is mediated by controlled storage and release.®> Like ECM proteins, growth factors can simply
be entrapped within hydrogel scaffolds and released upon network degradation, such that the
release is independent on diffusion and degradation rates.”> To replicate the natural harboring of

growth factors within the proteoglycans of the ECM, hydrogels have been synthesized that

incorporate heparin to associate proteins with the network that can subsequently be released.®*
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Improvements to this system have been made by covalently linking protein specific ligands to
the gel’s backbone.”” This work points to the need for gels that contain binding ligands that
selectively associate desired growth factors, present them in a more physiologically relevant
context, and release them based on cellular uptake. Furthermore, controlling the local
concentration of tethered peptide ligands creates spatial gradients in chemokine availability. In
vivo, multiple soluble factors act synergistically or antagonistically to render sophisticated
signaling regimes that direct tissue development and hoemostasis.'> To more closely recapitulate
these signaling domains, multiple functionalities need to be incorporated within the gel that
sequester and present several, orthogonal cues at desired time points.

Cell demanded release of growth factors has been achieved by encapsulating selected
proteins within gels that have MMP cleavable sequences in the backbone.”® Specifically,
Michael addition has been used to construct a network of end-functionalized PEG and thiol-
labeled MMP cleavable peptide sequences. Incorporating vascular endothelial growth factor
(VEGF) into this network induced vascularization as cells exposed VEGF by cleaving the MMP
susceptible peptide sequences.®® This cell-mediated release is a better mimic of native growth
factor sequestration and can be coupled with peptide binding systems for a more dynamic
system.

As biochemical techniques and new small molecule targets, such as micro RNAs
(mRNA), small interfering RNAs(siRNA), and RNA aptamers, are better understood, the
approaches that are used to deliver large soluble factors will need to be extended to present small
molecules that can assist in the precise regulation of gene expression within a 3D environment.

While these approaches mimic biochemical aspects of the ECM, synthetic hydrogels

often fail to capture the biophysical structure of the cellular microenvironment (e.g., the fibrillar
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structure of collagen and the potential for cellular remodeling of the ECM). To recreate the
native restructuring of the cellular microenvironment, it is often necessary to engineer
degradation into synthetic ECM analogs so that viable cells can deposit their own ECM,”
migrate,”” and undergo morphogenesis.”®  Synthetic hydrogels have been designed to
hydrolytically degrade by incorporating poly(lactic acid)® or poly(caprolactone)’ units into the
network backbone. In these scaffolds the initial number of hydrolytic bonds present dictates the
rate of degradation, but in general, the rate is on a slower time scale than normal cellular
processes. Michael addition and photoinitiated reactions of end-functionalized PEG and thiol-
labeled MMP cleavable peptide sequences can also be used to create synthetic hydrogels whose
degradation is cellularly driven’' and on a much shorter time scale. Increased production of
MMPs allows cells to remodel this synthetic environment, migrate, and deposit their own ECM
much like they do in vivo. Such systems that possess dynamic feedback between the
microenvironment’s structure and cell behavior will be extremely useful to study migration,
tumor morphogenesis, and cancer metastasis.

Even with degradable synthetic hydrogels, the networks’ subcellular processes porosities
can pose a barrier for cell migration, proliferation, and differentiation as well as for the proper
distribution of soluble factors. These networks often do not possess the fibrillar network
structure of the ECM protein backbone. To address this, scaffolds need to be devised that couple
robust self-assembly’® or nanofabrication techniques with degradable synthetic hydrogels to

better recreate critical aspects of the biomechanical structure of the native ECM.

1.1.7 Current directions

15



While advances in polymer chemistry are driving the evolution of sophisticated
synthetic-biologic gels, 3D culture of mammalian cells in such microenvironments is not without
challenges. First, oxygen availability requires special notice, since cells are less than 100 wm
from a high-oxygen source in metabolically active tissue.” Second, moving to the third
dimension exaggerates the heterogeneities present in the synthetic cellular microenvironment,
compared to 2D surfaces. In 3D scaffolds, gradients and defects can occur in material properties,
proteins can become diffusion limited leading to heterogeneous distributions, and oxygen and
nutrient gradients arise as the culture medium diffuses through the gel. Third, regulating the
distribution of soluble growth factors, which influence cellular differentiation and tissue
homeostasis, becomes more complicated within 3D networks as the distribution depends on the
bulk concentration in the media, diffusion within the gel, and cellular uptake. Finally, the
standard techniques for imaging and analyzing cell function and protein distribution are more
involved in the 3D environment. When working in a 3D network, cells have limited accessibility
for immunostaining or DNA. RNA extraction and secreted proteins can be difficult to extract
from the gels. Cell imaging is often complex as light scattering, refraction, and attenuation occur
in a 3D composite, cell-laden gel.

These challenges point to the need for sophisticated techniques, as well as sophisticated
hydrogel environments, to combine the ability for real-time biological analyses with real-time
manipulation of the material environment. The native ECM is far from static; therefore, to
facilitate complex cellular behavior ECM mimics must also be dynamic. To use these systems
for hypothesis testing, it is important to possess user-defined control over the spatiotemporal
presentation of integrin-binding ligands, growth factor release, and biomechanical properties

(Figure 1.4). The biomaterials field has provided the basis for dynamic scaffold fabrication and
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emerging work is offering user-defined control. As an example, click chemistries are being
exploited to encapsulate cells and attach adhesive ligands to the network post-fabrication’* while
photolabile chemistries are being used to spatially and temporally regulate the gel’s mechanical
and biochemical properties.”” Coupling these and other cytocompatible, bioorthogonal
chemistries will provide a template for testing cell-ECM interactions and mechanotransduction
in a defined, three-dimensional synthetic environment ex vivo. Finally, approaches to release
cells, proteins, and other biological molecules from their 3D material environments need to be
built into these platforms so that sophisticated biological assays can provide better insight into

the role of matrix interactions on cell function.

At;

1. MMPMcIeaves peptide 1. hv o attaches RGD(
crosslinkers 7% and cleaves crosslinker @s»

2. Cell secretes ECM 2. Enzyme cleaves
proteins ‘ peptide crosslinker @73

Figure 1.4 Synthetic-biologic hydrogels. Synthetic biologic hydrogels that incorporate several
well-defined and orthogonal chemistries serve as robust ECM mimics for 3D cell culture.
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Depending on the application, it may be advantageous to incorporate cell- or user-defined
regulation of the material properties to emulate the native dynamic environment. However, in
many cases, synthetic hydrogels that incorporate both cell- and user-defined chemistries will be
necessary. Here, we illustrate a cell cleaving MMP degradable crosslinks (yellow circles) that
allow it to access sequestered growth factors (red) and integrin-binding sites, such as RGD
(green circles). Ultimately, this cleavage allows cell motility and the deposition of ECM proteins
(orange fiber). User-defined chemistries, such as photodegradable crosslinks (blue ellipses) and
post-gelation attachment of RGD to the network backbone, afford facile control of the dynamic
biochemical and biophysical properties of the gel, thereby directing cell attachment and motility.
Further, exogenous application of enzymes (brown) can allow user-defined release of
sequestered growth factors.

When employing synthetic hydrogels as ECM mimics, it is necessary to understand the
cell’s native environment — how the cells interact with, remodel, and migrate through the ECM.
To garner biologically relevant conclusions from in vitro cell culture, critical matrix factors must
be recapitulated in a 3D environment. In cases of tissue development, it may be advantageous to
allow cells to dictate changes in their own environment much like they do in vivo; however, user-
defined control of the mechanical and biochemical properties can be advantageous to test
complex hypotheses about the effect of specific cell-ECM interactions in 3D tissue models
(Figure 1.4). The path to designing the ideal ECM mimic is dependent on the culture at hand,
but will likely require multiple, orthogonal chemistries. For instance, photolabile chemistries
can be used to erode regions of a gel and the newly exposed surfaces can subsequently be
painted with adhesive ligands to encourage cell adhesion and migration. More complex
scaffolds, formed of interpenetrating networks of cell- and user-controlled chemistries, will arise.
Ultimately, there is no single network that will mimic the complex ECM of every tissue type, but

rationally incorporating bioinspired cues into synthetic gels that can provide robust and diverse

scaffolds for many cell culture systems.

1.2 Poly(ethylene glycol) hydrogels for cell culture
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Synthetic hydrogels are a widely studied class of biomaterials for cell culture and
biomedical applications owing to their tissue-like properties, e.g., high water content, elasticity,
and transport of biomolecules, and their formation under mild, cytocompatible conditions.**’*"’
Traditionally, synthetic hydrogels are formed by chemically crosslinking bioinert polymers to
form reticulated and water-swollen networks. The chemical makeup of such gels is defined by
the polymer components and polymerization mechanism; therefore, these hydrogels can be
formed with predictable and reproducible properties. Further, the material properties can easily
be tuned by changing the polymer fraction and the chemistry of the hydrogel.

Research has focused on the synthesis and application of synthetic hydrogels formed
from an array of polymer building blocks, including poly(ethylene glycol) (PEG), poly(/V-
isopropylacrylamide) (PNIPAm), and poly(vinyl alcohol) (PVA). Amongst these chemistries,
PEG is the most common building block for defined, synthetic hydrogels for cell culture on
account of its hydrophilicity and resistance to protein adsorption. As such, cells have minimal
non-specific interactions with PEG-based hydrogels, which renders PEG as a blank slate,
permissive culture systems on or within which to study cell biology, pathophysiology, and tissue
regeneration.

Cytocompatible, PEG-based hydrogels have been formed through the chemical
crosslinking of several multi-functional PEG polymers. Specifically, tetrafunctional

. 9 .
%78 and vinyl sulfone’' or norbornene” terminated four-

(meth)acrylate terminated linear PEGs
arm PEGs have been used as crosslinkers to form synthetic hydrogels. There are different
polymerization mechanisms that can be employed to form crosslinked networks for these

macromers. For the (meth)acrylate terminated PEGs, insoluble networks are most commonly

formed via free-radical initiated chain polymerization. Chain polymerization results when an
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initiating species generates a reactive center, e.g., radical, anion, or cation, to which monomer
molecules add successively, with the regeneration of the reactive center and a sequential
elongation of the polymer chain with each addition.* When chain polymerization is conducted
in the presence of multifunctional (f > 3) macromolecular monomers, growing chains become
chemically linked by the multifunctional crosslinks creating the hydrogel network. Here,
functionality refers to the number of bonds a monomer can form with other reactive species
during the polymerization, i.e., an acrylate group is difunctional in a chain polymerization and
monofunctional in a step polymerization. Alternatively, vinyl sulfone or norbornene terminated
PEGs often form insoluble networks via step polymerization. In this reaction scheme, monomers
react through a one-to-one addition of complementary reactive groups, e.g., azides to alkynes,
vinyl sulfones to thiols, and norbornene to thiols. If the average functionality of the
complementary macromolecular monomers is greater than 2 in the precursor solution, an
insoluble network will form as the sequential reactions build up a larger and larger molecular
weight species and ultimately an infinite molecular weight gel.*’

Crosslinked hydrogels for biomedical applications have been formed traditionally
through the free-radical initiated chain polymerization of PEG-based, telechelic monomers.*® In
this manner, cell culture templates and drug delivery vehicles have been fabricated rapidly with
tunable material properties and have been functionalized with adhesion peptides and degradation
sites.”” However, radical initiated chain polymerizations are limited in that they are inhibited by
oxygen,” proceed with complex kinetics,” can be damaging to nucleic acids and proteins,***
and inherently introduce inhomogeneities into the network structure as dense regions of kinetic

85,86

chains are linked by hydrophilic polymers (Figure 1.5). These inhomogeneities in the

network structure compromise the material integrity as stress is focused on weak portions of the
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gel, reducing the macroscopic integrity of the hydrogel.*”” Furthermore, hydrogels formed by

chain polymerization degrade with heterogeneous by-products.
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Figure 1.5 Chain and step polymerized hydrogels. (A) Hydrogels formed by a radical
initiated chain polymerization are comprised of networks with heterogeneous structure of dense
kinetic chains (yellow) connected by crosslinking polymers (blue). (B) Hydrogels formed by
step polymerization, in this case of a tetrafunctional monomer (red) with a difunctional monomer
(blue), form a more homogeneous network with increased cooperativity between elastically
active network strands.

Recent work has focused on the formation of crosslinked hydrogels with ideal,
homogeneous microstructures to improve network cooperativity and increase mechanical

integrity (Figure 1.5).°"*

This has been achieved through the step polymerization of
complementary, end-terminated polymers. Originally, Hubbell ef al. demonstrated the formation
of step polymerized hydrogels by crosslinking thiol and electron-poor, vinyl functionalized PEG-

71,89

based monomers for drug delivery and cell encapsulation. This paradigm has been extended

to fabricate gels through the copper-catalyzed, Huisgen azide-alkyne coupling of functionalized

88,90,91
PEG-based co-monomers,

the coupling of propylamine terminated PEG with succinimidyl
glutarate terminated PEG,” and the photoinitiated thiol-ene coupling of norbornene
functionalized PEG with di-thiol peptides.” Uniquely, Deforest e al. demonstrated the
formation of step polymerized hydrogels through the copper-free strain promoted azide alkyne

cycloaddition (SPAAC), forming hydrogels in a bio-orthogonal and cytocompatible manner.”

Seminal mechanical analyses of step polymerized gels have found that these networks possess
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increased tensile extension®®"?

as compared to chain polymerized analogs, while SANS data
have demonstrated that these networks, although still not perfectly ideal, possess fewer
heterogeneities in the network structure.

Despite the prevalence of hydrogels in the biomedical and materials sciences, the manner
by which the crosslinking mechanism and resultant microarchitecture of the hydrogel influences
the macroscopic properties, e.g., strength, toughness, and degradation, is still not fully

elucidated. = A better understanding of the structure-function relationship in hydrogel

performance would enable improved rational design of materials for targeted applications.

1.3 Hydrogel material properties

Beyond the chemical composition and reaction mechanism that forms the hydrogel,
several other hydrogel properties are important, such as modulus, swelling ratio, mesh size, and
degradability. As illustrated by seminal studies in the field of polymer chemistry and polymer
physics,” nearly all material properties of a particular hydrogel chemistry can be related to the
number density of elastically active network chains or the crosslinking density, px - the number
of elastically active chains in a given volume, of the material. The volumetric swelling ratio, O —
the ratio of swollen gel volume to dry volume — scales as O ~ py~° for highly swollen

materials.”>"*

The storage modulus of hydrogels, often measured in a shear geometry and
reported as the shear storage modulus G', is related to p, based on rubber elasticity theory”:

G'= RTp,Q™'/3
where R is the universal gas constant and T is the temperature. Thus, G' ~ p,*°, which has been

experimentally verified for PEG hydrogels.”®”” The mesh size of the hydrogel, €, which dictates

the diffusivity of molecules through the material, is related to px through the Flory-Rehner
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equation and rubber elasticity theory, & ~ p,*>.%>

Therefore, by tuning the precursor solution
and gelation conditions, it is possible to modulate initial hydrogel properties; however, this offers
little control over property evolution in time.

Degradation is commonly employed in hydrogel systems to modulate crosslinking
density locally and in real-time in order to tune material properties. Classically, hydrolytically
and enzymatically labile moieties were polymerized into the network backbone, which would
cleave upon exposure to appropriate environmental stimuli breaking elastically active network
strands in the gel and, ultimately, causing mass loss.” In this thesis, degradation refers to the
cleavage of individual bonds within the hydrogel backbone, and mass loss refers to the removal
of material from the network. Reverse gelation refers to the point when a sufficient fraction of
network bonds have been cleaved locally, such that an infinite molecular weight gel no longer
exists and instead the network transitions to highly branched, soluble polymer chains. To
understand how degradation relates to changes in crosslinking density and material properties,
statistical-kinetic models of hydrogel degradation have been developed.'”'" In brief, these
statistical-kinetic models are based on an understanding of the kinetics of the degradation
reaction, which is then used to calculate the probability that a given bond is cleaved using a
mean-field approach. Given the probability of cleavage of a given bond, network connectivity
and statistics can be combined to predict the loss of a given species from the network and,
finally, to predict reverse gelation in these systems. While these approaches offer predictable
and precise control over material properties in time, there is little user-defined control over
property evolution, and there remains a need for chemistries that enable experimenter control

degradation and property evolution.
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1.4 Photoreactions for dynamic control of hydrogel properties

Light is an unprecedented chemical reagent as it enables the user to dictate where and
when reaction is to occur, as well as the extent of reaction through controlled delivery of light.'”
Photoreactions have long been employed for hydrogel fabrication with the advantage that
photoinitiated polymerization of hydrogels offers control over the spatial and temporal evolution
of material properties. Further, photopolymerizations can be executed with both chain® and
step”” polymerized hydrogels and formed in vivo for biomedical applications. In these systems,
the macromolecular monomer precursor solution contains a photoactive initiator species, e.g.,
Irgacure 2959, Irgacure 651, or lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), that
cleaves into an active center, often a radical, which initiates the polymerization for network

formation. The kinetics of photoinitiation, on which the rate of polymerization depends, is given

as follows:

_ 2.303[PI]peflpA
LT N, /ic

where [PI] is the concentration of photoinitiator; ¢ is the quantum yield of the photoinitiator; € is
the molar absorptivity of the photoinitiator at the wavelength of the initiating light; f is the
efficiency of the photoinitiator; Iy is the intensity of incident irradiation; A is the wavelength of
irradiation; N is Avogadro’s Number; /4 is the Planck Constant; and c is the speed of light.
Thus, the rate of initiation, as is true in all photochemical reactions, depends on the photoactive
molecule concentration, the molar absorptivity of the photoactive molecule, the photophysical
properties of the photoactive species, and the intensity of incident irradiation. As such, these
reactions can become limited by attenuation of light, as the molecule inherently absorbs the

wavelength of interest, and create subsequent gradients in reaction rates.
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To extend the utility of photoinitiated reactions beyond network formation, research has
focused on the patterning of biochemical functionality into hydrogels for cell culture applications
using photochemical reactions. Biochemical functionality can be introduced easily by
incorporating small molecule peptides, short chains of amino acid residues linked together by
amide bonds that recapitulate binding functionality of proteins, into the polymer backbone.

104 West et al.

While peptides are most commonly incorporated into hydrogels during formation,
demonstrated that classic photopolymerization techniques can be exploited to dynamically
introduce biochemical functionality into a PEG diacrylate hydrogel network.**'® Here, a
functionalized peptide, Acryl-PEG-RGD, and a photoinitiator, Irgacure 2959, were swollen into
the hydrogel and focused laser light was exploited to initiate reaction locally and concomitantly
gel functionalization (Figure 1.6a). Shoichet et al. developed an alternative approach to
dynamically pattern hydrogels using light post-fabrication.'” In this approach, caged thiols were
exposed by light in defined regions of the gel with two-photon laser irradiation and maleimide-
terminated RGD was subsequently attached to the free thiols (Figure 1.6b). Anseth et al.
exploited photoinitiated thiol-ene photopolymerizations to immobilize thiol-functionalized

peptides in PEG based hydrogels.”**'"

In this work, thiol-functionalized peptides and
photoinitiators were swelled into the gels and reacted to pendant vinyl groups via collimated or
focused light exposure (Figure 1.6¢). Studies have also extended these paradigms to pattern full

proteins into hydrogels using photochemical techniques (Figure 1.6d).'"
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Figure 1.6 Photochemical patterning in hydrogels. (a) Fluorescently-labeled, acrylated RGD
was swollen into a preformed PEGDA gel and selectively coupled within the network via
photopolymerization. In this manner, fibroblast migration was confined to regions of a gel that
was patterned with RGD (blue = cell nuclei; red = cell actin; green = RGD).** (b)
Photodeprotection of thiols was employed to selectively couple maleimide-functionalized
peptides to hydrogel. Here, the outgrowth of dorsal root ganglia cells was confined to adhesively
patterned regions of the gel (green = patterned peptide; red = dorsal root ganglia cells).'” (¢) A
similar approach coupled fluorescently-labeled peptides to a hydrogel network through
photoinitiated thiol-ene chemistry. This afforded the sequential addition of multiple biochemical
signals with spatial and temporal control.” (d) Recent work has demonstrated the photoaddition
of multiple full-length proteins in three-dimensional hydrogels using photodeprotection of thiols
and maleimide-funcationalized molecules that capture proteins orthogonally.'® Scale bars = 100
um.

Recent work has focused on using similar photoreaction modalities to alter the
biophysical parameters of hydrogels, such as modulus, swelling content, and diffusivity,
dynamically in time. As described above, the physical parameters of a hydrogel all relate to the

crosslinking density of that material. Therefore, efforts have focused on tuning gel connectivity
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with light to achieve spatial and temporal control over hydrogel properties. Similar to the work
with photopatterned peptides, West ef al. have employed photoinitiated radical polymerization to
increase the crosslinking density, and thus modulus, locally in PEG diacrylate hydrogels.'” PEG
diacrylate and photoinitiator were swollen into the hydrogel and subsequently reacted to pendant
acrylate functionalities on the network backbone to locally increase network connectivity and
modulus while decreasing diffusivity. In a similar approach, Burdick ef al. employed hyaluronic
acid based hydrogels that contained pendant acrylate functionalities that were subsequently

photopolymerized to locally increase network connectivity (Figure 1.7).'%'!!

A +Photo B Pattern
XX XXXXX’ -Photo

Figure 1.7 Photochemical patterning of hydrogel mechanics. (a) Sequential crosslinking
reactions have been employed to photochemically alter the mechanics of a hydrogel. Here, a
Michael-addition between dithiol peptides and methacrylated-hyaluronic acid is used to form a
gel, which can undergo secondary photochemical crosslinking through unreacted methacrylate
groups. In this experiment, cell spreading was prohibited in regions where the gel density was
increased via photopolymerization.'” (b) Further, this technique was extended to spatially
pattern the mechanics of a hydrogel for cell culture, whereby cell spreading was similarly
restricted to regions of lower gel density (red = photocrosslinked gel; green = cells).''* Scale
bars, 100 um.

These examples and others demonstrate that increasing network connectivity can be

achieved via photopatterning techniques, but as discussed above there is also an interest in
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decreasing network connectivity with time. This has traditionally been achieved through
degradation of bonds within the network backbone that decreases network connectivity and can
ultimately lead to mass loss and reverse gelation. Degradation is most often achieved through
the wuse of hydrolytically or enzymatically susceptible bonds within the network
backbone. 7047268112120 Hawever, these techniques do not take advantage of the spatial
and temporal control that is facilitated by the use of photochemical reactions and limit the user’s
control over physical properties of hydrogels.

The use of light to degrade hydrogel materials in sifu and in a controlled manner was first
introduced by Russell et al. and Leblanc et al. through the photoreversible dimerization of

2L122 1 these systems, dimerization forms

nitrocinnamate- or anthracene-terminated polymers.
bonds with 365 nm light, which can subsequently be degraded with 254 nm light; however, the
254 nm light is cytotoxic, constraining the use of these materials to non-biologic applications,
and complete network erosion was not observed. More recently, systems have been introduced
that generate photodegradable hydrogels capable of undergoing reverse gelation in response to

PH09LIZ T These systems exploit the cytocompatible

cytocompatible irradiation conditions.
photocleavage of o-nitrobenzyl ether (NBE) moieties to break elastically active network chains
in the hydrogel backbone to alter connectivity and network properties in a controlled fashion.
Unlike previously studied photolabile functionalities, the NBE moieties degrade in response to
cytocompatible irradiation, e.g., one-photon: A ~ 320-436 nm and two-photon: A ~ 740 nm.
When the moiety absorbs appropriate photons, it can enter a photochemically-excited state and

undergo an irreversible rearrangement to form an nitroso- and an acid- terminated byproduct

(Figure 1.8)."**
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Figure 1.8 Proposed mechanism of o-nitrobenzyl ether photocleavage. When an o-
nitrobenzyl ether moiety is photoexcited, it forms an intermediate five-member ring via proton
exchange that can result in molecular scission. This results in the release of X, which is typically
terminated in a carboxylic acid or amine functionality. Figure adapted from Li et al.'**

Further, this molecule has been used in biologic applications to cleave peptides from solid

125-127 8 129,130

supports, to active caged molecules,'”® and to control cell adhesion dynamically.

Work with NBE moiety based photodegradable hydrogels has investigated the cellular response

to dynamic changes in gel geometry and modulus.”>'*"!

1.5 Research summary

This thesis aims to develop photodegradable hydrogels based on o-nitrobenzyl ether
(NBE) functionalized PEG polymers via chain and step polymerization to understand how
network connectivity and material properties can be tuned with light, as well as to control the
physical and biochemical nature of the cellular microenvironment with 3D control and in real-
time (Figure 1.9). Toward this goal, Chapter II describes the four main objectives of this thesis
work: develop a fundamental and quantifiable understanding of light-induced property changes
in photodegradable hydrogels, apply these alterations in gel structure to investigate the cellular
response to dynamic mechanical signals, exploit these materials to release trophic factors to cells
with spatial and temporal control, and engineer unique materials for the culture an capture of
mammalian cells that enable subsequent cell release. In Chapter III, a detailed protocol of the
synthesis of NBE functionalized monomers and polymers is presented along with a description

of hydrogel fabrication via chain polymerization, characterization, and mammalian cell culture
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with PEG based photodegradable hydrogels. In Chapter IV, a statistical-kinetic model of
photodegradation is developed to describe quantitative changes in network connectivity and
material properties based on irradiation, demonstrating the physical understanding of
photodegradation and the control that this affords. In Chapter V, chemically similar, chain
polymerized and step polymerized photodegradable hydrogels are fabricated to investigate the
effects of initial network connectivity on mechanical integrity and photodegradation. The
statistical-kinetic model of photodegradation is applied to both systems, demonstrating an
understanding of the physical mechanisms that result in degradation and reverse gelation for the
disparate systems. Chapters VI-VIII illustrate applications of chain polymerized,
photodegradable hydrogels to investigate human mesenchymal stem cell (hMSC) response to
dynamic changes in the physical nature of the cellular microenvironment. Specifically, gradients
in elasticity in the z-dimension are introduced to study cell spreading and morphology as a
function of network density (Chapter VI); two-photon irradiation induced erosion is employed to
study the dynamic cell response to changes in local adhesivity of hydrogel surfaces (Chapter
VII); and dynamic changes in substrate elasticity is used to study the differentiation plasticity of
hMSCs in response to mechanical signals (Chapter VIII). Chapter IX exploits the rapid erosion
of step polymerized, photodegradable hydrogels to release proteins during cell culture. Namely,
microspheres are fabricated to release nanoliter volumes of trophic factors in the presence of
cells with spatial and temporal control (Chapter IX). Chapters X-XI demonstrate the ability to
engineer unique materials based on the quantitative understanding of light-induced property
changes in photoresponsive hydrogels. In Chapter X, enzyme-responsive, photodegradable gels
are exploited as three-dimensional culture templates for the defined culture, recovery, and

analysis of stem cell populations (Chapter X). In Chapter XI, the characterization and
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understanding of photodegradation is exploited to generate thin film hydrogels for the selective
capture and release of circulating tumor cells as a cancer diagnostic tool. Finally, Chapter XII
summarizes the progress in the development and application of photorespsonsive hydrogels from
this thesis work and presents future avenues for the utilization of these materials in biomedical
applications.

Spatiotemporal control of the cell microenvironment

4 )
Overall goal:

Synthesize chain polymerized and step polymer-
ized photodegradable hydrogels and to develop a
fundamental and quantifiable understanding of of
light-induced property changes on the structure
and function of photodegradable gels.

Chapters Il - V

e

e ™ 4 A 4 A
Modify the mechanics of

the cell micrenvrionment

- Gradients in elasticity
in 3D environments

- Dynamic alterations in
subcellular adhesivity

- Modulus variation to
probe stem cell plasticity

Deliver trophic factors in
the presence of cells

- Fabricate protein-
laden microspheres

- Release entrapped
factors to cell with spa-
tial and temporal control

Engineer unique cell
releasable hydrogels

- Develop a platform to
culture and recover
mammalian cells

- Design a device to
capture and release
cells under flow

Chapter IX
Chapters VI -VIII Chapter X-XI
\_ J g J \ J

Figure 1.9 Photodegradable hydrogels for spatiotemporal control of the cell
microenvironment thesis organization. This thesis focuses on the development of
photodegradable hydrogels that enable user-defined control over the mechanics and biochemical
nature of the cell microenvironment. The general approach is to develop a fundamental and
quantifiable understanding of light-induced property changes on the structure and function of
photodegradable gels through characterization and modeling.  Using this knowledge,
photodegradable hydrogels will be employed to probe the cellular response to dynamic
mechanical signals, to direct and assay cell function through the spatiotemporally controlled
release of trophic factors, and to engineer unique materials for the culture and capture of
mammalian cells that enable subsequent cell release.
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CHAPTERII

THESIS OBJECTIVES

2.1 Overview

Hydrogels are increasingly employed as materials in microfabricated devices,' as
vehicles for drug delivery,™ as well as mimics of the extracellular matrix for defined cell
culture.*” For proper culture of mammalian cells, sophisticated control over hydrogel properties
in both three-dimensional (3D) space and time is often required to understand the complex and
dynamic relationship between the biochemical and mechanical properties of the extracellular
matrix and cell function.® Specifically, four-dimensional (4D, 3D space and time) control of
hydrogel properties is hypothesized to facilitate proper morphogenesis of tissue structures in
vitro and in vivo and to enable investigation of dynamic physiology and pathophysiology.
Several hydrogel systems have been developed that afford dynamic control over material
properties in the presence of cells through hydrolytic”® or enzymatic’'' degradation. In these
systems, property control is either pre-defined or cellularly dictated, which limits full 4D control
of gel properties. As such, advancements and improvements in cell culture matrices are needed
to present both physical and biochemical signals dynamically to understand which signals are
critical to recapitulate for regenerative medicine applications and to better understand biological

systems.
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Photoresponsive materials have recently emerged that exploit the unique properties of
light as a chemical reagent to initiate property changes wherever and whenever light is
delivered."”" Specifically, photochemical reactions have enabled the fabrication of materials in
the presence of cells with spatial and temporal control'' and subsequent modification.'® Thus,
the overall goal of this thesis research is to develop and characterize photoresponsive hydrogels
whose properties can be tuned with light and to employ this platform to investigate the influence
of dynamic signals from the extracellular matrix on cell function.

Specifically, this thesis focuses on the fabrication of photoresponsive hydrogels from a
macromolecular precursor that contains o-nitrobenzyl ether moieties, which can undergo an
irreversible cleavage upon exposure to appropriate wavelengths of light. We hypothesize that
these hydrogel materials will enable well-defined and precise control over hydrogel properties
exogenously in both 3D space and time. Further, we hypothesize that these hydrogels will allow
dynamic changes in the extracellular environment on which cells are cultured and enable unique
experiments to investigate how cells respond to spatiotemporally varying signals in their
microenvironment. The approach of this thesis is to develop a fundamental and quantifiable
understanding of how light-induced changes control the structure and function of hydrogel cell
culture matrices through both experimental characterization and modeling. From this detailed
understanding, we then seek to make predictable and defined changes in the cellular
microenvironment to gain unique insight as to how cells sense these extracellular changes and
how this influences some of their key functional properties.

With this approach in mind and to test these hypotheses, the specific objectives of this

thesis research are to
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1. Synthesize both chain and step polymerized hydrogels using a divinyl, poly(ethylene
glycol)-based, photodegradable crosslinker. Experimentally measure light-induced
property changes and compare these data to a statistical-kinetic model of
photodegradation;

2. Explore the relationship between dynamic changes in material mechanics and human
mesenchymal stem cell function in both 2D and 3D culture;

3. Exploit the rapidly eroding, step polymerized, photodegradable hydrogels to deliver
trophic factors to cells during culture; and

4. Harness the well-defined and spatially precise degradation of photodegradable
hydrogels for the selective culture or capture and subsequent release of individual
mammalian cells.

The in vivo cellular microenvironment is a complex and dynamic milieu of physical and
chemical signals, e.g., cell-matrix interactions, cell-cell junctions, and growth factor gradients,
that ultimately direct cell functions, such as proliferation, migration, differentiation, and
extracellular matrix remodeling.* To enable biologically-relevant assessment of cell physiology
and pathophysiology in vitro, it is critical that cell culture systems recapitulate this dynamic
presentation of cues that occurs in the native extracellular matrix. Especially enabling are
materials that allow user-defined, real-time changes in the physical and chemical properties of a
cell culture platform in both 3D space and time to study precisely the influence of individual
cues on cell function.

Toward the development of materials with real-time, user-defined and quantifiable
changes in properties, photodegradable hydrogels and their precursors are synthesized (Objective

1, Chapter III and V). A diacrylate, PEG-based, photodegradable crosslinking monomer, which
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includes the photolabile moiety o-nitrobenzyl ether, is synthesized from which photodegradable
hydrogels are created via redox-initiated free radical polymerization or Michael-addition
polymerization. To fully characterize and understand the photo- and polymer physics that enable
degradation of these networks, photodegradable hydrogels are irradiated with UV or visible light
and a statistical-kinetic model of photodegradation is developed to compare with experimental
results (Chapter IV).

Spatial and temporal control over the physical structure of chain polymerized hydrogels
is demonstrated with both one-photon and two-photon irradiation and employed to investigate
cellular responses to dynamic changes in the mechanics and geometry of the extracellular matrix
(Objective 2, Chapters VI-VIII). To achieve this, we exploit the quantifiable changes in
photodegradable gels afforded by the characterization in Chapters III-V to introduce defined
signals during cell culture. The ability to generate gradients in modulus in the z-dimension of
photodegradable hydrogels is used to investigate the influence of polymer density on 3D cell
spreading and morphology (Chapter VI). Focused, two-photon irradiation of photodegradable
hydrogels is employed to study cytoskeletal remodeling in response to dynamic changes in cell
adhesion at the subcellular scale (Chapter VII). Dynamic alterations to substrate modulus are
utilized to investigate mechanotransduction and differentiation plasticity of human mesenchymal
stem cells in 2D (Chapter VIII).

The rapid erosion of step polymerized, photodegradable hydrogels is demonstrated and
employed to release trophic factors on-demand and with spatiotemporal control to modulate the
biochemical cellular microenvironment (Objective 3, Chapters 1X). The step polymerized
hydrogel formulation is processed uniquely into microspheres to entrap factors that can

subsequently be released to cells at defined locations and points in time (Chapter IX). This
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methodology is employed to both stimulate cell function through the release of TGF-$1 and
assay cell function through the release of Annexin V. Further, the release of factors is presented
in both 2D and 3D cultures with full spatial control. Future work is exploring the use of these
photodegradable microspheres to direct chemotaxis with released chemokines and neural
precursor differentiation with released growth factors.

Based on a better understanding and characterization of photodegradable hydrogels, we
engineer systems for the selective culture or capture of mammalian cells that enable their
subsequent release (Objective 4, Chapter X-XI). Specifically, a step polymerized hydrogel is
rationally engineered that is both enzymatically and photolytically degradable to enable three-
dimensional culture and recovery of adult stem cells and neuronal precursor cells (Chapter X).
Uniquely, this culture platform enables capture and further analyses of cells that is difficult, if
not impossible, to achieve in traditional, synthetic, three-dimensional culture platforms. See
comment above.. Similarly, a microfluidic system is developed from the chain polymerized,
photodegradable gels for the selective capture and release of mammalian cells (Objective 4,
Chapter XI). Thin-films of antibody-functionalized, photodegradable hydrogel are
photopolymerized in microfluidic channels, which enables cell suspensions to flow over the
surface of the gel and be captured selectively based on antibody-surface receptor interactions.
Since the gel is photodegradable, the attached cells can be released individually or collectively as
groups, owing to the spatial control over gel degradation afforded by light exposure. Finally,

future directions and broader implications of these studies are discussed (Chapter XII).
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CHAPTER 111

SYNTHESIS OF PHOTODEGRADABLE HYDROGELS AS
DYNAMICALLY TUNABLE MATERIALS FOR 2D AND 3D CELL
CULTURE

As published in Nature Protocols, 5, 1867-1887 (2010)

3.1 Abstract

We describe a facile procedure to create photolabile, poly(ethylene glycol)-based (PEG)
hydrogels and manipulate material properties in situ. The cytocompatible chemistry and
degradation process enable dynamic, tunable changes during 2D or 3D cell culture. The
materials are created by synthesizing an o-nitrobenzyl ether-based photodegradable monomer
that can be coupled to primary amines. Here, we provide coupling procedures to PEG-bis-amine
to form a photodegradable crosslinker or to the fibronectin-derived peptide RGDS to form a
photoreleasable tether. Hydrogels are synthesized with the photodegradable crosslinker in the
presence or absence of cells. Cell-material interactions can be probed in 2D and 3D, and by
spatiotemporally controlling the gel microenvironment, unique experiments can be performed to
monitor cell response to changes in their niche. Degradation can be readily achieved with
cytocompatible wavelengths with low intensity flood irradiation (365 to 420 nm) in minutes or

with high-intensity laser irradiation (405 nm) in seconds.

3.2 Introduction
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3.2.1 Background

Physiological processes are guided by interactions between cells and their extracellular
matrix, and this understanding has led to a growing interest in the development of material
systems for improved 3D cell culture. In particular, hydrogel systems based on both protein
components (e.g., collagen and Matrigel) and highly-tunable synthetic chemistries (e.g., PEG)
have evolved to address some of these needs'™. However, as advances in real-time tracking of
dynamic cellular functions have emerged*®, complementary approaches to alter the surrounding
extracellular environment in a user-defined and highly-controlled fashion are extremely limited.
Such materials systems would have the potential to significantly improve our understanding of
how cells receive information from their microenvironment and the role that these dynamic
processes may play in biological questions ranging from directing stem cell differentiation® > to
understanding cancer metastasis® ’. To realize this need for dynamically tunable culture systems,
we recently developed an approach for in situ hydrogel property manipulation with light,
allowing intimate control of a cell’s microenvironment in both time and space®. These
photoactive hydrogels afford unique user-defined manipulation of the biochemical and
biomechanical nature of the extracellular microenvironment. The application of these
photochemically tunable 3D cell culture materials is of growing interest to a diverse audience of
scientists and engineers” '°. The goal of this manuscript is to provide facile protocols that make
synthesis of these photolabile gels and related degradation techniques simple and accessible.
This contribution includes a step-by-step protocol for synthesis of the photolabile group and
photolabile monomer, which can be easily coupled to any primary amine-containing molecule.
Subsequently, we provide the sequential protocol for synthesis of a photodegradable, PEG-based

crosslinking monomer and photoreleasable peptide tether, allowing the synthesis and
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manipulation of hydrogel crosslinking density/modulus or peptide presentation, respectively,
during 2D and 3D cell culture. Lastly, we provide detailed gel synthesis and degradation
protocols, focusing on the manipulation of gel structure with photolithography or focused 405
nm light and subsequent verification of structural changes with a confocal microscope. While
protocols for synthesizing the photolabile group for solid phase peptide synthesis or functional

group (un)caging are available in the literature'' ™"

, these protocols do not cover the details of
synthesizing and degrading photolabile monomers and gels in the presence of cells. This
manuscript provides a universal protocol for synthesizing photolabile gels from the ground up,

and our goal is to facilitate the translation of these systems for a broad range of cell culture

applications.

3.2.2 Development of the protocol

This synthetic protocol for synthesis and degradation of photolabile hydrogels under
cytocompatible conditions was developed for precisely controlling the presentation of
biophysical or biochemical cues within a cell’s microenvironment®. The photolabile group, ethyl
4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid, was selected as the degradable
unit because of its previous use in live cell cultures.'* Further, this moiety degrades in response

to long-wave UV light (> 365 nm), visible (up to 420 nm), and two-photon irradiation, all of

12, 15

which are cytocompatible © *°. Similar nitrobenzyl photolabile molecules have been used in a

number of different applications.'" '® These applications are growing and include the (un)caging
pp pp g g

18, 19 20, 21

of proteins'’, reactive groups within hydrogels'® '°, or adhesive ligands on culture plates to

promote cell signaling, process extension, or control cell attachment, respectively; controlled

degradation of hydrophobic, step-growth polymer networks™ **; release of PEG from surfaces to
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modulate cell attachment®; and in situ tuning of poly(acrylamide) gel modulus during 2D cell
culture”. Recent work from our group® demonstrates how this photolabile group can be
incorporated within water-soluble macromolecular monomers to create a versatile platform that
allows manipulation of the gel’s physical or biochemical properties in 2D*® and 3D* *'. To
generate these photolabile hydrogels, a reactive monomer was synthesized from the o-
nitrobenzylether-based photolabile group and coupled to PEG-bis-amine to create a
photodegradable crosslinking monomer or to a cell adhesion peptide sequence, RGDS, to create
photoreleasable pendant functional groups®. Using either the photodegradable crosslinker or the
biofunctional monomer, an adaptable culture system can be fabricated that offers simultaneous

manipulation and monitoring of cell-material interactions in either two or three dimensions.

3.2.3 Applications of the method

To date, these synthetic approaches have been used to create photolabile hydrogels based
on poly(ethylene glycol) with or without pendant peptide functionalities. However, the
chemistry is quite diverse and could be easily coupled with other macromolecules to make
densely or loosely crosslinked networks, neutral or polyelectrolyte gels, or even more
hydrophobic or hydrophilic material systems, to achieve a broad range of properties. Beyond
peptides, functional gels containing other small molecules, proteins, or biological signals could
be readily envisioned. Further, by varying the polymerization mechanism, materials could be
designed with controlled structures, surface functionalization, or gradient properties. Because
care was taken in the design of the monomer chemistry to insure cytocompatibility, we focus our
discussion on how this protocol can be used for the creation of photodegradable or

photoreleasing hydrogels for cell culture and discuss how it might be exploited to answer a
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diverse array of biological questions.

As cell culture systems, the photodegradable hydrogels presented in this protocol can be
used for the real-time manipulation and monitoring of single and/or multiple cells. We have
applied these photolabile hydrogels to (i) probe the influence of microenvironment modulus and
dynamic changes in stiffness on cell differentiation, (7i) investigate how matrix density
influences cell morphology and process extension, and (iii) examine how the temporal
presentation of ligands in a stem cell niche influences cell differentiation. There is a growing
appreciation of the role of a cell’s microenvironmental context in dictating how cells respond to
biological cues (e.g., soluble growth factors). For example, substrate modulus has been shown to

28, 29

influence cell differentiation and migration®’, but in general, these materials have had static

properties and less is known about how a cell would respond to dynamic changes™ *"** in its
microenvironment. Photodegradable hydrogels afford spatiotemporal control of modulus during
2D and 3D cell culture (Figure 3.1a) and present the opportunity to conduct unique experiments.
For example, valve fibroblasts were shown to activate into a wound healing phenotype on high
modulus substrates, and subsequently, deactivate if the substrate modulus was lowered via
photodegradation to make it soft.*® This finding provides unique insight into the broader issue of
fibrosis, and demonstrates how these novel material systems allow a better understanding of
factors (e.g., matrix stiffness) that may be used to reverse myofibroblast activation and
potentially disease progression.

The ability to spatially and temporally regulate the hydrogel’s crosslinking density and
modulus allows one to explore many basic questions, including how cell morphology changes in

response to the local polymer density or how cells sense local changes or gradients in modulus

and migrate. Such information could beneficial to those seeking to expand or direct the
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differentiation of stem cells, understand mechanisms of migration or metastasis, or even
regenerate tissues. For example, human mesenchymal stem cell morphology and spreading have
been controlled in 3D via controlled gel photodegradation and spatially-specific crosslinking
density manipulation®’. This strategy could be expanded to examine the effect of crosslinking
density and modulus on more complex cell functions such as differentiation, process extension
and signaling, and migration in 3D. Additionally, advanced patterning techniques can be used to
degrade micron-scale voids or channels around, between, or under cells for directing cell process
extension, migration, or detachment (Figure 3.1b), and the resulting cell response can be imaged
in real time. Triggering and monitoring a change in a specific cell-material interaction is
particularly important for understanding and controlling signals within the stem cell niche (e.g.,
the role of structure and modulus in directing cell fate via mechanotransduction).

Cell adhesion within the microenvironment might also be probed by controlled peptide
presentation using photoreleasable tethers for introduction, as well as removal of biochemical
cues (Figure 3.1a). In particular, hMSC adhesion and chondrogenic differentiation were
regulated within degradable PEG hydrogels when RGDS was temporally released at an
appropriate time during 3D culture®. Such approaches can prove quite valuable for in situ
regulation of cell adhesion in 2D or 3D. In general, we believe that these photolabile hydrogels
will prove especially useful for testing hypotheses about the role of the cell environment in
directing cell function. In addition to controlled presentation of peptides, this protocol can be
used to create hydrogels that precisely release entrapped proteins via photodegradation® or
cleavage of a photoreleasable tether, as has been done previously with hydrolytically®* or
enzymatically” materials. The advantage here is the spatiotemporal control afforded by light-

based degradation, which can be used to screen the effect of different release rates on biological
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function in vitro or tuning release rates in situ.

a

light

P & || Peg

Figure 3.1 Photolabile hydrogels for cell culture. Recent work has emphasized the importance
of cues from the extracellular matrix in directing cell function. Namely, the elasticity, adhesive
context, geometry, and biochemical nature of the cellular microenvironment have been shown to
direct cell migration, differentiation, and fate. Photolabile hydrogels are a dynamic class of cell
culture materials that can be exploited to precisely and predictably alter the cellular
microenvironment in both space and time. By incorporating photolabile functionalities into the
gels, the user can tune dynamically the elasticity/polymer density, biochemical nature, or
geometry of the cell culture platform in real time with light. (a) Dynamic changes in the
adhesive context influence cell morphology and cytoskeletal organization. Here, light-induced
changes in polymer density or ligand concentration are employed to control cell spreading and
cytoskeletal organization. (b) Cells can be seeded within wells of photoactive hydrogels and
subsequent changes to the geometry of the cellular microenvironment can be introduced with
light. Here, a channel is introduced between two wells, encouraging cells to migrate out of their
niche. These patterning strategies can be extended easily to tune the cellular microenvironment
around encapsulated cells or to connect encapsulated cells in 3D cell culture.

4.2.4 Comparison with other methods
The protocol used for synthesis of the photolabile molecule is based on protocols
originally developed by Holmes'> and Akerblom et al.® This photolabile molecule was then

acrylated and used to form a photodegradable crosslinker and photoreleasable tether, which are
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then readily polymerized to form light degradable materials. ~Complementary synthetic
approaches to the formation of the photodegradable acrylate monomer and the photodegradable
crosslinker were recently presented by Wong et al. with increased yield for the photodegradable
acrylate®®,

For dynamic cell culture, some examples exist where cells are cultured on 2D surfaces
and the underlying properties are manipulated. For example, electroresponsive substrates for
controlled adhesive ligand presentation’ and thermoresponsive substrates for controlled
swelling®® ** have been used to temporally regulate cell adhesion and release in pre-defined
geometries. For property regulation in three-dimensions, fewer materials allow the tuning of
properties in the presence of cells. Some recent advances include temporally controlled cell
spreading and morphology in 3D by the addition of crosslinks with photopatterning®' or the

32,40

removal of crosslinks with ion concentration™™ ™. These approaches provide alternative methods

for externally-triggered manipulation of the cell microenvironment and offer varying levels of
control.

For spatiotemporal property control, several photoresponsive polymer networks and gels
have been developed. These systems include organic-solvent-based, photodegradable polymer

23

networks for controlled degradation products” >, DNA-based polymer networks with

hotoreactive amino acids for increasing crosslinking and modulus with li ht‘”, hotoreversible
p g g g p

42, 43

hydrogels for controlled protein release with low-wavelength UV light™ ™, and alginate-based

hydrogels with photolabile group caged reactive groups for the spatiotemporal controlled

addition of peptides'® "’

. While interest and effort has grown in the development of photolabile
materials, few photodegradable systems have been demonstrated for property manipulation

during cell culture. Part of this relates to the challenges of developing material systems that are
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compatible with cell encapsulation and subsequent degradation mechanisms that can also be
performed in the presence of cells. With respect to the latter, Frey and Wang recently
demonstrated real-time modulus control by irradiation of polyacrylamide-based photodegradable
hydrogels to study how real-time modulus changes influenced 3T3 cell morphology and
migration in 2D*. Simultaneously, acrylate-based photodegradable monomers were developed
and demonstrated for both cell encapsulation and controlled degradation of the physical or
chemical structure of the cell microenvironment. These materials allow for real-time property
control in 2D and 3D cell culture and are the materials presented in this protocol. In addition to
cell culture, Wong et al. recently have demonstrated use of these photodegradable monomers and
a new coumarin-based photodegradable monomer for positive and negative feature generation

with single- and two-photon irradiation®,

3.3 Experimental
3.3.1 Monomer synthesis

In this protocol, several monomers are synthesized as precursors for making photolabile
hydrogels. These monomers include (i) a base photodegradable acrylate monomer that can be
coupled to primary amine containing molecules, (ii) a crosslinking macromolecular monomer for
making photodegradable hydrogels, and (7ii) an asymmetric monomer with a photolabile tether
for releasing peptides or other molecules of interest from non-degradable gels. The synthesis
and characterization of each of these will be covered.
3.3.1a Photodegradable acrylate

The base photolabile group is first synthesized, or can be purchased (EMD

NovaBiochem, hydroxyethyl photolinker). The synthetic route presented here for the photolabile
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12-14 and is described in detail within this contribution

group® is based on several other protocols
for the synthesis of large, bench-scale batches. To create the photodegradable acrylate (PDA)
monomer, the photolabile group is acrylated and purified to yield a small molecule monomer that
cleaves in response to light and can be coupled to primary amine containing molecules, such as
peptides, proteins, and PEG-bis-amine, for incorporating them within a hydrogel, or more
generally within other polymer network. The acrylate functionality could be replaced with a
methacrylate or other reactive functionality for the creation of monomers with different
polymerization rates or reaction mechanisms.
3.3.1b Photodegradable crosslinker

The photodegradable crosslinking monomer is synthesized using the base PDA and PEG-
bis-amine (M, ~ 3400 g/mol, PEG3400). The carboxylic acid on the PDA is activated and
coupled to the primary amine end groups of PEG-bis-amine using solid phase peptide synthesis
(SPPS) chemistry. The resulting crosslinker is purified and can be used to create hydrogels for
2D or 3D cell culture whose modulus can be tuned or the gel eroded via light-controlled
degradation. While PEG3400 is used here to create hydrogels for 2D and 3D cell culture, this
crosslinker synthesis strategy could be used to create other photodegradable macromers
(macromolecular monomers). For example, the PDA could be reacted with PEG-bis-amine of
varying molecular weight or functionality (e.g., multi-arm PEG) or with other synthetic or
natural-based polymers with pendant amine groups to create an array of crosslinking monomers.
3.3.1c Photoreleasable tether

The photoreleasable tether monomer is synthesized using the PDA and a peptide bound
to a solid phase support (e.g., on resin). The adhesion peptide RGDS is synthesized on resin

using standard SPPS techniques. The PDA is coupled to the terminal amine of the peptide on
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resin following SPPS procedures. Cleavage of the peptide from resin is short (< 2 h) to avoid
cleavage of the ester bond within the PDA. The resulting peptide is purified and can be used for
controlling peptide presentation and cell adhesion to a non-degradable hydrogel during 2D or 3D
culture. While only synthesis of the fibronectin mimic RGDS is presented here, this tether
strategy could be used for controlled release of other peptides, therapeutics, or proteins with
light.
3.3.2 Hydrogel synthesis

Photoactive hydrogels can be formed from the photodegradable crosslinker or the
photoreleasable tether via redox-initiated free radical chain polymerization (Figure 3.2a). To
fabricate photodegradable hydrogels, a macromer solution of the photodegradable crosslinker
PEGdiPDA, PEG monoacrylate, and ammonium persulfate are prepared and aliquoted into
individual tubes for each gel sample. To fabricate photoreleasable hydrogels, a base macromer
solution of the non-degradable crosslinker PEG diacrylate (PEGDA), photoreleasable tether, and
ammonium persulfate are prepared and aliquoted into individual tubes for each gel sample.
Addition of tetraethylmethylenediamine (TEMED) initiates free radical chain polymerization of
the macromer solution, and this polymerizing solution can be pipetted into defined molds to
fabricate insoluble hydrogels of specified geometries. The initial biomechanical and biochemical
properties of the photoactive hydrogels can be tuned by changing the initial composition of the
macromer solution. For example, increasing the concentration of the crosslinker in the
macromer solution will lead to an increase in the elasticity of the subsequently formed gel, and
acrylated or methacrylated signaling peptides can be incorporated into the macromer solution to
introduce biochemical signals. Further, the concentrations of ammonium persulfate and TEMED

can be modified to control the time required for the macromer solution to reach complete
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gelation. Other initiation schemes, such as thermal initiation or photoinitiation, can also be used,
and we present the redox-initiation as a simple and robust approach for hydrogel fabrication. In
general, this protocol provides the basis to fabricate photodegradable or photoreleasable
hydrogels with tunable mechanical or biochemical properties, which can be formed with sample

dimensions and geometries of choice.
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d Task A Intensity/Power Time
Degradation for tuning 365 nm 10 mW/cm? 0 -8 min
crosslinking/modulus
Degradation for tuning 405 nm 25 mW/cm? 0 -25 min
crosslinking/modulus
Complete erosion 365 nm 10 mW/cm? 10 - 30 min
via photolithography (up to 80 um deep)
Erosion via focused 405 nm 1mw 3.15 usec/pixel
single photon light ~ 40 sec
Erosion via focused 740 nm 100 mW 1.58 usec/pixel
two photon light ~5sec

Figure 3.2 Photodegradable hydrogel synthesis and patterning. (a) Photodegradable
hydrogels are formed by redox initiated, free radical chain polymerization of PEGdiPDA
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crosslinking molecules, rapidly forming an insoluble hydrogel. The resultant network structure
is comprised of polyacrylate kinetic chains (green) connected by PEG-based crosslinks (black)
with photocleavable o-nitrobenzylether moieties (blue) in the backbone. (b) Chrome masks
(black and white layer) can be placed at the surface of photodegradable gels (orange) to
selectively occlude incident light (purple). With sufficient irradiation time (t) features are
formed at the surface of PEGdiPDA gels, where the depth of feature formation depends on the
duration of exposure. This photolithographic degradation can be used to generate features in the
surface of a gel with minutes of irradiation time. (c¢) The focal point of a laser can be used to
pattern features within PEGdiPDA hydrogels. Here, a laser scanning microscope (LSM) with a
405 nm laser is used to draw regions of interest (ROI) in the material. The laser focal point is
rastered through the ROI and into the z-dimension to completely erode 3D features within the
hydrogel in seconds. Both of these patterning strategies can be translated for spatiotemporally
controlled presentation of biochemical ligands with gels containing the photoreleasable tether.
(d) An overview of irradiation parameters for degradation and complete erosion of
photodegradable hydrogels. Ultimately, these patterning approaches allow the rapid, in situ
creation of micron-scale features in the presence or absence of cells in 2D and 3D.
3.3.3 Cell encapsulation

Cells can be encapsulated with either photolabile hydrogel formulation: (i)
photodegradable hydrogel formed with the photodegradable crosslinking monomer or (ii)
photoreleasing tether hydrogel formed with the photoreleasable tether monomer and a non-
degradable PEG crosslinker. In this protocol, we show the case of encapsulation with the
photodegradable hydrogel (option (i)). The base photodegradable hydrogel formulation
described in the previous section is prepared, and fibronectin is added to promote cell adhesion
within the gel. While we demonstrate the entrapment of fibronectin, other large extracellular
matrix proteins, such as laminin, can be added and entrapped within the hydrogel to promote
specific cell interactions (e.g., selective integrin binding). With this monomer solution, cells are
encapsulated based on other protocols in the literature** but using a redox initiation system
instead of a light-based initiation system: cells are isolated and counted, and an aliquot of cells

for achieving the desired cell density within the gel (2x10° cells/mL here) is centrifuged,

resuspended in the monomer solution, and polymerized within a mold. After polymerization (~
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5 min), the cell-gel construct is placed in excess media, and the media is refreshed repeatedly
over 24 h to remove any unreacted monomer and initiator. This procedure has been used to
encapsulate several different cell lines and primary cells in our lab, including PCI2s
(pheochromocytoma cells, model cell line for neuronal differentiation), HT1080s (fibrosarcoma
cells, model cell line for tumor metastasis), NIH 3T3s (fibroblast cell line), and human
mesenchymal stem cells (bone marrow derived primary cells). The protocol easily can be
adapted for use with other cell types, cell seeding densities, and gel formulations.
3.3.4 Photodegradation of hydrogels

A major benefit of using photolabile hydrogels is that the incorporation of the o-
nitrobenzylether moiety provides a phototunable handle through which the biomechanical or
biochemical nature of the gel can be tuned with light. Since the user possesses both temporal
and spatial control over light delivery, he/she can control spatiotemporally the mechanics or
biochemistry of the hydrogel. In this protocol, we present the use of standard photolithography
and confocal laser scanning microscopy (LSM) to pattern surface elasticity gradients, surface
features, and bulk features within photodegradable hydrogels. The techniques described herein
can be easily translated to pattern similar gradients or regions of defined biochemical signals
with photoreleasable hydrogels.  Furthermore, these degradation techniques are fully
cytocompatible and can be performed in the presence of cells in the same manner described
below with extra care taken when handling the samples to maintain sterility and cell viability.
3.3.4a Photolithography

Standard photolithography is a powerful technique employed to photopattern features in
the x-y plane at the surface of photodegradable hydrogels with spatial resolution on the scale of

10 wm when using chrome masks (Figure 3.2b). Features can be transferred into the z-
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dimension, and the depth of feature formation depends on the irradiation conditions (intensity
and wavelength) and the exposure time. When patterning photodegradable or photoreleasable
hydrogels with standard photolithography, there are three critical aspects: (i) light source, (ii)
patterning mask, and (iii) exposure time. In this protocol, we describe the use of standard
photolithography with a 365 nm light source to generate gradients in elasticity and features at the
surface of photodegradable hydrogels. To form the gradient, an opaque mask is passed over the
gel surface at a controlled rate during irradiation, and to form patterned features, a chrome mask
with opaque squares is used. The parameters described herein can be tuned depending on the
experimental situation; however, we advocate using 365 nm light and chrome masks for the best
results. Exposure times can be tuned readily to generate surface gradients of varying steepness
or features of variable depths.
3.3.4b Single-photon confocal microscope

Laser scanning confocal microscopy (LSM) with 405 nm light can also be employed to
pattern the surface of photodegradable hydrogels or to fabricate features within the bulk of
photodegradable gels (Figure 3.2c). LSM patterning offers micron-scale resolution in the x-y
plane and z-dimension and readily tunable feature geometry. LSM patterning easily can be
adapted to any confocal microscope with a 405 nm light source and region of interest (ROI)
software. The user draws the desired geometry in the ROI software and subsequently irradiates
the selected regions with the 405 nm light source. In this protocol, we employ a 30 mW, 405 nm
laser at 50% transmission (power measured at the sample to be ~ 1 mW) with a pixel dwell time
of 3.15 psec; however, these irradiation conditions can be tuned for other microscopes and/or
needs. Furthermore, LSM pattern formation offers simultaneous imaging of changes in gel

structure and cell response to changes in gel structure. Since the sample is already on the
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confocal stage, the irradiation parameters can be changed to excite fluorophores attached to the
gel backbone (e.g., methacrylated rhodamine, 543 nm) to image changes in gel structure or cell
labeling fluorophores (e.g., GFP, 488 nm) to image cellular responses.
3.3.4c Degradation parameter overview

Typical irradiation parameters and associated gel degradation times are given for each of
these degradation strategies in Figure 3.2d. While these are typical parameters used, nuances
exist for degradation with 405 nm focused, single photon irradiation. For example, an increased
“dose” of light is received with larger x-y features (e.g., a 50-pm versus a 5-um diameter x-y
circle), owing to overlapping regions of out of focus light, and results in increased non-specific
z-direction degradation and patterned feature depth. These degradation parameter subtleties
should be considered when planning advanced patterning experiments. If precise z-direction
degradation is required within a gel (< 10 um non-specific z-degradation), a focused, two photon
irradiation source might be preferred®.
3.4 Materials
3.4.1 Reagents
CAUTION Most of the reagents listed below are hazardous (e.g., toxic, corrosive, flammable,
irritant, lachrymator, sensitizer) and appropriate care as prescribed by the MSDS should be taken
when handling them. All monomer synthesis steps should be performed within a chemical fume
hood.
3.4.1a Monomer synthesis
Acetovanillone (Acros Organics, 102421000)
N,N-Dimethylformamide (Mallinckrodt, 492908)

Ethyl 4-bromobutyrate (Sigma-Aldrich, 167118-50G)
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Potassium carbonate (anhydrous, Fisher, P208500)

Deionized water (DI water, 18 MQ-cm, Barnstead NANOpure II)

Nitric acid (Mallinckrodt, 2704-46)

Ice

Ethanol (EtOH, absolute, Sigma-Aldrich, E7023 or similar)

Sodium borohydride (Sigma-Aldrich, 452882) CAUTION This reagent reacts violently with
water and produces hydrogen gas. It should be handled with extreme caution in a fume hood.
Trifluoroacetic acid (TFA, Sigma-Aldrich, T62200) CAUTION This reagent is very corrosive
and should be handled with extreme caution in a fume hood.

Deuterated chloroform (CDCI3, Cambridge Isotope Laboratory, DLM-7-100)

Deuterated dimethylsulfoxide ((CD3),SO, Cambridge Isotope Laboratory, DLM-10-50)
Dichloromethane (DCM, anhydrous, Acros, AC348465000)

Triethylamine (TEA, Sigma-Aldrich, T0886)

Acryloyl chloride (AC, Sigma-Aldrich, A24109) CAUTION This reagent is very corrosive and
a lachrymator and should be handled with extreme caution in a fume hood.

Alumina (adsorption, Fisher, A540500)

Sodium bicarbonate (Fisher, S233500)

Hydrochloric acid (HCI, Mallinckrodt, H613-45)

Sodium chloride (NaCl, Fisher, S271-3)

Acetone (Mallinckrodt, 244016)

N-methylpyrrolidone (NMP, Applied Biosystems, 400580)
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, Anaspec,

21001)
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1-hydroxybenzotriazole (HOBt, Anaspec, 21003; may be no longer available but can be
purchased through Fisher Scientific, NC9342953)

N,N-diisopropylethylamine (DIEA, Anaspec, 27221)

Poly(ethylene glycol)-bis-amine (average molecular weight (M;) ~ 3400 g/mol; Laysan Bio,
NH2-PEG-NH2-3400-5g)

Ethyl ether (Fisher, E1384)

Amino acids for peptide synthesizer (Anaspec): glycine (G, 20128), arginine (R, 20312), aspartic
acid (D, 20008), and serine (S, 20136)

DCM (standard, Mallinckrodt, 488108)

Tiisopropylsilane (TIPS, Sigma-Aldrich, 233781)

TFA (spectrophotometric grade, Sigma-Aldrich, 30203 1; use with HPLC solvents)

Acetonitrile (HPLC grade, Sigma-Aldrich, 34851)

a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich, C8982-10X10)

3.4.1b Gel synthesis

Hydrogen peroxide (Fisher, H325100) CAUTION These two reagents (hydrogen peroxide and
sulfuric acid) react strongly, producing heat and hydrogen gas. Extreme caution should be taken
when mixing, and no flammables should be present in the fume hood.

Sulfuric acid (Fisher, A298212)

3-acryloxypropyltrimethoxysilane (Gelest, STA0200)

Poly(ethylene glycol) diacrylate (PEGDA, synthesized per [*’]; can also be purchased from
Laysan Bio, ACRL-PEG-ACRL)

Poly(ethylene glycol) monoacrylate (PEGA, Monomer-Polymer & Dajac Labs, Inc, 9357)

Ammonium persulfate (AP, Acros, AC401165000)
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Tetramethylene diamine (TEMED, Sigma-Aldrich, T9281-50mL)
PolyFluor™ 570 (Methacryloxyethyl Thiocarbonyl Rhodamine B) (MeRho, Polysciences, Inc.,
23591)

Fibronectin (FN, Becton Dickinson, 354008)

Sterile Dulbecco’s phosphate buffered saline (PBS, Invitrogen, 14190144)
Human mesenchymal stem cells (1MSCs, isolated from bone marrow)*°
hMSC growth media*

LIVE/DEAD Cytotoxicity Assay (Invitrogen, L-3224)

3.4.2 Equipment

Round-bottomed flasks, one-necked

Beakers

Erlenmeyer flasks

Buchner funnels

Filter flasks

Addition funnel with gas purge

Keck clips

Magnetic stir bars

Rubber septa

Gas adapter

Thermometer

Temperature-controlled hotplate (e.g., IKA RCT Basic Safety Control Magnetic Stirrer, Fisher,
14-261-100)

Crystallization dish for reaction water/ice bath
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Mortar and pestle

Spatulas

Scoopulas

Glass pipettes with rubber bulbs

Pipetteman with non-sterile and sterile plastic tips (P2, P20, P200, and P1000)
Glass funnel

Solid addition funnel

Refrigerator

Freezer (-20°C and -80°C)

Vacuum oven

Scintillation vials with caps (20 mL, Sigma-Aldrich, V7130-500EA; 2 dram, Fisher, 03-340-1A)
Metal cannula (18-gauge)

Separatory funnels

Filter paper (Whatman qualitative circles)

Glass frit filter (medium)

Rotary evaporator and water bath (e.g., Yamato RE47 and Yamato BM100)
Schlenk line and argon source

Desiccator

UV-visible (UV-vis) spectrophotometer (Lambda 40 UV/VIS Spectrophotometer, PerkinElmer)
NMR (Varian Inova 500 MHz NMR Spectrometer)

Quartz cuvettes

Centrifuge (e.g., Thermo Electron Corporation Centra CL3R)

Centrifuge tubes (50 mL)
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Dialysis tubing (SpectraPor 7, molecular weight cutoff ~ 1000 g/mol, Spectrum Labs, 132105)
Lyophilizer

Peptide synthesizer (433 A Peptide Synthesizer, Applied Biosystems)

Glass reaction vial for peptide coupling (Fisher, CG-1861-13)

Vortexer

High performance liquid chromatograph (HPLC, e.g., Waters Delta Prep 4000)

Matrix-assisted laser desorption/ionization-mass spectrometer (MALDI-MS, PerSeptive
Biosystems)

Staining chamber

Non-reactive plastic chamber

Rubber gasket/spacer (254-um thick (0.01”), McMaster-Carr, 87315K62; 500 pm-thick,
McMaster-Carr, 3788T21)

Glass microscope slides (25 mm x 75 mm, Corning, 2947-3x1; 50 mm x 75 mm, Corning, 2947-
75x50)

Glass cover slips (22 mm x 22 mm, #2, Fisher, 12-546-1)

Binder clips

6-well tissue culture plate

Tissue culture plates (100 mm, Corning, 430167)

Sterile syringes and needles (3, 5, and 10 mL syringes; 18 gauge needles)

Sterile filters

Eppendorf tubes (0.7 mL, ISC BioExpress, C-3268; 1.7 mL, ISC BioExpress, C-3269)

Razor blade

UV-visible light source (mercury arc lamp, Novacure 1000 (or equivalent), EXFO)
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Band pass filters (365 nm, EXFO, 019-01006; 400-500 nm, EXFO, 019-01008; 320-500 nm,
EXFO, 019-01011; 405 nm, MELLES GRIOT, 03FIM002),

Liquid-filled light guide (5 mm x 1000 mm, EXFO, 805-00002)

Collimating lens (Large lens with adjustable aperture (shown here), EXFO, 810-00014; Small
lens, EXFO, 810-00017)

Ring stand with two clamps

Radiometer (International Light, Model IL1400A)

Syringe pump (e.g., Harvard Apparatus 44)

Foam board

Chrome photomask (PhotoSciences, Inc.)

Optical microscope (e.g., Nikon Eclipse TE2000-S)

Confocal microscope with region of interest (ROI) scanning capability and high numerical
aperture objective (N.A. > 0.75) (e.g., Zeiss LSM 710)

3.4.3 Equipment setup

Glassware: All glassware used in described reactions are washed with soap and water, rinsed
with water, cleaned in a base bath, rinsed with water, neutralized in an acid bath, rinsed with
water and DI water, air dried, rinsed with acetone, blown dry with air, and dried in an 80°C oven
for at least 1 h to overnight.

HPLC: Peptide purification was performed on a C18 preparatory column using a gradient of 5:95
acetonitrile:water to 95:5 with 0.1% TFA over 70 min at 20 mL/min. Peptide elution was

monitored with UV absorbance at 220 nm and 280 nm.
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Figure 3.3 Photodegradable acrylate monomer synthetic scheme. Synthetic route for
preparing photodegradable acrylate. Reagents and conditions: (a) DMF, ethyl-4-bromobutyrate,
Ar, K,COs; (b) HNOs, ~ 5 °C — ~ 32 °C; (¢) EtOH, Ar, NaBH4, 38 °C; (d) DI H,O, TFA, ~ 90
°C; (e) Ar, DCM, TEA, AC, 0 °C — room temperature; (f) acetone, DI H,O.
3.5 Procedure
3.5.1 Monomer synthesis
1. Photodegradable acrylate: synthesis of photolabile group (a, Steps 1-3). The sequential
reactions for synthesis of the photodegradable acrylate monomer are shown in Fig. 3 and
are covered in Steps 1-34. Add acetovanillone (1) (30 g, 180.5 mmol), DMF (150 mL),
and ethyl 4-bromobutyrate (31 mL, 217 mmol) to a single-necked round-bottomed flask
(500 mL) equipped with a gas adapter and magnetic stirrer. While stirring, purge the
vessel with argon gas (10 min). Add potassium carbonate (37.4 g, 271 mmol), forming a
suspension. Stir at room temperature overnight under argon.
2. In a large beaker or Erlenmeyer flask (2000 mL) with magnetic stir bar, add DI water

(1500 mL). While stirring, pour the reaction mixture into the DI water to dissolve

remaining potassium carbonate and precipitate product. Stir at room temperature for 2 h.
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Stop stirring, and cool to 4°C for 4 h to overnight to fully precipitate the product.

3. Filter solution through a Buchner funnel with qualitative filter paper using a filter flask
under vacuum. Pull air through the white powder product to dry (1-2 h). Transfer
powder to a glass dish or weigh boat, and finish drying in a vacuum oven at 40°C
overnight. Verify product (2) purity with '"H NMR in CDCl;. Typical reaction yield is
97%.

4. Photodegradable acrylate: synthesis of photolabile group (b, Steps 4-12). Split the
product from Step 3 in half (2x 25 g), and nitrate each portion in a separate reaction as
described below.

5. For each portion, add nitric acid (70 mL) to a single-necked round-bottomed flask (1000
mL) with magnetic stir bar and thermometer. Cool the flask on ice until the nitric acid is
less than 5°C.

CRITICAL STEP Heat transfer between the reaction vessel and the ice bath is important for
maintaining the prescribed reaction temperature. Use of a round bottom flask that is at least 10
times the reaction volume.

6. Grind the powder product from step 3 (24.5 g, 87 mmol) with a mortar and pestle to
break apart any large clumps of powder. Add the powder in small portions (~ 3 spatula
scoops). Allow each portion to dissolve in the nitric acid before adding the next portion
(~ 5 min between each addition for a total addition time of ~ 1 h).

CRITICAL STEP Nitration of multiple positions of the aromatic ring can create an explosive
material. Do not attempt to nitrate more than 50 g of material at a time. In addition, reaction
yields have been best with 25 g batches as it is easier to maintain the reaction temperature at this

scale.

72



7. Once all powder has been added, remove the ice bath, and heat the open reaction vessel
with a water bath to 32°C. Check the reaction temperature every 5 min. When the
reaction temperature reaches 33-35°C, place it back on ice until the mixture is cooled
below 20°C. When the reaction temperature is below 20°C, return it to the 35°C water
bath. Repeat this process until the total time of the reaction in the water bath is 1 h. The
reaction should be yellow to orange/red.

CRITICAL STEP The reaction temperature is critical for nitration of the ortho position of the
aromatic ring. Do not leave the reaction for more than 5 min without checking its temperature.
If the reaction temperature is too low (never reaches 30°C), then the reaction will be incomplete.
If the reaction temperature exceeds 35°C-40°C, then multiple positions will be nitrated on the
ring, which makes purification difficult and is dangerous due to the explosive nature of trinitro
aromatic compounds.

8. Add the reaction mixture drop-wise to chilled DI water (1050 mL at 4°C) on ice in a large
beaker (2000 mL) with magnetic stir bar, stirring vigorously. To prevent further reaction
during this time, keep the reaction mixture on ice during the precipitation.

PAUSE POINT Dissolution of the nitric acid into water occurs slowly. Due to the density of
the nitric acid, the reaction mixture can sink to the bottom of the beaker with precipitation
subsequently occurring around the stir bar. Slowly add the reaction mixture to the DI water. If
significant clumping begins, stop adding the reaction mixture for 30 min while the nitric acid
phase dissipates; keep the reaction mixture on ice during this time.

9. Stir the precipitate mixture for 1 h at room temperature. The precipitate should be yellow
to orange. Place the precipitate mixture at 4°C overnight.

10. Filter the precipitate mixture through a medium glass frit filter on a filter flask while
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pulling vacuum. Rinse recovered product on filter with cold DI water (4°C). Pull air
through the filter for several hours to dry the product.

11. Re-crystallize the product from ethanol. Bring absolute EtOH (~ 700 mL) to a boil in an
Erlenmeyer flask. Add powder product to a beaker (1000 mL) with magnetic stir bar,
and add boiling EtOH while stirring until powder dissolves (usually less than 500 mL of
EtOH). If any brown clumps remain, carefully gravity filter (qualitative filter paper on
glass funnel) the solution while hot to remove these insoluble impurities. Turn off the
heat, stop the magnetic stirring, and let the solution and hot plate together cool to room
temperature. Some crystal formation may be observed here. TROUBLESHOOTING?

12. Place re-crystallization solution at 4°C overnight for complete crystallization. Filter the
suspension through a medium glass frit filter and pull air through the filter to dry the
yellow fine powder product (~ 1 h). Verify product (3) purity with 'H NMR in CDCl;.
Typical reaction yield is 60%.

CRITICAL STEP If little crystallization is observed, then too much EtOH may have been
added; evaporate the EtOH using a rotary evaporator, and repeat the re-crystallization. In
addition, if NMR shows impure an product (e.g., nitration of different ring positions), repeat re-
crystallization (Steps 11-12). TROUBLESHOOTING?

13. Photodegradable acrylate: synthesis of photolabile group (c, Steps 13-16). Add absolute
EtOH (515 mL) and the nitrated product (30.9 g, 95 mmol) to a single-neck round-
bottomed flask (1000 mL) with magnetic stir bar, gas adapter for argon purge, and water
bath. Purge the reaction for 10 min with argon. Heat the reaction to 38°C using the water
bath to improve dissolution of the powder in EtOH.

14. Add sodium borohydride (2.25 g, 59 mmol) in portions to the reaction solution (adding a
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portion every 5 min over 1 h). Bubbles of gas should be observed forming in the reaction

solution. Stir at 38°C overnight. Reaction turns a deep orange/red.

CRITICAL STEP Hydrogen gas is evolved during this reaction. The argon purge should be

vented through a Schlenk line. Do not have open flames in the fume hood and avoid

significantly larger batches.

15.

16.

17.

18.

19.

Add DI water to a large beaker or Erlenmeyer flask (5000 mL) with magnetic stir bar.
Slowly pour the reaction solution into the beaker. Light yellow precipitate should form.
After 30 min, place precipitate suspension at 4°C overnight.

Filter suspension to recover product. Dry in vacuum oven at 40°C overnight. Verify
product (4) purity with "H NMR in (CD3),SO. Typical reaction yield is 60%.
Photodegradable acrylate: synthesis of photolabile group (d, Steps 17-19). Grind
product from Step 16 to a fine powder (18 g, 55 mmol). Add finely ground powder and
DI water (450 mL) to an Erlenmeyer flask with magnetic stir bar on a hot plate. Add
TFA (45 mL), and heat suspension to ~ 90°C, heating the reaction mixture but not
boiling. CAUTION Use care and proper personal protective equipment when handling
TFA. It is corrosive and causes severe burns.

Add additional TFA after 8 h (22.5 mL), and react overnight. Add additional TFA (22.5
mL), and react for 4 h, until brightening of the reaction mixture is not observed upon
TFA addition. A light yellow powder in suspension should remain.

Cool to room temperature. Filter with a medium glass frit filter, and rinse with a small
amount of chilled DI water (4°C). Dry in vacuum oven at 40°C overnight. Verify

product (5) purity with "H NMR in (CD3),SO. Typical reaction yield is 63%.
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Figure 3.4 Photodegradable acrylate. (a) The reaction set-up for the acrylation of the
photolabile group. The photolabile group is added to a round-bottomed flask with DCM and a
stir bar and chilled to 0 °C in an ice bath. TEA is added to the round-bottomed flask while AC is
mixed with DCM in an addition funnel under Ar purge. The AC/DCM is added dropwise to the
round-bottomed flask. (b) In response to light, the photodegradable acrylate (blue) undergoes
irreversible cleavage, producing the cleaved photolabile group and acrylic acid (green). (c¢) The
molar absorptivities of photodegradable acrylate (blue) and the cleaved photolabile group (green)

from 300 to 600 nm. (d) 'H NMR shifts for the photodegradable acrylate monomer for synthetic
verification.
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20. Photodegradable acrylate: acrylation of the photolabile group (e and f, Steps 20-34).
Add the photolabile group (4 g, 13 mmol, from Step 19 or purchased) to a single-neck
round-bottomed flask (250 mL) with magnetic stir bar, addition funnel with gas purge,
and septum (Fig. 4).

21. Using two 18-gauge needles (one for gas inlet from a Schlenk line and one as gas outlet
to the fume hood), purge the reaction vessel with argon (~ 10 min).

22. Remove the argon inlet from the reaction vessel septum. Use argon administered from a
Schlenk line to transfer anhydrous DCM (~ 155 mL) air-free to the addition funnel
through an 18-gauge metal cannula inserted into the reaction vessel septum.

23. Return the argon purge to the addition funnel, and use the addition funnel to add DCM (~
120 mL) to the round bottom flask.

24. Gently lift the addition funnel off of the round bottom flask and inject TEA (7.45 mL, 53
mmol). Quickly replace the addition funnel on the round bottom flask. The photolabile
group should completely dissolve. Continue argon purge.

25. Inject AC through the addition funnel septum (3.26 mL, 43 mmol) into the remaining
DCM.

26. Place the round bottom flask in an ice bath (~ 15 min). Add the AC/DCM solution drop-
wise to the round bottom flask (~ 1 drop every 5 s).

CRITICAL STEP As the volume of solution in the addition funnel changes, the stopcock
position may need to be adjusted to maintain the proper drop rate. If reaction solution begins to
turn brown or if flask appears cloudy in the vapor phase, slow down the drop rate.

27. React at room temperature overnight. Triethylamine salts, white crystals, may form in

the reaction. Reaction mixture should be orange/brown.
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28.

29.

30.

31

32.

33.

34.

Concentrate the reaction mixture by evaporating the DCM on a rotary evaporator (do not
heat above 35°C), precipitating triethylamine salts.

Filter reaction mixture over alumina in a Buchner funnel with qualitative filter paper to
remove triethylamine and triethylamine salts. Lightly rinse filtrate with additional DCM.
Add filtered reaction solution (100 mL) to a separatory funnel and wash (1:1)
sequentially with sodium bicarbonate solution (5 w/v% aqueous) to remove any
unreacted photolabile group, dilute HCI (0.1 M aqueous) to remove any remaining
triethylamine, and brine (10 w/v% NaCl aqueous) to remove water. After each wash,
allow layers to fully separate (~ 30 min); the DCM phase with product is the dense, lower
layer. Brine can be added to water phase to improve separation. Add the intermediate
product solution to a single-neck round-bottomed flask (500 or 1000 mL).

Evaporate the DCM using a rotary evaporator. Make an acetone:water mixture (50:50,
400 mL total), and add to round bottom flask with magnetic stir bar to dissolve product.
Stir this mixture overnight at room temperature; the reaction mixture should become
translucent.

Evaporate the acetone from the reaction solution using a rotary evaporator (do not heat
above 45°C). The orange liquid product will begin to separate from the remaining
aqueous solution.

Add the aqueous solution to a separatory funnel and extract the product with DCM (4x
100 mL), using brine to improve separation of the DCM and water phases.

Concentrate the product solution by rotary evaporation (~ 100 mL). Wash this solution
(1:1) sequentially with dilute HCI (0.1 M aqueous) and brine. Dry the product solution

over magnesium sulfate (~ 30 min or less), filter, and evaporate the solvent. Verify
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photodegradable acrylate monomer (6, Fig. 4b) product absorbance with a UV-vis
spectrophotometer (Fig. 4¢) and purity with 'H NMR in (CD;),SO (Fig. 4d). Typical

reaction yield is 53%.
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Figure 3.5 Macromolecular monomer synthetic schemes. (a) Synthetic route for preparing the
photodegradable crosslinker (a) and photoreleasable tether (b). (a) NMP, HBTU, HOBt, DIEA,
and PEG-bis-amine. (b) NMP, HBTU, HOBt, DIEA, and RGDS peptide. (b) '"H NMR shifts for
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the photodegradable crosslinker for synthetic verification. (¢) MALDI-TOF spectrum for the
photoreleasable tether for synthetic verification.

35.

36.

37.

38.

39.

Photodegradable crosslinker. Add PDA (2.08 g, 5.9 mmol, from Step 34) to a
scintillation vial with NMP (10 mL). Vortex and lightly heat with a heat gun to dissolve.
Add HBTU (2.45 g, 6.5 mmol) and HOBt (0.87 g, 6.5 mmol) to the vial and rinse down
with NMP (5 mL). Repeat vortexing and heating to begin dissolution.

Add PEG-bis-amine (2.5 g, 0.73 mmol) to a scintillation vial with NMP (15 mL). Vortex
and lightly heat with a heat gun to dissolve.

Add PDA, HBTU, and HOBt in NMP from Step 35 to a single-neck round-bottomed
flask with magnetic stir bar and gas adapter. Rinse scintillation vial with small amount of
NMP (~ 5 mL) to insure all is added. Add DIEA (2.05 mL, 11.8 mmol) and stir reaction
solution, noting color change from orange to red/brown indicating activation of the PDA
carboxylic acid (5 min). Add PEG-bis-amine in NMP, rinsing scintillation vial with
NMP (~ 5 mL), and purge the reaction with argon (Fig. 5a, top).

Stir the reaction overnight. Precipitate in ice cold ethyl ether using eight 50 mL
centrifuge tubes, each containing 40 mL of ether and evenly split reaction solution added
dropwise. Vortex solution, balance weights, and centrifuge (5 min at 4°C with 1000 g).
Decant off ether and repeat ether wash two times. Place centrifuge tubes under vacuum
overnight to remove any remaining ether. Some NMP will remain with the precipitate,
making it a soft solid.

Dissolve the product in DI water (100 mL), vortexing and stirring to break apart any
clumps. A cloudy orange suspension will be formed. Centrifuge this mixture (4x 30 min

at 4°C with 1400 g) to sediment out the precipitated HBTU/HOBt by-products. Decant
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off the translucent yellow/orange product solution. Dialyze the solution against DI water
(5 L) for 3 days at room temperature, refreshing the DI water 3x per day. Additional
precipitate may sediment over this time to the bottom of the dialysis tubing.
TROUBLESHOOTING?

40. Recover the clear, dialyzed product solution, freeze, and lyophilize (~ 2-3 days). Verify
product purity (7) with "H NMR in (CD3),SO (modification of PEG with PDA ~ 85-90%)
(Fig. 5b). Typical reaction yield is 70%.

41. Photodegradable tether. Using a peptide synthesizer or following standard SPPS
procedures,”” synthesize GRGDSG on resin. Do not cap the final amine terminus of the
peptide.

PAUSE POINT Peptide on resin can be stored at -20°C for a few days prior to PDA coupling.

42. In a small peptide reaction vessel or a scintillation vial, swell resin in DCM (10 mL) for
30 min.

43. Rinse with DCM (3x 5 mL). Rinse with NMP (3x 5 mL). Remove NMP.

44. Add the PDA (0.353 g, I mmol, from Step 34), HBTU (0.417 g, 1.1 mmol), HOBt (0.149
g, 1.1 mmol), and NMP (~ 2 mL) to a scintillation vial. Intermittently vortex and gently
heat to dissolve. Add DIEA (0.348 mL, 2 mmol). Vortex and allow to activate for 5
min; a color change should be observed. Add the reaction mixture to the reaction vial
containing the resin. Rinse the scintillation vial several times with NMP to insure that all
of the solution is added such that the total amount of NMP does not exceed 10 mL (Fig.
5a, bottom).

45. Stir the reaction overnight at room temperature. Remove the reaction solution, retaining

the resin. Wash the resin with NMP (3x 5 mL) and DCM (3x 5 mL)
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46. Using the ninhydrin assay,”’ verify that all amines on the resin have been reacted. If

47.

amines are still present, repeat Steps 43-46.
Add 95% TFA, 2.5% TIPS, and 2.5% DI water to the vial containing the resin and react

for 1 h to cleave the peptide.

CRITICAL STEP This cleavage time is shorter than typically prescribed for peptide cleavage

(> 2 h) and is used to maintain the ester bond of the PDA. This cleavage time may need to be

adjusted for different peptide sequences, as amino acid deprotection times vary.

48.

49.

50.

51

The cleavage solution was removed from the resin and precipitated in ice cold ethyl ether
in two 50 mL centrifuge tubes. The precipitate was pelleted by centrifugation (5 min at
4°C with 1000 g), and ether decanted. The peptide was washed twice with cold ethyl
ether and desiccated overnight under vacuum.

The peptide was purified by HPLC using a gradient of 5:95 acetonitrile:water to 95:5
with 0.1% TFA over 70 min at 20 mL/min on a C18 preparatory column. Peptide elution
was monitored with UV absorbance at 220 nm and 280 nm. Product elution was
observed at ~ 35 min, where the collected effluent is a translucent yellow indicating the
presence of the PDA.

An aliquot of the purified product solution was mixed with the matrix molecule a-cyano-
4-hydroxycinnamic acid, and peptide purity was verified by MALDI-MS. The MALDI
laser can photolytically cleave the PDA, so a small amount of photodegraded peptide
may also be observed in the MALDI-MS trace (Fig. Sc).

The purified peptide (8) solution was frozen in 50 mL centrifuge tubes and lyophilized

(2-3 days). Typical reaction yield is ~ 50%.

3.5.2 Hydrogel synthesis
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52. Acrylation of glass cover slips. Clean glass cover slips (22 mm x 22 mm) in a solution of

53.

54.

55.

75 mL of hydrogen peroxide and 75 mL of sulfuric acid for ~ 1 h. CAUTION This
solution of hydrogen peroxide and sulfuric acid is extremely reactive and should be
prepared in an empty chemical fume hood free of solvents and flammables.

Rinse the cover slips well with DI H,O to remove the cleansing solution. Place the cover
slips on a Kimwipe and rinse the first side with acetone. Let the acetone evaporate for ~
10 min; flip the cover slips and rinse the other side with acetone.

While the second dose of acetone evaporates, place two 20 mL scintillation vials in a
Teflon chamber with a screw-on lid. Fill two 2 dram scintillation vials with 60 uL of
acryloxytrimethoxysilane each and place them within the 20 mL scintillation vials in the
Teflon chamber. Once the acetone has evaporated, place the cover slips in the Teflon
chamber standing vertically on a microscope slide holder.

Purge the Teflon chamber with argon for ~ 5 min. Seal the chamber and place it in an

oven at 60 °C for 3 — 12 h.

56. Synthesis of photodegradable and photoreleasable gels. Prepare sterile stock solutions of

PEGdiPDA (20 w/w% in DI H,0), PEGDA (20 w/w% in DI H,0), PEGA (40 w/w% in
DI H,0), photodegradable tether (100 mM in DI H,O), ammonium persulfate (AP, 2 M
in DI H,O), and TEMED (2 M in DI H,O). If you will be fabricating photodegradable
gels for cell encapsulation, prepare a stock of fibronectin (I mg/mL in PBS), or if you
will be imaging the gels, prepare a stock of methacrylated rhodamine (MeRho, 300 nM

sterile filtered).
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Figure 3.6 Hydrogel synthesis. (a) A schematic of the network structure of photodegradable
hydrogels formed via free-radical chain polymerization of the photodegradable crosslinker:
polyacrylate kinetic chains (green coils), PEG-based crosslinks (black lines), and photolabile
moieties (blue circles). (b) A schematic of the network structure of photoreleasing hydrogels
formed via free-radical chain co-polymerization of the non-degradable crosslinker with the
photoreleasable tether: polyacrylate kinetic chains (green coils), PEG-based crosslinks (black
lines), photolabile moieties (blue circles), and pendant peptides (orange hexagons). (c)
Photolabile hydrogels are formed between an acrylated cover glass and a non-acrylated cover
glass in a silicon mold (spacer). The silicon mold is placed on the acrylated cover glass (1) and
set-up next to the non-acrylated cover glass. The macromer solution is initiated by adding
TEMED to the solution while mixing (2), and this solution is quickly pipetted onto the acrylated
cover glass (3) in the void of the mold. The non-acrylated cover glass is used to cover the
solution, and the sandwich is clamped shut with binder clips (4). After ~ 5 min, the sandwich is
opened with a razor blade (5), and the formed gel (6) is placed in PBS.
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57. To prepare 40 uL photodegradable hydrogels, sufficient to filla 1 cm x 1 cm x 254 um
geometry, combine 16.4 uL of the PEGdiPDA stock solution, 6.8 uL of the PEGA
solution, and 10.8 uL. PBS for each gel (Fig. 6a). Add 4 uL of the AP solution for each
gel to the macromer solution and aliquot the macromer solution into 38 uL volumes into
individual 0.7 mL Eppendorf tubes for each gel to be made. If you plan to fluorescently
image with these gels (e.g., for patterning), substitute 7.5 uL of the PBS with MeRho
solution (for a final concentration of 300 nM), and if you plan to seed cells on or
encapsulate cells within these gels, substitute 5.3 uL of the PBS with fibronectin solution.
If you plan to both image and encapsulate or seed substitute the PBS with 5.3 uL of
fibronectin solution and 5.8 uLL of MeRho solution.

CRITICAL STEP Once the AP has been added to the macromer solution, it should be used
within ~ 30 min. Further, at this point, the initial properties of the gel (e.g., crosslinking density
and biofunctionality) can be tuned by altering the concentrations of the components in the
macromer solution, entrapping other proteins than fibronectin, or incorporating other
acrylated/methacrylated moieties.  If the amount of PEGdiPDA is altered, the final
concentrations of AP and TEMED will need to be adjusted since the o-nitrobenzylether moiety is
an effective radical scavenger. As the concentration of PEGdiPDA is increased, the
concentration of AP and TEMED should be increased in order to achieve gelation, and as the
concentration of PEGdiPDA is decreased, the concentration of AP and TEMED should be
decreased so that the solution does not gel too rapidly. As adjustments are made, the changes in
volumes should be supplemented with PBS to maintain the total volume at 40 uL per gel.
TROUBLESHOOTING?

58. To prepare 40 uL photoreleasable gels, combine 16.4 uL of the PEGDA solution, 6.8 uL
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of the PEGA solution, 4 uL of the photodegradable tether solution, and 5.4 uL of PBS for
each gel (Fig. 6b). Add 2 uL of the AP solution for each gel to the macromer solution
and aliquot the macromer solution into 39 uL volumes into individual 0.7 mL Eppendorf
tubes for each gel to be made.
CRITICAL STEP Once the AP has been added to the macromer solution, it should be used
within ~ 30 min. Further, at this point the initial properties of the gel, e.g., crosslinking density
and biofunctionality, can be tuned by altering the concentrations of the components in the
macromer solution, entrapping other proteins than fibronectin, or incorporating other
acrylated/methacrylated moieties. If the amount of photodegradable tether is altered, the final
concentrations of AP and TEMED will need to be adjusted since the o-nitrobenzylether moiety is
an effective radical scavenger. As the concentration of photodegradable tether is increased the
concentration of AP and TEMED should be increased in order to achieve gelation and as the
concentration of photodegradable tether is decreased the concentration of AP and TEMED
should be decreased so that the solution does not gel too rapidly. As adjustments are made, the
changes in volumes should be supplemented with PBS to maintain the total volume at 40 uL per

gel. TROUBLESHOOTING?
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Encapsulation 22h 24h 48 h
Irradiation 0.20 600 + 170
0.62 470 + 180
0.88 330 + 50
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% control | % control
PD gel (control) 100 + 1 98 1
PD gel + light 120+ 1 103+ 1

Figure 3.7 Cell encapsulation within photodegradable hydrogels. (a) Cells are encapsulated
within photolabile hydrogels by resuspending a cell pellet in the macromer solution just before
the addition of TEMED. Cell viability is verified after polymerization using a LIVE/DEAD
Cytotoxicity Assay and confocal imaging. Here hMSCS exhibit good viability within the
photodegradable hydrogel after encapsulation (live cells stained green, dead cells stained red,
day 1, confocal z-projection). Scale bar, 100 um. (b) Cell function after irradiation and gel
degradation can be assessed by measuring metabolic activity with the alamarBlue assay.
Metabolic activity of hMSCs encapsulated in a photodegradable gel increases slightly on
irradiation and degradation (8 min of 10 mW/cm?® at 365 nm), compared with photodegradable
gels without irradiation (control) (P < 0.001), but the two conditions are similar ~24 h after
irradiation (48 h in 3D culture). (¢) Irradiation of the hydrogels for up to 8 min (10 mW/cm” at
365 nm) creates z-gradient in degradation and gel cross-linking density (px). Cells were imaged
on day 4 in culture after irradiation for 8 min on day 1. This 3D gradient in cross-linking density
can be used to study how gel density influences cell function in 3D culture. hMSCs labeled with
CellTracker Green are observed spreading in lower cross-linking density regions of the gel
(right, confocal slice overlaid with bright field) as compared with regions with high cross-linking
density (left), and increasing cell area in response to this z-direction gradient is observed and
quantified with image analysis (table, px normalized to its initial, nondegraded value, pyo). Scale
bars, 50 um.
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59. Prepare an acrylated cover slip with a 254 um silicon gasket (Fig. 6¢c-1), a non-acrylated
cover slip, three small binder clips, and a P200 pipetteman set to 40 uL with a tip.

60. Whether making photodegradable or photoreleasable gels, take one of the 0.7 mL
Eppendorf tubes with an aliquot of macromer solution. While mixing the macromer
solution vigorously, add 2 uL of TEMED for photodegradable crosslinker gels and 1 uL
of TEMED for photoreleasable tether gels (Fig. 6¢-2). Take the solution to the prepared
cover slip mold and pipette the 40 uL solution into the center of the void in the silicon
gasket (Fig. 6¢c-3). Cover the solution with the non-acrylated cover slip, close the mold,
and clamp with the binder clips (Fig. 6¢-4).

CRITICAL STEP Once the TEMED is added, the macromer solution will begin to gel within ~
30 s, so the transfer to the prepared mold should be rapid.

61. Allow the solution to gel in the mold for ~ 5 min. Upon gelation, open the mold carefully
with a razor blade (Fig. 6c-5) and place the formed gel (Fig. 6¢-6) into ~ 4 mL of PBS
(or enough to fully cover the gel) to allow unreacted monomer and initiator to diffuse out.
Refresh the PBS after ~ 30 min.

PAUSE POINT The gels should remain attached to the cover slip for 10-14 days and can be
used for degradation or cell seeding at any time. To maintain sterility, keep the gel submerged in
sterile PBS in an incubator for the duration of the gel’s use.

62. Cell encapsulation. All operations described in this section are performed using sterile
technique. The base monomer solution was prepared as described in Step 57, and
fibronectin was added (225 nM) to promote cell adhesion within the hydrogel. A
rectangular mold was prepared from two glass microscope slides and a 254-pm-thick

medical-grade silicon rubber gasket.
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63.

64.

65.

Media was aspirated from hMSCs on 100-mm dishes. The plated cells were rinsed with
PBS (5 mL per plate) to remove any remaining media and incubated with 1x trypsin (4
mL per plate for ~ 6 min at 37°C) to detach the cells from the plate. The trypsin was
quenched was fresh media (2 mL per plate); the detached cells were collected; and an
aliquot of cells (2x 10 pul) was counted with a hemacytometer while the collected cells
were pelleted by centrifugation (5 min at room temperature with 200 g).

The cells were re-suspended in a small amount of media (~ 1 mL), and an aliquot was
taken to achieve a cell density of 2x10° cells/mL in the monomer solution. This aliquot
of cells was pelleted by centrifugation (5 min at room temperature with 200 g) in an
Eppendorf tube (1.7 mL), media removed, and re-suspended in the monomer solution

(Fig. 6d).

CRITICAL STEP Take care to gently triturate cells in the monomer solution to break apart any

cell clusters and suspend cells individually within the gel for probing cell-material interactions.

Following Step 60, TEMED was added to the monomer-cell solution while vortexing,

and the polymerizing solution quickly pipetted into the glass mold.

CRITICAL STEP Since redox initiation is used, the polymerization begins as soon as TEMED
is added, and molding gels within this time constraint (< 1 min before gelation) may take

practice.

66. After 5 min of polymerization, the mold was submerged in media and opened with a

sterile razor blade. The top glass slide was removed, and the gel was cut into 3 pieces
(three ~ 25 mm x 25 mm pieces). Each piece was transferred to a well of a 6-well plate
(5 mL media per well) using sterile metal spatulas. The media was aspirated from the

plates and replaced with fresh media after 30 min, 4 h, and 24 h to ensure that all
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unreacted monomer and initiation components were removed.

67. Culture plates were incubated at 37°C, and media was refreshed every 2-3 days. Cell

viability was checked using the LIVE/DEAD Cytotoxicity assay.
3.5.5 Hydrogel degradation and patterning

68. Hydrogel degradation with photolithography: gradient formation. Set-up a 365 nm light
source, such as an EFOS/EXFO NovaCure or OmniCure, with a liquid filled light guide
and collimating lens (Fig. 7). Tune the intensity such that the intensity is 10 mW/cm” at
the sample height. Collimate the light spot with the collimating lens so that the intensity
is even over the sample (Fig. 7a).

69. Put a gel between two glass slides (50 mm x 75 mm) spaced by a 500 wm rubber gasket
and fill the void with PBS or serum-free, phenol-red-free media. Place the chamber
under the light source such that the sample is directly below the center of the light spot.

CRITICAL POINT If cells are attached to the surface of th e gel, special care should be taken
when transferring the gel between liquids.

70. Attach an opaque rectangle, such as a piece of foam board (Fig. 7b), to the drive shaft of
a syringe pump, such that the foam board will move with the drive shaft. Align the edge
of the foam board to be flush with one edge of the gel so that all of the gel is initially
exposed to the light source.

71. Set the syringe pump diameter to 1.1283 mm such that an infuse rate of 1 uL/min will be
equal to movement of 1 mm/min. Start the syringe pump at the same time as the light
source shutter is opened. Irradiate the sample for 8 min; this will insure that § mm of the
gel is be covered by the end of the irradiation and that a gradient in degradation will be

created over the first 8 mm of the gel.
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72. Submerge the gel in PBS or media to allow the degradation products to diffuse out of the
gel. After ~ 30 min refresh the PBS or media.

73. Hydrogel degradation with photolithography: pattern formation. Set up a 365 nm light
source, such as an EFOS NovaCure or OmniCure, with a liquid filled light guide and
collimating lens (Fig. 7). Tune the intensity such that the intensity is 10 mW/cm® at the
sample height. Collimate the light spot with the collimating lens so that the intensity is
even over the sample (Fig. 7a).

74. Place a gel on a glass slides (25 mm x 75 mm) and pipette ~ 150 uL of PBS or serum-
free, phenol-red-free media onto the gel surface. Place three cover slips on either side of
the gel to support the chrome mask. Place the sample directly below the center of the
light spot.

CRITICAL POINT If cells are attached to the surface of the gel, special care should be taken
when transferring the gel between liquids.

75. Rest a chrome mask with the desired pattern on the stacks of cover slips adjacent to the
sample such that the pattern is covering the surface of the gel.

76. Turn the light source on and irradiate the sample for at least 8 min to create features at the
surface of the gel.

PAUSE POINT The length of irradiation dictates the depth of feature formation as described in
[27], thus the user should tune the exposure time based on the desired depth of feature formation.
77. Submerge the gel in PBS or media to allow the degradation products to diffuse out of the

gel. After ~ 30 min, refresh the PBS or media.
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Figure 3.8 Photopatterning with photolithography. (a) To pattern photolabile hydrogels with
standard photolithography, a mask is placed between a collimated light source and the gel
surface. For proper pattern transfer, it is important that the light be well collimated with a
collimating lens and that the mask be appropriately placed above the hydrogel surface. (b)
Photopatterning can be used to form gradients in elasticity or biochemical signals in photolabile
hydrogels via gradient masking. Briefly, the sample is placed in a PBS/media filled chamber,
and a syringe pump is used to slowly cover the sample so that the sample receives a gradient of
light, which induces a gradient in photocleavage. (c¢) Photopatterning can also be employed to
generate features at the surface of photolabile hydrogels using a chrome mask. To ensure pattern
transfer, use a well-collimated light source and rest the chrome mask just above the gel surface
on glass slides or cover glass. Here, we used a mask with square features to pattern positive
square pillars at the surface of photodegradable hydrogels. Features are shown in a confocal
surface image (upper left), brightfield image (upper right), and confocal cross section image
(bottom).

78. Hydrogel degradation with confocal microscopy. Place a gel between two glass slides
(25 mm x 75 mm) separated by 500 um rubber gasket and fill the void with PBS or
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serum-free, phenol-red-free media (Fig. 8a-1).

79. Place the chamber with the sample on the stage of a confocal microscope with a 405 nm
light source (Fig. 8a-2). Find the surface of the gel by imaging the first plane that
fluoresces with MeRho or by looking for dust particles or surface aberrations.

80. Using the region of interest software (ROI) that accompanies the microscope, draw ROIs
into the gel (Fig. 2¢ and 8b&ec). To transfer these patterns into the third dimension,
generate a z-stack of the desired size with 1-um slices/intervals.

CRITICAL STEP Due to the nature of the confocal process, there is out of plane irradiation
causing a loss in the resolution of the pattern. This problem exacerbates with increasing feature
size (Fig. 8b, fluorescent cross-section) and the user should take this into account when
generating features with the ROI software.

81. Irradiate these samples with a 30 mW, 405 nm laser at 50% transmission (~ 1 mW
measured at sample) with a pixel dwell time of 3.15 ps (total time to scan 512 x 512
pixel® frames in 1-pm intervals over a 50-um stack is ~ 40 s).

82. When the pattern is formed, the sample can be imaging using transmitted light or with
fluorescent confocal microscopy on the same stage.

83. Upon completion of patterning and imaging, the sample should be removed from the

confocal microscope and submerged in PBS or media.

93



Figure 3.9 3D photopatterning with a confocal microscope. Focused, 405 nm laser light can
be used on a confocal microscope to completely erode features within photodegradable
hydrogels. (a) To maintain sterility the prepared gel is sealed within a liquid filled chamber that
fits onto the stage of a confocal microscope. ROI software is used to raster the focal point of the
405 nm laser through defined geometries within photolabile hydrogels. (b) Here, cylindrical
wells (5, 25, and 50 um diameter, left to right) are degraded into the surface of a
photodegradable gel and imaged in brightfield (middle, scale bar 100 um) and confocal
fluorescence (right, y-cross section, scale bar 50 wm). Such surface features can be used for cell
aggregation, studying cell connectivity and migration, and manipulation of cell adhesion. (c)
Further, channels can be created within photodegradable hydrogels on size scales relevant to
mammalian cells to study 3D migration and connectivity. Here, we show a bifurcating channel
patterned 50 um below the gel surface as imaged in brightfield (middle, scale bar 100 um) and
confocal fluorescence (right, z-cross section, scale bar 50 um). Note that there is non-specific
degradation in the z-dimension owing to overlapping regions of out-of-focus light.

3.5.4 Timing
Steps 1-3, Synthesis of photolabile group (reaction a), 24 h
Steps 4-12, Synthesis of photolabile group (reaction b), 48 h

Steps 13-16, Synthesis of photolabile group (reaction c), 36 h
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Steps 17-19, Synthesis of photolabile group (reaction d), 36 h

Steps 20-24, Synthesis of photodegradable acrylate (reaction e and f), 48 h

Steps 35-38, Synthesis of photodegradable crosslinker (reaction), 48 h

Step 39, Synthesis of photodegradable crosslinker (dialysis), 3 days

Step 40, Synthesis of photodegradable crosslinker (lyophilization), 3 days

Step 41, Synthesis of photoreleasable tether (peptide synthesis), 24 h

Steps 42-46, Synthesis of photoreleasable tether (coupling reaction), 24 h

Steps 47-48, Synthesis of photoreleasable tether (cleavage), 24 h

Steps 49-50, Synthesis of photoreleasable tether (HPLC purification), 24 h

Step 51, Synthesis of photoreleasable tether (lyophilization), 3 days

Steps 52-55, Hydrogel synthesis (acrylation of cover slips), 5-24 h

Steps 56-60, Hydrogel synthesis (hydrogel fabrication), 3 h

Step 61, Hydrogel synthesis (hydrogel rinsing and swelling), 12-24 h

Steps 62-67, Cell encapsulation and viability verification, 24 h

Steps 68-72, Hydrogel degradation (surface gradient formation), 90 min

Steps 73-77, Hydrogel degradation (surface feature formation), 2 h

Steps 78-83, Hydrogel degradation (confocal photopatterning), 3 h

3.5.5 Troubleshooting

Step Problem Possible reason Solution

11 Fine white powder | Reaction temperature was too | Re-start the procedure at Step
emerges upon mixing | low, and incomplete nitration | 4.
of the product with | occurred.
boiling EtOH

12 Multiple re- | Reaction became too hot and | Product can be purified by
crystallizations  do | lead to over half of the | other methods, such as column
not lead to pure | product being nitrated in the | chromatography, or procedure
product wrong position or multiple | can be re-started at Step 4.

positions on the benzyl ring.
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39 By-product Particle size is small and/or | Leave at least half of the
precipitate does not | remaining NMP in | volume of the dialysis tubing
completely settle | combination with PEG is | empty and allow dialysis to
during centrifugation | forming a stable suspension. | proceed for longer until
solution is

translucent.
57 or | Gelation occurs | Initiator (AP & TEMED) | Decrease the final
58 before the solution | concentrations are too high in | concentration of AP &
can be pipetted into | the final macromer solution. | TEMED in the macromer
the mold solution while maintaining a

2:1 ratio, respectively.

57 or | Gelation fails to | Initiator (AP & TEMED) | Increase the final concentration
58 occur after 5 min. concentrations are too low in | of AP & TEMED in the
the final macromer solution. | macromer  solution  while
maintaining a 2:1 ratio,
respectively.

3.6 NMR reference sprectra

3.6.1 Synthesis of photolabile group (reaction a)

White solid, 'H NMR (500 MHz, CDCl;) § 7.6 (d, 1H), § 7.58 (s, 1H), 8 6.92 (d, 1H), § 4.2 (tm,
4H), 8 3.95 (s, 3H), 8 3.6 (s, 3H), 0 2.58 (t, 2H), 6 2.2 (m, 2H), and 6 1.3 (t, 3H).

3.6.2 Synthesis of photolabile group (reaction b)

Yellow solid, '"H NMR (500 MHz, CDCl3) § 7.62 (s, 1H), 8 6.75 (s, 1H), d 4.18 (tm, 4H), & 3.95
(s, 3H), 6 2.55 (t, 2H), 8 2.5 (s, 3H), 8 2.2 (m, 2H), and & 1.25 (t, 3H).

3.6.3 Synthesis of photolabile group (reaction c)

Yellow solid, 'H NMR (500 MHz, (CD5),S0) & 7.55 (s, 1H), 8 7.4 (s, 1H), § 5.55 (s, 1H), 8 5.3
(m, 1H), 6 4.1 (tm, 4H), 6 3.95 (s, 3H), & 2.5 (t, 2H), 6 2.0 (m, 2H), 6 1.4 (d, 3H), and d 1.2 (t,
H).

3.6.4 Photolabile group (reaction d)

Yellow solid, '"H NMR (500 MHz, (CD3),S0) 8 12.2 (s, 1H), § 7.6 (s, 1H), 8 7.4 (s, 1H), 8 5.5 (s,
1H), 8 5.3 (m, 1H), 6 4.1 (t, 2H), 6 3.9 (s, 3H), § 2.4 (t, 2H), § 2.0 (m, 2H), and d 1.4 (d, 3H).
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3.6.5 Photodegradable acrylate (reaction e and f)

Orange liquid to crystalline solid (crystallizes upon storage at 4°C), 'H NMR (500 MHz,
(CD3),S0) 8 12.2 (s, 1H), 6 7.6 (s, 1H), 8 7.2 (s, 1H), 0 6.4 (d, 1H), d 6.35 (m, 1H), 8 6.25 (m,
1H), 8 6.05 (d, 1H), d 4.1 (t, 2H), 8 3.9 (s, 3H), 8 2.4 (t, 2H), 6 2.0 (m, 2H), and 6 1.4 (d, 3H).
3.6.6 Photodegradable crosslinker

Light yellow powder, 'H NMR (500 MHz, (CD3),SO) § 8.0 (t, 1H), d 7.6 (s, 1H), § 7.2 (s, 1H),
0 6.4 (d, 1H), 6 6.35 (m, 1H), 6 6.25 (m, 1H), 6 6.05 (d 1H), 8 4.1 (t, 2H), 8 3.9 (s, 3H), 0 3.5 (m,

~304H), § 2.75 (t, 2H), 8 2.4 (t, 2H), § 2.0 (m, 2H), and & 1.4 (d, 3H).
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CHAPTER 1V

MODELING CONTROLLED PHOTODEGRADATION IN OPTICALLY
THICK HYDROGELS

Under review at Journal of Polymer Science Part A: Polymer Chemistry, Fall 2012

4.1 Abstract

There is a growing interest in developing dynamically responsive hydrogels whose
material properties are modulated by environmental cues, including with light. These
photoresponsive hydrogels afford spatiotemporal control of material properties through an array
of photoaddition and photodegradation reactions. For photoresponsive hydrogels to be utilized
most effectively in a broad range of applications, the photoreaction behavior should be well
understood, enabling the design of dynamic materials with uniform or anisostropic material
properties. Here, a general statistical-kinetic model has been developed to describe controlled
photodegradation in hydrogel polymer networks containing photolabile crosslinks. The
heterogeneous reaction rates that necessarily accompany photochemical reactions were described
by solving a system of partial differential equations that quantify the photoreaction kinetics in the
material. The kinetics were coupled with statistical descriptions of network structure in chain
polymerized hydrogels to model material property changes and mass loss that occur during the

photodegradation process. Finally, the physical relevance of the model was demonstrated by
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comparing model predictions with experimental data of mass loss and material property changes

in photodegradable, PEG-based hydrogels.

4.2 Introduction

Hydrogels comprise a class of hydrophilic, crosslinked polymers that are useful in a
broad range of applications owing to their facile synthesis, biocompatibility, tailorability for
transport of both low and high molecular weight molecules, as well as robust physical
properties.' Currently, there is an interest in developing dynamically responsive hydrogels whose
material properties can be modulated in time by environmental cues, enabling complex spatial
and temporal control of the chemistry and structure of the gels. Responsive hydrogel networks
are being exploited to engineer improved drug delivery vehicles,” cell culture scaffolds for
regenerative medicine,™* biosenors,” and actuators in microfluidic devices.® Within this
paradigm, researchers have developed a unique class of photoresponsive hydrogels that provide
the experimenter with spatiotemporal control over the chemical and physical properties of the
gels through photoaddition and photodegradation reactions.” "

Degradation reactions are employed to modulate physical properties of hydrogels in time
and is achieved most typically through the incorporation of hydrolytically or enzymatically
degradable moieties within the hydrogel network backbone.'® Cleavage of the degradable
moieties breaks elastically active strands within the network, forms soluble degradation products,
and, ultimately, causes erosion of the gel. As a general characterization, each bond that is
degraded within the network leads to a decrease in the local crosslinking density with a
concomitant decrease in modulus and an increase in water swelling. Once a sufficient fraction of

local crosslinks is degraded, erosion occurs within the network resulting in mass loss and
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changes in the geometry of the gel. Throughout this article, the terms degradation and erosion
arise frequently; degradation refers to the reaction that cleaves an individual covalent bond,
while erosion refers to the local depletion of mass from the network caused by degradation.'”'®

Hydrolytically and enzymatically degradable hydrogels are both effective in a broad
range of applications,'” but they are limited in that the degradation kinetics are governed by the
initial chemistry and offer little control over material property evolution post-fabrication. As an
alternative approach and one that enables new opportunities for dynamic material property
control, photodegradable hydrogels have been engineered that contain photolabile bonds within
the network crosslinks, which can be cleaved upon absorbance of light. This unique approach to
hydrogel fabrication allows the experimenter to modulate the physical properties of the gel in
both space and time exogenously through controlled irradiation. On the molecular level,
hydrogels are rendered photodegradable by incorporating specific photocleavable moieties (e.g.,
nitrobenzyl ether or coumarin) into the macromolecular precursors that comprise the gel
network. After formation, these photoactive moieties reside in the network backbone and can be
cleaved irreversibly when photons of the appropriate wavelength are absorbed. Through this
process, light is employed to degrade bonds within the material, leading to changes in the gel’s
modulus and swelling ratio, and, ultimately, to erode the gel. Such systems afford opportunities
for innovative experiments to better understand how hydrogel degradation influences desired
material properties, as well as offering unprecedented spatiotemporal control of the network
structure in real-time.

Several photodegradable hydrogels have been developed™® and employed as cell culture

15,22,23

platforms,”'****" drug delivery vehicles, and photolithographic materials.'* Initially, Turro

and coworkers synthesized photodegradable polymer networks via click-chemistry
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demonstrating the utility of light to tune material properties.”® Anseth and coworkers and Wang
and coworkers extended this paradigm to demonstrate that light can be used to tune the modulus
of photolabile hydrogels in real time to control fibroblast activation®' or migration'', as well as

1220 Pyrther, Kasko and coworkers utilized photodegradable

mesenchymal stem cell morphology.
hydrogels as photolithographic materials.** A separate class of photodegradable gels has been
developed that are comprised of photolabile bonds, which are reversible with low wavelength

2526 1n each of these

UV light (A = 254 nm), and these gels have been applied for drug delivery.
investigations, thorough characterization of the material in use allowed the experimenters to
describe the light induced changes to the hydrogel’s properties via controlled light presentation.
However, for photoresponsive hydrogels to be utilized most effectively in a broad range
of applications, the degradation behavior should be described a priori. A general class of
statistical-kinetic models for degradation in hydrolytically and enzymatically degradable
hydrogels has been developed that integrates cleavage kinetics with network structural
information to predict material property changes during degradation.'”'®**® The goal of the
current investigation is to develop a generalized and comprehensive, statistical-kinetic model of
hydrogel photodegradation to provide a method to describe and predict light induced changes in
the properties of photodegradable hydrogels. In this manner, the concomitant alterations in
material properties caused by irradiation can be better understood, predicted, and manipulated to

accelerate the design of unique cell culture scaffolds, delivery vehicles, high performance

elastomers, and more complex photoresponsive hydrogels.

4.3 Materials and Methods

All chemical reagents were purchased from Sigma Aldrich except as otherwise noted.
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4.3.1 Synthesis of nitrobenzyl ether photolabile moiety

The photolabile moiety, ethyl 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic
acid was prepared as previously described.”’ In short, acetovanillone (200 mmol) and ethyl 4-
bromobutyrate (240 mmol) were dissolved in 150 ml of dimethyl formamide and then potassium
carbonate (300 mmol) was added. The reaction was stirred overnight, precipitated in water, and
filtered to recover the ketone product. The ketone product (100 mmol) was nitrated using nitric
acid (75 mL) that was added to the ketone at 0°C and reacted for 1 h off ice, ensuring that the
temperature of the reaction remained below 35°C for the duration of the reaction. The nitrated
product was precipitated in water, filtered, recrystallized from ethanol, and desiccated overnight.
The nitrated ketone product (50 mmol) was reduced to an alcohol in ethanol (100 mL) by
reacting with sodium borohydride (31 mmol) at 40°C. The reaction was stirred until the product
dissolved completely; quenched with methanol (~ 1 mL); and precipitated in water, filtered, and
desiccated overnight. The nitrated alcohol (50 mmol) was then reacted with potassium hydroxide
(75 mmol) in a THF and water blend to deprotect the carboxylic acid. Upon completion, the
reaction mixture was cooled, filtered, washed with water, and desiccated to recover the
nitrobenzyl ether photolabile moiety. Product purity was confirmed by proton nuclear magnetic

resonance (‘'H NMR, Varian Inova 400 NMR Spectrometer).

4.3.2 Acrylation of nitrobenzyl ether photolabile moiety

The photolabile moiety was acrylated as previously described.”” The photolabile moiety
(20 mmol) was suspended in anhydrous dichloromethane (180 mL) and stirred in a round bottom
flask with triethylamine (82 mmol). Acryloyl chloride (66 mmol) in anhydrous dichloromethane

(54 mL) was added dropwise at 0°C. The reaction mixture was stirred overnight at room
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temperature and then washed with sodium bicarbonate (5 w/v% aq.), dilute hydrochloric acid (1
v/v% aq.), and deionized water. Excess dichloromethane was evaporated and the liquid product
was dissolved in a 50:50 acetone:water solution (~ 500 mL). This solution was stirred overnight
at room temperature and filtered to remove insoluble impurities. The product was extracted with
dichloromethane and washed with dilute hydrochloric acid (1 v/v% aq.) and deionized water,
dried over sodium sulfate, and the remaining dichloromethane was evaporated to leave behind
the acrylated photolabile moiety (PDA). Product purity was confirmed by proton nuclear

magnetic resonance (‘"H NMR, Varian Inova 400 NMR Spectrometer).

4.3.3 Synthesis of photolabile crosslinker

The photolabile crosslinker was synthesized and purified as previously described.” The
acrylated photolabile moiety (PDA, 8 mmol) was dissolved in anhydrous N-methyl-2-
pyrrolidone (150 mmol). The standard solid-state peptide synthesis coupling agent HATU
(Anaspec, 8.8 mmol) was added with diisopropylethylamine (14 mmol) and stirred for 5 minutes
before PEG bisamine (Laysan Bio.;1 mmol) in minimal NMP (~100 mmol) was added to the
reaction. Upon complete dissolution of the reactants, the mixture was stirred overnight,
precipitated in diethyl ether at 0°C, and centrifuged to collect the product. The precipitate was
desiccated under vacuum, redissolved in deionized water, dialyzed (SpectraPor 7, MWCO 1000
g/mol), and lyophilized to recover the photolabile crosslinker (PEGdiPDA). Product purity was
confirmed by proton nuclear magnetic resonance ('H NMR, Varian Inova 400 NMR

Spectrometer).

4.3.4 Synthesis of photolabile hydrogels
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Stock solutions of the redox initiator ammonium persulfate (AP), base catalyst
tetramethylethylenediamine (TEMED), co-monomer PEGA, and photolabile crosslinker
(PEGdiPDA) were formed in water at 2 M, 2M, 40 wt%, and 20 wt%, respectively. Solutions
were prepared from these stocks to produce a total of 15 wt% total polymer in water and 0.2 M
AP. In experiments where imaging was necessary, a methacrylated rhodamine (300 uM) was
added to the pre-hydrogel solution. The pre-hydrogel solution was vortexed while TEMED (0.1
M) was added and quickly transferred to the gel-forming mold. The liquid solution was
polymerized for 5 minutes, which corresponds to complete polymerization as determined by

rheometry. Gels were polymerized between rubber gaskets at varying thickness from 100 um to

1500 wm or on a parellal plate rheometer (TA, Ares) with a thickness of 50 um.

4.3.5 Measurement of molar absorptivities
The molar absorptivities of the o-nitrobenzyl ether (NBE) and the nitbrobenzyl cleavage
product (NBP) were calculated using a UV-visible spectrophotometer (Lambda 40 UV/Vis

Spectrometer, Perkin Elmer) in a mixture of DI water and dimethyl sulfoxide (DMSO). The
molar absorptivity of NBE was measured prior to irradiation. The sample was then irradiated (A

=365 nm; I = 10 mW/cm®) and the molar absorptivity of NBP was measured.

4.3.6 Measurement of quantum yield via photorheometry

To determine the kinetic constants of photolysis in PEGdiPDA hydrogels, thin films (z =
50 um) were polymerized in situ on a parallel plate photorheometer (TA, Ares). After complete
polymerization, the hydrogel was surrounded by water to maintain hydration and then

photodegraded (A = 365 nm or 405 nm; Iy = 10 mW/cm? or 25 mW/cm?, respectively). The shear
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component of the gel’s storage modulus (G") was measured as a function of irradiation time, ¢. A
characteristic kinetic constant for photolysis, &, was determined by linear regression of this data
(0.5 = G'/G'y = 1) based on gel mechanical theories, degradation kinetics, and photolysis

10-20-29 The following was used to calculate :

G/
In (-,) = =2kt
GO

where t is the irradiation time; G’y is the initial shear component of the gel’s storage modulus;

kinetics.

and the factor of 2 arises from the structure of the monomer containing two photolabile linkers.
The quantum yield, ¢, can be calculated from the characteristic kinetic constant as

kN, /ic
=10°———
¢ eAl,
where N, is Avagadro’s constant; h is Planck’s constant; ¢ is the speed of light; ¢ is the molar

absorptivity of the NBE at the wavelength of irradiation; A is the wavelength of irradiation; and

I is the irradiation in‘[ensity.30

4.3.7 Measurement of quantum yield via NMR

To confirm the quantum yield measurements for 365 nm irradiation, the quantum yield
was also determined by NMR analysis of degradation of the NBE moiety. Characteristic ring
peaks in the NBE shift dramatically upon degradation, which can be quantified to track the
kinetics of degradation as a function of time. Dilute PEGdiPDA solutions were irradiated (A =
365 nm; Ip = 10 mW/cmz) for 1, 2, 3, 5, 10, 20, and 30 minutes each. A characteristic kinetic
constant for photolysis, k, was determined by linear regression of the intact NBE concentration

versus time. The following was used to calculate £:
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1 <C>— kt
n CO =

where C is the concentration of NBE moieties; Cy is the initial concentration of NBE moicties;
and ¢ is the irradiation time. As before, the quantum yield, ¢, can be calculated from the

characteristic kinetic constant as

where N is Avagadro’s constant; h is Planck’s constant; c is the speed of light; ¢ is the molar
absorptivity of the NBE at the wavelength of irradiation; A is the wavelength of irradiation; and
Iy is the irradiation intensity. For practical purposes solution NMR studies of the degradation rate
were employed to model degradation rates in the gel network, but as the PEGdiPDA molecule
resides in a highly swollen polymer network mobility constraints should not strongly influence

the quantum yield and solution studies should approximate in gel reaction kinetics.

4.3.8 Fractional mass loss of PEGdiPDA hydrogels

Data for the fractional mass loss of PEGdiDPA hydrogels exposed to 365 nm irradiation (Fig.
5a) was reported previously in ref. 20, and new results at 405 nm irradiation are added to this
data. For fractional mass loss, PEGdiPDA hydrogels ([INBE] = 0.04 or 0.058 M; z = 1500 um)
were exposed to collimated surface irradiation (A = 365 or 405 nm; [ = 20.0 = 1.0 or 25.0 = 1.0
mW cm?, respectively). At each time point, three gels were removed from the light and
lyophilized and weighed. Fractional mass loss was calculated as the normalized mass at each

time point.*’

4.3.9 Channel patterning in PEGdiPDA hydrogels
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Data for the channel patterning in PEGdiPDA hydrogels (Fig. 5c¢) was reported
previously in ref. 20. Briefly, channels were generated in PEGdiPDA hydrogels ([NBE] = 0.04
M; z = 500 wm) via photolightography (A = 365 nm; Iy = 10.0 = 0.5 mW cm™; 400 um wide
black lines separated by 400 um wide transparent lines; Mask Aligner, Optical Associates Inc.,
Model J500) for different times (5 — 30 min) to form channels within the gel through
photoerosion. Irradiation was conducted with the gel just below the photomask and surrounded
by PBS to facilitate dissolution of erosion products into a surrounding sink during degradation.
Channels were measured quantitatively via profilometry (Style Profiler, Dektak 6M) and visually

confirmed via confocal LSM (Zeiss 710 NLO LSM) on cross-sections of the gel.”

4.3.10 Surface gradient patterning in PEGdiPDA hydrogels

Data for the gradient in the elastic modulus (Young’s modulus, £) along the surface of
PEGAiPDA (Fig. 5d) was reported previously in ref. 20. Briefly, the gradient was generated by
exposing the surface of a PEGdiPDA hydrogel ([NBE] = 0.04 M; z ~ 200 um) to collimated
irradiation (A = 365 nm; Iy = 10.0 = 0.5 mW cm™) in a gradient fashion. The gradient of light
was achieved by continuously occluding the hydrogel surface with an opaque substrate from the
initial side (0 mm) to the final side (9 mm) linearly over the course of 5 minutes. The surface
gradient was then measured with AFM (PicoPlusTM scanning probe microscope; Molecular
Imaging, Inc.; pyramidal silicon nitride tip with force constant 0.12 N/m, radius = 10 nm, height
= 2.5-3.5 nm, and angle of pyramid = 35°) and fitting data to a Hertz model with v ~ 0.2 for the

surface of PEG hydrogel.*’
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4.3.11 Model calculations

The model was written and executed in MATLAB (Mathworks) with a spatial step size,
Az, of 100 nm and a temporal step size, At, of 10 ms. At each temporal node, the z-dependent
light intensity profile was solved by Euler integration of the Beer-Lambert law (Eq. 1) over the
whole spatial grid. Then, the extents of cleavage of o-nitrobenzyl ether and generation of the
cleavage product were calculated through Euler integration of Eqs. 2 & 3, utilizing the light
intensity profile for the current temporal node, to update the concentration profiles for the
photoactive species. This iterative numerical method was repeated to generate the
spatiotemporally varying light intensity and concentration profiles through the depth of the gel at
each discrete time step. The fidelity of the numerical method was verified in the manner of

Miller et al.*' by comparing calculations to analytic solutions from Wegscheider.’>*?

4.4 Model Development
4.4.1 Modeling Light Intensity and Photoactive Species Profiles

A statistical-kinetic model of photodegradation was developed that combines the kinetics
of photocleavage reactions with statistical, mean-field descriptions of network connectivity to
calculate mass loss in chain polymerized, photodegradable networks. The photodegradation
process relies on photochemical reactions whose rates are heterogeneous in both space and
time,” making descriptions of light-induced material property changes difficult. This hallmark of
photochemical reactions occurs because the local reaction rate is proportional to the product of
the local concentration of the photoactive species and the local intensity of light.*® Since photons
must be absorbed for reaction to occur, light intensity becomes optically attenuated in

photoresponsive networks, causing intensity to be a function of position. Furthermore, the
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products of most photodegradation reactions possess different molar extinction coefficients than
the reactants while erosion of the material removes absorbers from the light path. Both of these
phenomena alter the absorptivity of the light path as the reaction progresses, modulating the light
intensity profile and, thus, the reaction rate with time. In this manner, optical attenuation
produces both spatial and temporal variation in the light intensity profiles, local
photodegradation rates, and species concentration profiles.

To model these heterogeneities, one needs to solve a system of coupled partial
differential equations that describes the local light intensity and local photoactive species
concentrations as functions of both space and time. The Beer-Lambert law was employed to

quantify the spatiotemporally varying light intensity profile.

TED = —231(z,0) %4 [z, 1) Eq. 1

Here, I(z,7) is the local irradiation intensity (W cm™) at a given depth in the gel, z, and a given
time, #; €; is the molar absorptivity (L mol”' cm™) of the i-th photoactive species in the system for
the wavelength of degradation; and [Cj] is the local concentration (mol L") of the i-th
photoactive species in the system. The incident irradiation was assumed to be constant
throughout the time course of degradation so that

1(0,t) = I,
The photocleavage reaction was modeled with first-order kinetics such that the local rate of

photoreaction and concentration of photoactive species, [Ci](z,?), is described by

o) _ _ e o
at - N g/ic [Cl] (Z' t)I(Z’ t) Eq 2

In this equation, ¢ is the quantum yield (unitless) for the cleavage reaction of i-th photoactive
species for the wavelength of irradiation; €; is the molar absorptivity (L mol' cm™) of i-th

photoactive species for the wavelength of irradiation; N, is Avagadro’s number (mol™); h is the
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Planck constant (m” kg s™); ¢ is the speed of light (m s™); and A is the wavelength of irradiation
(m). For every cleavage event there is a one-to-one generation of cleavage product(s) described
by

a[Cj](z,t) gl
at - N p/1c

[Ci](Z, t)I(Z' t) Eq 3

Here, [C;](z.?) is the concentration (mol L") of the j-th cleavage product corresponding to the i-th
photoactive species. The rate of generation of the cleavage product(s) is equal and opposite to the
consumption of the photoactive species. Note that the molar absorptivity of the cleavage
products must be taken into account in Eq. 1 as they can contribute significantly to the
attenuation of light. It was assumed that all photoactive species concentrations were initially
uniform throughout the material and that all photoactive species were initially intact, so that
[Cil(z.0) = Cio
[Cil(z.0)=0

Egs. 1-3 and the corresponding boundary conditions comprise a set of coupled partial

differential equations that describe the kinetics of photodegradation as a function of both space

. 8,31,33
and time.””

To calculate the light intensity and concentration profiles at each point in space
and time, finite element methods were employed to solve this system of coupled equations
numerically. Previous studies in optically thick films have presented models of non-uniform
photochemical reactions in both bleaching photopolymerizations and photorelease of small

21,22,31,33
molecules.” "

These analyses similarly accounted for the complex dynamics between light
attenuation and photochemical reactions by solving a similar series of partial differential
equations that describe the attenuation of light and the kinetics of photoreactions. This work
uniquely extends this framework to model material property changes and mass loss in chain

10,11

polymerized photodegradable hydrogels.
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4.4.2 PEGdiPDA photodegradable hydrogels

The purpose of this work is to describe a general framework to model photodegradation
in swollen hydrogels using a minimum number of measurable parameters that describe the
system of interest. In this manner, the methodology can be extended to a range of
photodegradable hydrogels or non-swollen networks for which the governing physical
parameters can be determined. In this work, a general photodegradation model is developed and
applied to describe the degradation and erosion behavior for a specific photodegradable
hydrogel, originally presented by Kloxin et al.'"'***** Further, model predictions are compared
to experimental results to demonstrate the physical relevance of the model.

Poly(ethylene glycol) diphotodegradable acrylate (PEGdiPDA) hydrogels were formed
through a redox-initiated, free-radical chain polymerization of the crosslinker, PEGdiPDA, with
PEGA (poly(ethylene glycol) monoacrylate) under aqueous conditions (Figure 1la). The
incorporation of an o-nitrobenzyl ether (NBE) into the crosslinking molecule PEGdiPDA renders
the hydrogels photodegradable, as the NBE is susceptible to irreversible cleavage in response to
one-photon (A ~ 320-436nm) or two-photon (A ~ 740nm) irradiation.”*%*

For the PEGdiPDA hydrogel system, there are only two photoactive species, NBE and
the single nitrobenzyl cleavage product NBP. The molar absorptivity of each of these compounds
was quantified previously over the range of irradiation wavelengths (Figure 1c).'"'®**° Eq. 2
governed the rate of photocleavage and concentration profile of the single photolabile moiety,
NBE. As the NBE species was cleaved, there was a one-to-one generation of the cleavage
product, NBP, governed by Eq. 3. It was assumed that the NBE species concentration was

initially uniform throughout the hydrogel and that all NBE moieties were initially intact, so that
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[NBE](z,0) = [NBE],

[NBP](z,0) = 0

4.4.3 Statistical model of degradation and erosion in the gel

To extend this kinetic modeling to predict mass loss and erosion from PEGdiPDA gels,
light intensity profiles (Eq. 1) and reaction kinetics (Egs. 2 & 3) were employed to quantify the
concentration of intact NBE species at any point in space and time. The concentration of intact
NBE moieties was then combined with statistical descriptions of network connectivity to model
the crosslinking density, mass loss, and erosion in the gel during the degradation process. Since
this work focuses on modeling degradation in PEGdiPDA networks that are formed from the
chain polymerization of telechelic monomers, the appropriate statistical descriptions of chain
polymerized hydrogels are employed.'”'*** However, the general approach is broad, and the
model presented here can be extended to describe photodegradable gels that are formed by step-
growth or mixed-mode polymerizations by incorporating the appropriate statistical descriptions
of these networks, described elsewhere.'®***

To predict network property evolution in PEGdiPDA hydrogels, the spatially and
temporally varying concentration profile of intact NBE, [NBE](z,7), calculated by the iterative
numerical method, was combined with a statistical description of chain polymerized network
connectivity. This approach relied on a mean-field approximation and fundamental probability
statements that correlate cleavage of NBE moieties with the degradation of crosslinks in the gel,
release of network fragments, and, ultimately, erosion of the material. The probability that a

given NBE moiety has been cleaved, P(z,7), was related to the local fraction of intact NBE

species
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[NBE](z,6)

P(z,t) =1- [NBE]o(z,t)

Eq. 4

where [NBE]j is the initial concentration of NBE in the network. Mass loss was approximated in
this model by calculating the probability that specific species were released, which is no longer
bound to the gel backbone, based on the probability of NBE cleavage (Eq. 4) and a mathematical
description of the hydrogel network structure. While a wide range of different molecular weight
species can be released from the gel during mass loss, it was approximated that the dominant
mass loss would be from three main erosion products, following the work of Metters et al. and
Reddy et al.'”'®* The three dominant erosion products, for which release was explicitly
modeled were (i) free PEGdiPDA crosslinks, (ii) poly(acrylate) kinetic chains, and (iii)
poly(acrylate) kinetic chains with pendant PEGdiPDA crosslinks (Figure 1d).

As Metters et al. demonstrated, it is convenient to calculate the state of the crosslinks to
model the release of the erosion products from these chain polymerized hydrogels.'”'"***’ Each
PEGAiPDA crosslink can exist in one of three states: (1) an intact crosslink, in which both NBE
moieties are intact, (2) a crosslink dangling from a poly(acrylate) kinetic chain, in which one
NBE moiety is cleaved and the other intact, and (3) free crosslink, in which both NBE moieties
have been cleaved. The fraction of PEGdiPDA crosslinks in each of these three states was
calculated from the probability that a given NBE moiety has been cleaved, P(z,t).

(1) Fraction of intact crosslinks

fi(z,t) = (1 = P(z,1t))? Eq. 5

(2) Fraction of dangling crosslinks

f,(z,t) = 2P(z,t)(1 — P(z,t)) Eq. 6
(3) Fraction of free crosslinks

f3(z,t) = P(z,t)? Eq. 7
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Note that fi(z,7) can be used to calculate the crosslinking density (px) as a function of space and
time directly: px(z,?) = fi(z,7)*px.0-

The fractional populations of PEGdiPDA crosslinks, Eqs 5-7, were combined with the
connectivity of the network to predict mass loss from the network. For chain-growth hydrogels,
the key connectivity parameter is the average number, N, of crosslinks per kinetic chain. It is
important to note that crosslinks can exist as loops or dangling ends in the initial gel formation
and N only accounts for the number of fully intact crosslinks per kinetic chain. For a
poly(acrylate) kinetic chain to be released directly from the network as a type (ii) or (iii) erosion
product, all of the crosslinks connected to it must exist in state (2) or (3), i.e., none of the
crosslinks attached to the kinetic chain remain intact.'”'**°

As mentioned above, this assumes that larger molecular weight species, such as a
PEGdiPDA molecule with two kinetic chains at both ends, were not released from the material.
While these other species can have high molecular weights and contribute significantly to mass
loss when released, release only occurs appreciably at late time points in the degradation, and
their release is captured by the reverse gelation condition, described below. Therefore, under
these assumptions, a kinetic chain connected to N crosslinks has a fractional probability of being
released from the network, Fy.n(z,?):

Fien(z,t) = (£,(z,t) + f3(z, )N = 2P(z,t)(1 — P(z,t) + P(z,t)*))N  Eq.8
Once Ficn(z,?) is known, the fraction of PEGdiPDA crosslinks released, Fyi(z,7), was calculated
by summing the fraction of free crosslinks, f3(z,7), with the fraction of dangling crosslinks that

are released with kinetic chains, Fy.n(z,7)*f2(z,¢)/2. Therefore, Fx(z,¢) can be calculated as:

fo(

2D 4 £,(z,t) = Feen(z Pz, 6)(1 - P(z,8)) + P(z,t)? Eq.9

Fxl (Z' t) = ch,N (Z' t) 2
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Given the fractions of the eroded products, Ficn(z, ) and Fy(z,7), as functions of space and
time, the fractional mass loss for the corresponding locale was calculated by summing the
products of the weight fraction of the gel in each of the eroded species by the fraction of each
species that is released.

ML(z,t) = (Wi Fren(z, t) + WyFy (2, t)) Eq. 10
Here, Wi, and Wy represent the weight fraction of the gel in the kinetic chains and the
PEGAdiPDA crosslinks, respectively.

As photodegradtion proceeds, individual NBE moieties cleave, degrading PEGdiPDA
crosslinks, and, ultimately, causing the release of erosion products and mass loss of the gel. This
process eventually reaches a limit, the reverse gelation point, where the network components no
longer form an infinite molecular weight gel locally. The reverse gelation point is reached when
a sufficient fraction of NBE moieties are cleaved, P., and the local network is then transformed
into highly branched soluble polymer chains. At this point, the local network is entirely soluble
and the fractional mass loss is assumed to approach 1, ML(z¢) = 1. A recursive approach,

203435 \vas used to determine the critical fraction of

originally developed by Miller and Macosko,
cleaved NBE moieties that leads to reverse gelation.'® In this work a monodisperse N was
assumed such that all kinetic chains were attached to exactly N PEGdiPDA crosslinks. In reality,
a distribution of N crosslinks per kinetic chain exists, and while this can be investigated in future
work, previous work in similar systems has shown a modest effect of the distribution of N on the

mass loss profile.'® From this approach, the critical fraction of intact NBE moieties, P., at which
p pp

reverse gelation occurs is given by:

Eq. 11
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Therefore, the function describing the local fractional mass loss is described by Eq. 10 when P >
P, and is equal to unity once P < P.. The average number of crosslinks per kinetic chain, N, is
employed as the sole fitting parameter in the model by comparing model prediction to
experimental measurements of the reverse gelation point.

The kinetic description of photodegradation, Eqs 1-4, was solved numerically to calculate
P(z,¢), and at each time point, P(z,7) was combined with Egs. 5-11 to determine ML(z,¢). ML(z,?)

was summed over the spatial nodes to determine the total fractional mass loss of the gel, ML(¥).

ML(t) =

z_?;;mm) Eq. 12

Z

where N, is the number of spatial nodes in the system.

4.5 Results and Discussion

A statistical-kinetic model characterizing photodegradation of hydrogel networks (Egs. 1-
12) is developed based solely on physical parameters of the system. This approach combined
model equations that describe heterogeneous photochemical reactions with a mean-field,
statistical description of network connectivity for hydrogels formed via chain polymerization of
telechelic polymers. In this manner, the methodology could be extended to a broad range of
photodegradable hydrogels for which statistical descriptions of network connectivity are known,
including polymeric hydrogel networks formed via chain-growth, step-growth, or mixed-mode
polymerizations.'***

Further, the general form of the model can be applied to photodegradable hydrogels that
are based on any photolytic molecule for which the molar absorptivities, €;, and quantum yields,
@i, can be measured for the irradiation wavelengths of interest. In this work, application of the

photodegradation model focused on hydrogels formed from the chain co-polymerization of a
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PEGdiPDA crosslinker, originally developed by Kloxin e al.'® These gels photodegrade on
account of the o-nitrobenzyl ether (NBE) moieties in the PEGdiPDA crosslinkers, which
undergo an irreversible cleavage to the by-product, NBP, in response to single-photon irradiation
(A =320-436 nm).

The photophysical parameters for NBE and NBP were measured for the irradiation
wavelengths of interest, with a specific focus on 365, 405, and 436 nm irradiation, bands readily
available with a mercury arc lamp. The molar absorptivities of NBE, exge, and NBP, exgp, were
calculated previously for 320 — 436 nm light (Figure 1c).”” At 365 nm, exge = 4300 L mol™ cm™
while exgp = 4200 L mol”' cm™, indicating minimal bleaching upon photoreaction. At 405nm,
expe = 720 L mol™ cm™ while exgp = 3300 L mol™ ¢cm™, indicating a red shift in the absorptivity
of the NBE upon photoreaction. At 436nm, exgg = 16 L mol™ c¢m™ while exgp = 800 L mol™
cm’, similarly red shifting upon cleavage. The quantum yields for NBE photocleavage were
found experimentally to be gnge = 0.027 and @nge = 0.017 for 365 and 405 nm and 436 nm
irradiation, respectively. The quantum yield at 436 nm was found previously as qngg = 0.23.%

PEGdiPDA hydrogels were fabricated via redox-initiated, free-radical chain
polymerization at two disparate macromer concentrations, 10 mol% PEGdiPDA:90 mol% PEGA
and 25 mol% PEGdiPDA:75 mol% PEGA of a total 15 wt% polymer gel (Figure 1a). These gels
possessed concentrations of NBE, [NBE], of 0.040 M and 0.058 M, respectively, and were
assumed to possess an average number of crosslinks per kinetic chain, N, of 20 as fit to the
reverse gelation point and based on previous work with similar degradable hydrogels.”® Gels
were polymerized with a thickness, z, ranging from 100 wum to 1500 um and, subsequently,
irradiated with a collimated light source incident on the surface of the gel (Figure 1b) leading to
attenuation and spatially varying degradation rates in the z-dimension.
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Figure 4.1 Photodegradable hydrogel system. (a) Photodegradable PEG based hydrogels were
formed through redox-initiated free radical polymerization of the photodegradable crosslinker
(PEGdiPDA) with a co-monomer (PEGA). (b) Upon exposure to collimated irradiation, these
gels degrade as the photolabile o-nitrobenzyl ether (NBE) cleaves leading to mass loss and,
ultimately, erosion. (c) Mass loss results from the release of cleavage products from the network
that predominantly fall into three categories: i. free PEGdiPDA crosslinks, ii. kinetic chains, and
iil. kinetic chains with pendant crosslinks. Once a sufficient fraction of NBE moieties are cleaved
in a local region, the gel undergoes reverse gelation where the polymers no longer form an
infinite molecular weight network and the local material erodes from the gel. (d)
Photodegradation can be achieved at wavelengths where NBE absorbs light (solid line). In this
work, 365 nm, 405 nm, and 436 nm were employed for degradation. The mechanism of mass
loss of the gels was dictated by the total absorptivity of the degradable hydrogels, which depends
on the molar absorptivity of NBE (solid line), the molar absorptivity of the cleavage product
(NBP; dashed line), the concentrations of photoactive species, the thickness of the gel, and the
wavelength of irradiation. Molar absorptivity data previously reported in ref. 29.

The governing equations of the photodegradation model (Eqgs. 1-14) were solved
numerically to predict the spatially and temporally varying profiles for the irradiation intensity,
concentration of NBE, crosslinking density, and fractional mass loss for these PEGdiPDA

hydrogels. The light intensity profiles followed a distinct decay that is indicative of attenuation
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in the material, which depends on the absorptivity of the particular hydrogel formulation (Figure
2). The absorptivity of the material is related directly to the thickness of the gel, the
concentration of the photoactive species, and the molar absorptivity of the photoactive species at
the irradiation wavelength as described by the Beer-Lambert Law (Eq. 1). For discussion, the
initial absorbance is defined as A = exgp®[NBE]*z. Predicted light attenuation profiles at t = 0 for
A =365 nm, [, = 10 mW/cm? irradiation in PEGdiDPA hydrogels ((NBE] = 0.04 M) with z = 10,
100, 1000 wm demonstrated that the fractional penetration depth of the light is dependent on the
thickness of the gel (Figure 2a). The light intensity was nearly uniform through the depth of a 10
um gel (A = 0.17), while only a small volume near the surface of a 1000 um (A = 17) gel
receives significant light at t = 0.

Similarly, varying the concentration of NBE within the PEGdiPDA gels (z = 100 um)
modulated the light attenuation profile (A = 365 nm; Iy = 10 mW/cm?) through the gel (Figure
2b). At a low concentration, ((NBE] = 0.004 M; A = 0.17), light is able to penetrate through the
full depth of the gel with only a small amount of attenuation, as the lower concentration of NBE
decreases the absorptivity of the gel. As the concentration of NBE, and thus the absorptivity,
increases, less light is able to penetrate the full thickness of the gel, creating a steeper gradient in

light intensity throughout the depth of the gel.
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Figure 4.2 Model predictions of light intensity profiles and kinetic rates. The incident
irradiation is attenuated in the hydrogel on account of the absorbing NBE within the PEGdiPDA
hydrogels. (a) Increased thickness of the hydrogel ((NBE] = 0.04 M; A = 365 nm; Iy = 10 mW
cm™) leads to decreased penetration depth of the light through the gel (z = 10 um, dash-dot line;
z = 100 wm, solid line; z = 1000 um, dashed line). (b) Similarly, increased concentration of the
NBE moieties in the gel (z = 100 um; A = 365 nm; Iy = 10 mW cm™) leads to decreased
penetration depth of the light through the gel ((NBE] = 0.004M, dashed line; [NBE] = 0.04M,
solid line; [NBE] = 0.4M, dash-dot line). (¢) The penetration depth of the light in the gel is also
dependent on the wavelength of incident irradiation ((NBE] = 0.04 M; z = 100 wm; Ip = 10 mW
cm™). Here, 365 nm irradiation (solid line) is strongly attenuated owing to the high molar
absorptivity of NBE at 365 nm (exge = 4300 L mol” ecm™). 405 nm irradiation (dashed line)
leads to increased penetration depth (exse = 720 L mol™ cm™) while 436 nm irradiation (dash-
dot line) is nearly uniform through the depth of the gel (exse = 16 L mol”' cm™). (d) The initial
photocleavage rate as a function of depth is dependent on the local light intensity and the
wavelength of irradiation, through changes in absorbance and quantum yield. ((NBE] = 0.04 M;
Ip = 10 mW cm™; z = 100 um; A = 365 nm, solid line; A = 405 nm, dashed line; A = 436 nm,
dash-dot line)

Irradiating the gel at different wavelengths of light further modified the penetration of
light through the gel in a manner that correlates with the absorptivity of the material (Figure 2c).

The molar extinction coefficient of NBE (Figure 1c) at the different wavelengths of interest
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governed the total absorbance of the PEGdiPDA hydrogels ((NBE] = 0.04 M; z = 100 um).
Since 436 nm is only weakly absorbed by NBE moieties (exge = 16 L mol” cm™), incident
irradiation at this wavelength penetrates the full depth of the gel uniformly (A = 0.0064).
However, as the molar absorptivity of NBE increases at lower wavelengths of light, the incident
irradiation becomes attenuated more strongly as evidenced by the model light intensity profiles
for 405 nm (exge = 720 L mol™ ecm'1; A = 0.29) and 365 nm (exge = 4300 L mol' cm'; A = 1.7).
In general, the uniformity of light through the sample is governed by the initial absorbance of the
material such that A < 0.1 allows relatively uniform light penetration, whereas A > 10 caused
light to be confined primarily to a thin surface region.

Since the photocleavage rate is directly proportional to the local light intensity (Eq. 2),
the initial cleavage rate profiles (t = 0) were defined by the attenuated light
intensity profiles. In this manner, the rate profiles can be tuned by modulating the absorptivity of
the material by altering the thickness of the material (z) or the concentration of the photoactive
species ([NBE]). Tuning the wavelength of irradiation also modulates the rate profile as the gel
absorbance strongly depends on the wavelength of light; however, the quantum yield is also a
function of wavelength and an important parameter in determining the ultimate rate of
photocleavage (Eq. 2). Thus, varying the wavelength of light modifies both the uniformity and
magnitude of the degradation rate profiles (Figure 2d). For 436 nm irradiation, the rate profile
was nearly uniform throughout the depth of the PEGdiPDA gel ([INBE] = 0.04 M; z = 100 um)
on account of the small absorbance (A = 0.0064), but the initial rate at the surface (t = 0; z = 0)
was only 5.6 x 10°mol L s™. In comparison, for 365 nm irradiation ([NBE] = 0.04 M; z = 100
um) there was significant heterogeneity in the initial rate profile through the gel owing to the

high absorbance (A = 1.7), but the initial rate at the surface is much higher, 1.4 x 10* mol L™ s™.
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As explained in the model development, the absorptivity of the photodegradable gel
changes as the photodegradation proceeds on account of cleavage of NBE to NBP, each
possessing different molar absorptivities, and mass loss that occurs at later time points.
Therefore, it is necessary to track the evolution of both the light intensity profiles and intact
photoactive species concentration profiles in time to better understand the evolution of material
properties (Figure 3). Here, two conditions were investigated, one that primarily involved surface
erosion of a gel ((NBE] = 0.23 M; z =100 wm; A = 365 nm; [, = 10 mW/cm?; A = 10) and one
that led to a more uniform, bulk degradation of the gel ((NBE] = 0.0056 M; z = 25 um; A = 405
nm; Iy = 10 mW/cm?; A = 0.01). Surface erosion occurs when light is confined to the surface of
the gel, concentrating the photocleavage and, thus, the mass loss to this local region (Figure
3a,b). As time progressed the light was able to move through the gel in a wave-like fashion,
owing to mass loss at the surface that removes light attenuating material from the light path.
Reverse gelation of the material occurs when [NBE]/[NBE], < .23, and it was assumed that the
erosion products rapidly diffused out of the light path, which is typically reasonable for highly
swollen hydrogels. When mass loss occurs, light is able to penetrate further into the gel, resulting
in a continual sloughing away of the surface of the gel. The assumption of rapid diffusion of
erosion products breaks down for systems in which the degradation occurs more rapidly than the

diffusion time scales.
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Figure 4.3 Model predictions of surface and bulk erosion of photodegradable hydrogels.
Surface erosion and bulk degradation are both observed in silico for photodegradable hydrogels
depending on the total absorbance of the material. (a) PEGdiPDA hydrogels with high
absorbance (A = 10; [NBE] = 0.23 M; z = 100 wm) severely attenuate the incident irradiation (A
=365 nm; Iy = 10 mW cm™), which leads to a front of light moving through the depth of the
material as degradation proceeds. (arrows indicate the direction of increasing time; t = 0 min,
solid line; t = 22.5 min, dashed line; t = 45 min, dotted line; t = 67.5 min, dash-dot line; t = 90
min, dash-double dot line) (b) Photodegradation erodes the surface of the material, where light
remains at a high intensity. Erosion is indicated by C/Cy = 0. In this surface erosion case, the
strongly coupled equations (Egs. 1 - 3) lead to a propagation of light and mass loss through the
depth of the gel with time. (t = 0 min, solid line; t = 22.5 min, dashed line; t = 45 min, dotted
line; t = 67.5 min, dash-dot line; t = 90 min, dash-double dot line) (¢) PEGdiPDA hydrogels with
low absorbance (A = 0.01; [NBE] = 0.0056 M; z = 25 um) allow incident irradiation (A = 405
nm; Iy = 25 mW cm™) to penetrate through the full depth of the gel uniformly, which results in
bulk degradation of the material. (t = 0 min, solid line; t = 7.5 min, dashed line; t = 15 min,
dotted line; t = 22.5 min, dash-dot line; t = 30 min, dash-double dot line) (d) As light penetrates
the material uniformly, the reaction rate is uniform through the depth of the gel, which results in
an even decrease in [NBE] through the depth of the gel, which is indicative of bulk degradation.
At late time points, the whole material erodes. (t = 0 min, solid line; t = 7.5 min, dashed line; t =
15 min, dotted line; t = 22.5 min, dash-dot line; t = 30 min, dash-double dot line) For all model
calculations N = 20.

In contrast, bulk degradation occurs whenever the light is more uniformly distributed

through the depth of the material (A < 0.1), leading to a similar photocleavage rate throughout
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the depth of the gel. As time progresses, the light intensity profile is altered slightly as the NBP
degradation product absorbs light at 405 nm more strongly than the intact NBE (Figure 3c).
Concomitantly, the concentration profile was altered by a near uniform decrease in intact NBE
units ([NBE]/[NBE]y) with depth until the reverse gelation point is reached and the entire gel
solubilizes (Figure 3d).

Photodegradation of physically relevant gels often resides in a complex regime that is a
blend of the surface erosion and bulk degradation phenomena. Pure bulk degradation only occurs
in materials that can be approximated as optically thin films, ie., A =< 0.1. Typical
photodegradable hydrogels are 100-1000 wm thick and contain 1-10 wt% photodegradable
polymer, which corresponds to A ~ 0.1-10. In such systems, much of the incident light is
confined to the surface of the gel owing to attenuation, but a fraction of the light is able to
penetrate through the full thickness of the gel, causing non-negligible cleavage of crosslinks
(Figure 4a). This results in a surface-eroding wave moving through the gel preceded by a
degradation gradient (Figure 4b). Such complex degradation processes are more difficult to
conceptualize and model, but can also lead to particularly interesting, anisotropic materials.

Once the degradation profiles and mass loss behavior are better understood and
quantified, this experimental space can be an attractive degradation regime and exploited to
generate materials with gradients in crosslinking density through the z-dimension of the material
(Figure 4c¢). Crosslinking density controls many important material properties, including both the
volumetric swelling ratio, Q ~ ps>", and Young’s modulus, E ~ p,**, for PEG hydrogels (Figure
4d).”” As such, gradients in crosslinking density created through photodegradable materials can
provide a simple method to fabricate materials with anisotropic properties, which can be difficult

to fabricate by traditional methods.
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Figure 4.4 Model predictions of photodegradation in PEGdiPDA hydrogels. For PEGdiPDA
hydrogels with intermediate absorbance (A ~ 0.1 — 10), degradation is observed to be a mixture
of surface erosion and bulk degradation. (a) In these materials, light is mostly confined to the
surface volume of the gel, while a portion of the light is able to penetrate the full thickness,
leading to non-neglibile cleavage of NBE moieties. (b) As time progresses the light front moves
through the gel surface, eroding the material while anisotropically patterning the full depth of the
gel. (arrows indicate the direction of increasing time; t = 0 min, solid line; t = 7.5 min, dashed
line; t = 15 min, dotted line; t = 22.5 min, dash-dot line; t = 30 min, dash-double dot line) (¢) The
anisotropic patterning caused by this phenomenon is predicted to generate materials with
gradients in crosslinking density as a function of depth. (t = 0 min, solid line; t = 2 min, dashed
line; t = 6 min, dashed-dot line) (d) Since the volumetric swelling ratio, Q, and Young’s
modulus, E, of PEG hydrogels depend on the crosslinking density, px, anisotropies in
crosslinking density are readily generated to create spatially varying materials, that can be
difficult to synthesize through traditional fabrication routes. For all model calculations, N = 20;
[NBE]=0.04 M; z=100 um; A =365 nm; I[p=10 mW cm> A =1.7.

From a modeling perspective, the generation of materials with anisotropic materials is not
trivial. Since the photodegradation process alters the crosslinking density, px, and ultimately,
swelling ratio, Q, the hydrogel geometry and concentration of photoactive species within the gel

can change as a function of time. For this work, it was assumed that swelling does not influence
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the concentration of photoactive species during the degradation process, as the initial equilibrium
water content of the gels is relatively high (i.e., 85-95% water). However, degradation-induced
swelling may introduce dimensional changes into the material. For example, if Q were to
increase from 10 to 20 in a bulk degrading hydrogel with isotropic swelling (a large swelling
change that one would observe only at late stages of degradation), the sample thickness would
change by a factor of 1.26. This version of the photodegradation model does not account for
dimensional changes in the material, but future investigations could account for this by
incorporating floating boundary conditions that account for dynamic swelling during
degradation.

The PEGdiPDA chain polymerized hydrogels developed in previous studies and modeled
in this work ([NBE] = 0.04 or 0.058 M; z = 100 - 1500 um; A = 0.3 - 39) fall primarily in the
range of intermediate degradation (a mixture of surface erosion and bulk degradation) with A =
365 and 405 nm. To demonstrate the physical relevance of this model and the ability that it
offers to predict complex degradation and mass loss profiles, the model was applied to described
mass loss and erosion of previously studied PEGdiPDA gels. Specifically, the mass loss profiles
of thick gels (z = 1500 um; [NBE] = 0.04 or 0.06 M; A = 26 - 39) exposed to 365 nm irradiation
at 20 mW/cm” were modeled and compared to experimental erosion profiles (Figure 5a).° The
model predicted the linear mass loss profile as a function of time in both cases, as expected from
surface erosion driven degradation that was expected for these gels. Similar mass loss
experiments were conducted with PEGdiPDA hydrogels exposed to 405 nm irradiation at 25
mW/cm® (z = 500 um; [NBE] = 0.04; A ~ 1.4; Figure 5b). The model predicted the experimental
trends and data well, yet there are some deviations to note in these experiments. Part of this

deviation could be caused by an inaccurate determination of N, the average number of crosslinks

129



per kinetic chain, or the assumption that mass diffused out of the path of the light instantly upon
reverse gelation. For experiments where the timescale of diffusion, tp, is much less than the
timescale of degradation, tpp, this is a fair assumption. However not all experiments are in this
regime, as Tp/tpp ~ 0.1 - 1 for a 100 uwm diffusion distance for these gels assuming a diffusion
coefficient on the order of 10° cm?/s, which is reasonable for small molecules in water. To
improve on this possible error, future iterations of mass loss models in photodegradable
hydrogels might focus on better modeling diffusion of degradation and erosion products.

The surface erosion phenomenon was further modeled PEGdiPDA hydrogels ([NBE] =
0.04 M; z =250 wm; A = 0.7 — 4.3) in which channels were formed using a photomask with 365
nm irradiation at Iy = 10 mW/cm®.* Similar to the fractional mass loss, the model predicted the
progression of channel depth as a function of time, except for some small deviation at short time
scales (Figure 5c). However, there is also a degradation gradient that evolves behind the channel
growth, as predicted by the mixed-mode degradation. This gradient was indicative of the
complex surface erosion and bulk degradation properties of these gels and has been exploited to
generate functional materials with gradients in elasticity in both the z-dimension®® and the x-y

20,21

dimension. The photodegradation model was employed to predict an x-y gradient (Figure 5d)

generated with this material in a previous study.*’
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Figure 4.5 Model predictions compared to experimental degradation of PEGdiPDA
hydrogels. The photodegradation model was employed to predict mass loss and material
property changes in chain polymerized, PEGdiPDA hydrogels. (a) Fractional mass loss for two
formulations ([NBE] = 0.04 M; z = 1500 um; triangles — experimental, previously reported data
found in ref. 20; dashed line — prediction and [NBE] = 0.058 M; z = 1500 wm; squares —
experimental, previously reported data found in ref. 20; solid line — prediction) in response to
irradiation (A = 365 nm; Iy = 20 mW/cm?) was predicted by the statistical-kinetic mass loss
model. (b) Fractional mass loss for PEGdiPDA hydrogels ([NBE] = 0.04 M) in response to
irradiation (A = 405 nm at Iy = 25 mW/cm®) also compared well with predictions. (triangles —
experimental; solid line — prediction) (¢) The depth of channels patterned into the surface of
PEGAiPDA hydrogels ((NBE] = 0.04 M; A = 365 nm; Iy = 10 mW/cm?) was predicted, except at
short irradiation times. (triangles — experimental, previously reported data found in ref. 20; solid
line — prediction) (d) A gradient in surface elasticity generated by photomasking was also
predicted by the statistical-kinetic model. (triangles — experimental, previously reported data
found in ref. 21; solid line — prediction, line connects discrete model predictions) For all model
calculations, N = 20.
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In all, the model of photodegradation presented herein should facilitate and improve the
design of hydrogel compositions for desired applications. With this model, physically relevant
gels can be designed that preferentially bulk degrade or undergo surface erosion based on
material composition. Furthermore, complex, anisotropic materials can be predicted and
subsequently engineered using the insight gained from of the mass loss models. In this manner,
the model of photodegradation is an enabling tool in the design and use of photoresponsive

hydrogels.

4.6 Conclusions

A statistical-kinetic model of photodegradation was presented that predicts
photodegradation rates and concomitant changes in material properties as functions of space and
time for photolabile hydrogels. The model accounted for the complexity of photodegradation
caused by the inherent heterogeneity of the photoreaction as a result of light attenuation within
the material. The initial absorbance of the material was used to predict whether the system would
undergo bulk degradation and mass loss or surface erosion based on the uniformity or non-
uniformity of light in each case. The model methodology is general and can be applied to a broad
range of photoresponsive hydrogels whose material properties are connected to photoreactions
within the material. In this work, kinetic modeling that combined the Beer-Lambert Law and
kinetic expressions to described the photocleavage reaction was combined with statistical
descriptions of mass loss in chain polymerized networks, which facilitated the prediction of
material property changes in a model PEGdiPDA hydrogel system. In all cases, the predictions

compared well with experimental data. In all, a method for modeling photodegradation has been
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presented that will prove useful in the design and fabrication of photoresponsive networks for

cell culture experiments, anisotropic material synthesis, and drug delivery vehicles.
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CHAPTER V

MECHANICAL PROPERTIES AND DEGRADATION OF CHAIN AND
STEP POLYMERIZED PHOTODEGRADABLE HYDROGELS

Submitted to Macromolecular Rapid Communications, Fall 2012

5.1 Introduction

2 absorbent

Covalently crosslinked hydrogels are applied as cell culture templates,”
materials, non-fouling coatings,” contact lenses,* and drug delivery vehicles.” Owing to high
water content, reasonable transport of small molecules, and robust mechanical properties,
covalently crosslinked hydrogels are particularly attractive materials for a broad array of
biological and cellular applications. These reticulated polymer networks are formed by chemical
crosslinking of hydrophilic macromolecules, such as synthetically derived poly(ethylene glycol)
(PEG) or poly(vinyl alcohol) and naturally derived hyaluronic acid, gelatin, or alginate, often
mildly and in the presence of cells.” Despite the prevalence of hydrogels in the biomedical
sciences, the manner by which the crosslinking mechanism and resultant microarchitecture of the
hydrogel influences the macroscopic properties, e.g., strength, toughness, and degradation, is still
not fully elucidated. A better understanding of the structure-function relationship in hydrogel

performance would enable improved rational design of materials for a range of targeted

applications.
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Crosslinked, synthetic hydrogels have been formed traditionally through a free-radical
initiated chain polymerization of telechelic monomers (e.g., diacrylated PEG or 2-hydroxy ethyl
methacrylate copolymerized with diethylene glycol dimethacrylate).” In this manner, hydrogels
have been fabricated rapidly with tunable material properties® and have been functionalized with
adhesion peptides and degradation sites.” However, radical initiated chain polymerizations are
limited in that they are inhibited by oxygen,'’ proceed with complex kinetics,'' can be damaging

12,13

to nucleic acids and proteins, and inherently introduce inhomogeneities into the network

14,15
structure.”

These inhomogeneities compromise the material properties as stress is focused on
weak portions of the gel, reducing the macroscopic integrity of the hydrogel."”> Furthermore,
hydrogels formed by chain polymerization degrade with heterogeneous by-products.

Recent work has focused on the formation of crosslinked hydrogels with ideal,
homogeneous microstructures to improve network cooperativity and increase hydrogel

mechanical integrity."”"®

This has been achieved through the step polymerization of
complementary, end-terminated co-monomers. Originally, Hubbell and coworkers demonstrated
the formation of step polymerized hydrogels by crosslinking thiol and electron-poor, vinyl

functionalized PEG-based monomers for drug delivery and cell encapsulation.'**

This paradigm
has been extended to fabricate gels utilizing several different step growth reactions and
associated functional groups, including the copper-catalyzed, Huisgen azide-alkyne coupling of

. . 16,21,22
functionalized PEG-based co-monomers, "

the coupling of propylamine terminated PEG
with succinimidyl glutarate terminated PEG," and the photoinitiated thiol-ene coupling of
norbornene functionalized PEG with di-thiol peptides.” Uniquely, Deforest et al. demonstrated

the formation of step polymerized hydrogels through the copper-free, strain promoted azide

alkyne cycloaddition (SPAAC), forming hydrogels in a bio-orthogonal and cytocompatible
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manner.”* Seminal mechanical analyses of step polymerized gels have found that these networks

. . . 16,18
possess increased tensile extension

as compared to chain polymerized analogs, while SANS
data have demonstrated that these networks, although still not perfectly ideal, possess fewer
heterogeneities in the network microstructure.'” While differences between chain and step
polymerization mechanisms and resultant hydrogels are clear, there is little literature on the
direct comparison of mechanics and degradation between chain polymerized and step
polymerized hydrogels. One can gain valuable insight of the structure-function relationship of
hydrogels through direct comparisons between chain and step polymerized hydrogels with
similar chemical structures, but profoundly different network connectivities, which will enable
the rational design and application of unique hydrogel-based materials.

Furthermore, there is a growing interest in controlling the material properties of both step
and chain polymerized hydrogels dynamically and in a user-defined fashion using cleavable
chemistries whose degradation can be triggered exogenously. Toward this end, recent work has
presented a class of photodegradable hydrogels whose physical and chemical properties can be

modified by light post-fabrication with full spatial and temporal control.*"***

In this manner,
photodegradable hydrogels are appropriate for a myriad of applications in the biomedical and
materials sciences. Within the tissue engineering field there is a particular interest in designing
cytocompatible, photodegradable hydrogels that allow the experimenter to control the

29-33

extracellular microenvironment in the presence of cells in 3D and in real time. Meanwhile,

the drug delivery community is exploiting photodegradable hydrogels to release factors at

. . . . 34,35
specific locations and at specific times.”™

For photodegradable hydrogels to be utilized most
effectively in the broad range of applications, a precise and predictable understanding of how

irradiation and network structure influence degradation-induced changes in material properties is
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required. In addition, photodegradation suggests unique opportunities to perform experiments
that might provide a better understanding as to how network structure influences material
properties during temporally regulated changes to the hydrogel structure.

This work presents the synthesis and characterization of hydrogel networks that are
formed by both chain and step polymerization of a single photodegradable PEG based
macromolecular precursor as model systems to understand differences in both mechanical
properties and degradation between the resultant network structures. The formation and
associated material properties of both hydrogels are investigated and compared. Furthermore, the
photolabile linker in the hydrogel is employed to compare and contrast the photodegradation-
induced changes in the two gels. A previously developed statistical-kinetic model of
photodegradation is adapted and expanded to describe the degradation of step growth networks.
This model accurately describes degradation differences between hydrogels formed by chain or
step growth mechanisms, elucidating aspects of the structure-function relationship in hydrogel
photodegradation. In all, the material chemistry enables a more robust understanding of how
network connectivity and gel architecture influence properties and degradation, and this
fundamental understanding should translate into an improved design of hydrogel cells carriers

and drug delivery vehicles for biomedical applications.

5.2 Materials and Methods
All reagents were purchased from Sigma-Aldrich and used as received except as otherwise
noted.

5.2.1 Synthesis of gel forming monomers
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A photolabile, acrylate functionalized monomer, poly(ethylene glycol) diphotodegradable
acrylate (PEGdiPDA), was synthesized according to previous published protocols.”*” Briefly,
an acrylated, o-nitrobenzyl ether was synthesized and coupled to poly(ethylene glycol) bisamine
(M, ~ 3400 Da; Laysan Bio Inc.) to generate a photoresponsive monomer that is capable of
forming both chain and step polymerized networks. A four-arm poly(ethylene glycol) (M, ~ 10
kDa; JenKem Technology USA) functionalized with thiol end groups (PEG4SH) was

synthesized according to previously published protocol.*®

5.2.2 Fabrication of chain polymerized hydrogels

Chain polymerized hydrogels were fabricated by co-polymerizing PEGdiPDA with
monoacrylated poly(ethylene glycol) (M, ~ 400 Da, PEGA; Monomer-Polymer Dajac Labs) via
redox-initiated, free-radical chain polymerization. Stock solutions of the gel forming precursors
were prepared: 49 mM PEGdiPDA in PBS, 1 M PEGA in PBS, 2M ammonium persulfate (APS)
in PBS, and 2M tetramethylethylenediamine (TEMED) in PBS. PEGdiPDA and PEGA were
combined in PBS at final solution concentrations of 17 mM and 0.2 M, respectively. To initiate
polymerization, APS and then TEMED were added to the solution while vortexing at final
solution concentrations of 0.2 M and 0.1 M, respectively. The solution was reacted for 7 min to
achieve complete polymerization, upon which the gels were swelled in PBS. Gels were formed
in situ on a parallel-plate shear rheometer (TA Instruments Ares 4400) or between glass slides

separated by 0.5 — 1.5 mm thick silicon rubber gaskets.

5.2.3 Fabrication of step polymerized hydrogels

140



Step polymerized hydrogels were fabricated by co-polymerizing PEGdiPDA with thiol-
functionalized, four-arm poly(ethylene glycol) (PEG4SH) via base-catalyzed, Michael-addition.
Stock solutions of the gel forming precursors were prepared: 49 mM PEGdiPDA in PBS pH 8.0,
10 mM PEG4SH in PBS pH 8.0, and 1 M triethanolamine (TEOHA) in PBS pH 8.0. PEGdiPDA
and PEG4SH were combined in PBS pH 8.0 at final solution concentrations of 11 mM and 5.5
mM, respectively. To accelerate polymerization, TEOHA was added to the solution while
vortexing at a final solution concentration of 0.3 M.*° The solution was reacted for 25 min to
achieve complete polymerization, upon which the gels were swelled in PBS. Gels were formed
in situ on a parallel-plate shear rheometer (TA Instruments Ares 4400) or between glass slides

separated by 0.5 — 1.5 mm thick silicon rubber gaskets.

5.2.4 Modulus measurements of hydrogels

In situ polymerization was quantified with time sweep tests on gelling solutions in a
parallel-plate shear rheometer (TA Instruments Ares 4400; 8.0 mm diameter and 0.05 mm
height). Time sweep tests were conducted at 10 rad/s with 10% strain, which was determined to
be in the linear viscoelastic regime for both chain and step polymerized hydrogels.
Polymerization was followed until the shear storage modulus (G') reached a plateau. The shear
storage moduli of swollen chain and step polymerized hydrogels were measured with the
parallel-plate shear rheometer. Swollen hydrogel disks (~ 8 mm diameter, ~ 0.5 mm thickness;
exact geometry for each gel was obtained with digital calipers prior to analysis) were placed on
the shear rheometer while strain and frequency sweeps were conducted to determine the

equilibrium swollen, shear storage modulus for each sample.
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5.2.5 Tensile testing of hydrogels

Tensile testing of chain and step polymerized hydrogels was performed in uniaxial
extension with a materials tester (MTS Synergie 100) with a 10 N load head. Swollen hydrogels
were cut into ~ 5 mm x ~ 25 mm rectangles, and the width, length, and thickness of each sample
was measured with digital calipers prior to analysis. Each sample was fixed on the materials
tester by compression clamps at the top and bottom of the sample (~ 10 mm from each end of the
gel) and the local environment was kept humidified during the analyses. The initial separation
distance was measured with digital calipers and a constant strain rate of 0.15 mm/mm/min was
applied to the sample to failure. The load, stress, strain, and elongation values recorded were
used to calculate the true stress and strain from the measured dimensions of each sample. The
percent strain at failure was calculated as the final extension divided by the initial separation
distance multiplied by 100, and the toughness was calculated by numerically integrating for the

area under the stress-strain curve.

5.2.6 Degradation of hydrogels

The kinetics of the photodegradation reaction in both chain and step polymerized
hydrogels was quantified by irradiating (A = 365nm; I, = 20 mW/cm?) in situ polymerized gels
on a parallel-plate shear rheometer (TA Instruments Ares 4400) and following the modulus
evolution as a function of irradiation time. The normalized modulus G'/ Gy is proportional to the
normalized number density of elastically active network strands v/vo, where v is the number
density of elastically active network strands, for each gel system. As irradiation cleaves bonds
within the NBE moiety in the PEGdiPDA molecule, elastically active network strands are broken

and based on polymer physics and photoreaction kinetics:
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Here, ¢ is the quantum yield of the NBE moiety; € is the molar absorptivity of the NBE moiety
at the wavelength of irradiation (¢ = 4300 L mol” cm™ for A = 365 nm); I, is the incident
irradiation intensity (W cm™); N, is Avagadro’s number; 4 is the Planck constant; v is the
frequency at the wavelength of irradiation; kesr is the effective rate constant by gathering all
variables except for Iy. A linear fit of In(G'/ G'y), as measured by the rheometry experiments, as a

function of irradiation time was employed to calculate k and, thus, ke for both chain and step

polymerized hydrogels.

5.2.7 Degradation with collimated light

Collimated light was delivered from an Omnicure S1000 with an internal 365 nm filter
through a liquid filled light guide and collimating lens. (All irradiation equipment was purchased
from EXFO). Irradiation intensities for all degradation experiments were measured with a
calibrated radiometer (Model IL1400A, International Light, Inc., Newburyport, MA), and
attenuation of light by the rheometer or photomasks was accounted for by increasing the incident

light intensity so that the transmitted light was at the desired intensity.

5.2.8 Erosion of channels into hydrogel surfaces
Photopatterns (400 wm wide black lines spaced by 400 um) were originally drawn in

Adobe Illustrator and printed on Mylar (Advance Reproductions, North Andover, MA). The
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photopatterns were attached to glass slides with double-sided tape. Swollen chain and step
polymerized gels (10 mm x 10 mm x 1 mm) were aligned under the channel patterns and
surrounded by PBS to maintain hydration and facilitate dissolution of degraded products during
patterning. The gels were then exposed to collimated 365 nm light at 10 mW/cm® for up to 30
min (Omnicure S1000 with 365 nm filter, liquid filled light guide, and collimating lens, EXFO).

Depths of the patterned channels were verified with a profilometer (Stylus Profiler, Dektak 6M).

5.2.9 Model predictions

A statistical-kinetic model of photodegradation®” in chain polymerized networks was
applied to model the erosion depth as a function of time for the chain polymerized hydrogels in
this work. This model was extended to describe photodegradation in step growth networks by
altering the statistical assumptions of network connectivity to account for the differences in
network structure in the step polymerized hydrogels in this work. Furthermore, as the time scale
of erosion is much faster for step polymerized hydrogels than chain polymerized an additional
dissolution assumption was included. Briefly, this states that eroded products at the surface of the
gel do not instantly diffuse out of the light path, but diffuse through the PBS solution in the light
path to a solution sink at the original surface of the gel. By including this simple assumption, the
statistical-kinetic model was able to describe the erosion depth as a function of irradiation time in

both chain and step polymerized hydrogels.

5.2.10 Statistics
All data is reported as mean + sem and significance was determined by one-tailed or two-

tailed t-tests (p < 0.05), as appropriate and dependent on the null hypothesis being one mean is
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greater or less than the other as compared the null hypothesis being the means are equivalent,

respectively.

5.3 Results and Discussion
5.3.1 Formation of chain and step polymerized photodegradable hydrogels

Photodegradable hydrogels were synthesized via chain and step polymerization (Figure
5.1a). Chain polymerized (CP) hydrogels were formed by reacting the tetrafunctional
PEGdiPDA with a difunctional co-monomer, PEGA, under redox-initiated free-radical chain
polymerization. Step polymerized (SP) hydrogels were formed by reacting the difunctional
PEGdiPDA with a tetrafunctional co-monomer, PEG4SH, through a base-catalyzed Michael-
addition. In each case, the network formation occurred through the chemical bonding of the
acrylate-functionalized PEGdiPDA. In the chain polymerization each acrylate is difunctional
allowing the PEGdiPDA to serve as a tetrafunctional crosslinker, whereas in the step
polymerization each acrylate is monofunctional extending the elastically active chains between
the tetrafunctional PEG4SH crosslinkers.

Previous studies have shown that the network microstructure of PEG gels formed by
chain polymerization is comprised of dense polyacrylate kinetic chains connected by PEG
crosslinks.'* These heterogeneities exist on the length scale of the PEG crosslinker, while further
heterogeneities form as radical initiation stochastically leads to regions of increased crosslinking
density on the micron scale. In contrast, PEG hydrogels formed by step polymerizations have
been shown to possess fewer heterogeneities on all length scales.”” These heterogeneities are

limited generally to cyclization and dangling ends. In this manner, the chain polymerization
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(CP) of PEGdiPDA formed a heterogeneous network structure,'* while the step polymerization

(SP) formed a more ideal network structure (Figure 5.1a)."
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Figure 5.1 Fabrication of chain and step polymerized photodegradable hydogels. (a) Chain
polymerized and step polymerized hydrogels were formed with the same photolabile monomer,
PEGdiPDA. Chain polymerized hydrogels (CP gels) were fabricated through the co-
polymerization of PEGdiPDA with PEGA via free-radical polymerization, resulting in a
heterogeneous network structure. Step polymerized hydrogels (SP gels) were fabricated through
the co-polymerization of PEGdiDPA with PEG4SH via Michael-addition polymerization. (b)
Chain polymerized and step polymerized hydrogels form in minutes, tr = 370 + 1 s for CP gels
and t¢ = 1470 + 60 s for SP gels. (¢) Chain polymerized and step polymerized hydrogels form
with similar shear storage moduli, G'r= 4140 + 130 Pa for CP gels and G'r= 3680 + 90 Pa for SP
gels.

Hydrogels were formed for each gel system in situ on a parallel plate rheometer (TA
ARES) to quantify the evolution of shear storage modulus (G’) as a function of polymerization

time (Figure 5.1b). For the CP hydrogel, the time to complete polymerization, defined by the
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plateau in the storage modulus, was 370 £+ 1 seconds. The time to complete polymerization for
the SP hydrogel was 1470 + 60 seconds. The final shear storage moduli for the chain and step
systems were 4140 = 130 Pa and 3680 + 90 Pa, respectively (Figure 5.1¢). In either case, the
total polymerization time can be tuned by altering the initial macromer concentration and the
initiator concentrations (ammonium persulfate/ TEMED for the chain polymerization and
triethanolamine/pH for the step polymerization). (data not shown) For this work, the focus
remained on these two specific formulations as they generated hydrogels with similar final shear
storage moduli and crosslinking densities, while possessing disparate network architectures. In
this manner, we were able to compare other material properties that should depend on network

cooperativity and connectivity, independent of crosslinking density.

5.3.2 Mechanical analysis of chain and step polymerized hydrogels

It has been suggested that the increased homogeneity and network cooperativity of SP
hydrogels results in an increase in mechanical integrity, specifically tensile strain to break, as
compared to CP hydrogels.'® To compare the tensile properties of the chain and step polymerized
PEG hydrogels studied in this work, dynamic mechanical analysis was conducted on both gels.
The percent strain to failure of CP gels was 33 + 4 9% whereas the percent strain to failure for SP
gels was 129 + 11%. The analyses further indicated that, despite similar storage moduli, the SP
gels possessed significantly increased tensile toughness compared to CP gels (4130 + 370 Pa and
1250 + 300 Pa, respectively) owing to the cooperativity of elastically active network strands in

the microstructure (Figure 5.2).
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Figure 5.2 Mechanical analysis of chain and step polymerized hydrogels. (a) Uniaxial
extension of CP and SP gels was conducted to measure the percent strain to failure and modulus
of toughness from the stress-strain curves. Solid black line is a representative stress-strain curve
for the CP gels. Dotted grey line is a representative stress-strain curve for the SP gels. (b) The
average percent strain to failure was significantly higher for SP (grey) gels as compared to CP
(black) gels, 129 + 11% compared to 33 £ 4 %. (¢) The SP (grey) gels also demonstrated a
significantly increased tensile toughness as compared to CP (black) gels, 4130 = 370 Pa
compared to 1250 + 300 Pa.

From both the tensile analyses, it was observed that mechanical integrity, i.e., ductility
and toughness, is significantly improved for hydrogels formed by step polymerization as
compared to chain polymerization. These differences in material properties are conferred by the
network structure, specifically the increased network cooperativity and decreased heterogeneity
in the SP hydrogel, and suggest that applications that require more ductile or tough materials
should employ SP hydrogels. In addition to mechanical integrity, network connectivity directly
relates to the diffusion of macromolecules through the hydrogel network as ideal networks
should facilitate more uniform diffusion as compared to heterogeneous structures. Finally,

mechanical stresses are translated anisotropically in heterogeneous networks, which may be

important for mechanical stimulation or differentiation of mammalian cells.

5.3.3 Photodegradation of chain and step polymerized hydrogels
The CP and SP gels were formed from the same photolabile monomer, PEGdiPDA,

rendering them both photodegradable. The degradation is facilitated by the o-nitrobenzyl ether
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(NBE) moieties that reside within the PEGdiPDA monomer (Figure 1a) and undergo an
irreversible cleavage in the presence of light (one-photon: A = 320-436 nm and two-photon: A =
740 nm).>” On account of this property, light was able to cleave bonds within the materials,
resulting in the breakage of elastically active network strands and, ultimately, erosion of the gel
with light exposure (Figure 5.3a,b). Prior to erosion, photodegradation led to an exponential
decrease in the shear storage modulus (Figure 5.3c), which was governed by the inherent rate of
photocleavage of the NBE moiety, ketr. As both gels contained the same NBE moiety in the
network backbone, it was predicted that the initial cleavage rate of elastically active strands,
measured as a decrease in shear storage modulus, would be the same for both the CP and SP
gels. The cleavage rate, ke, for the CP gel was 0.0140 + 0.0012 s™ and the cleavage rate for the
SP gel was 0.0142 + 0.0012 s™'. These effective cleavage rates were not statistically different and
25,29,32,37,38

were in agreement with previously reported cleavage rates for similar NBE moieties.
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Figure 5.3 Photodegradation of chain and step polymerized hydrogels. (a) and (b) The o-
nitrobenzyl ether moieties (orange ring structures) in PEGdiPDA undergo an irreversible
cleavage in response to irradiation (one-photon: A ~ 320-436 nm, two-photon: A ~ 740 nm),
breaking elastically active network strands in the hydrogel backbone. In this manner, light can be
employed to degrade and, ultimately, erode the CP and SP hydrogels. (¢) Owing to the inclusion
of the same photolabile monomer into the network backbone, the initial effective cleavage
kinetic constant, defined as the opposite of the slope of In(G/Gy) as a function of irradiation time
divided by the incident irradiation intensity, was similar for the CP (black) and SP (grey) gels.
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To investigate how network structure influences mass loss and erosion rates of the CP
and SP gels, physical channels were eroded into the surfaces of both gels. While rheometry
results indicated that the inherent rate of photodegradation is independent of network structure,
the erosion rates for the CP and SP gels diverged even at short timescales (Figure 5.4a).
Statistical-kinetic models of photodegradation and erosion in chain polymerized’’ and step
polymerized hydrogels were applied to describe the depth of channel formation as a function of
time to elucidate how network connectivity leads to dramatic differences in pattern formation
rate. In both cases, the simple statistical-kinetic model captured the observed erosion behavior
(Figure 5.4a), which indicates that the statistical-kinetic model includes the relevant physics of
erosion in CP and SP photodegradable gels. These results demonstrate that lower network
connectivity, observed in SP gels, leads to a faster erosion rate. For these experiments, the
assumption of dissolution of erosion by-products was accounted for in the rapidly degrading step
polymerized gels.

In both of these models, the critical parameter that dictates the erosion rate is the critical
fraction of cleaved NBE species, Py, that results in reverse gelation. Here, reverse gelation refers
to the critical extent of bonds cleaved to cause the insoluble gel to erode completely into soluble
polymer chains (Figure 5.3a,b). The network structure of the SP gels resulted in a P;, = 0.42
while the CP gels resulted in a Pr, = 0.77. A critical time scale, t., was defined as the time to

reach reverse gelation at the surface of a photodegradable and is a function of Pyy:

_ —In(1-Pyy)

c korrlo Eq. 1

where, ke is the effective kinetic constant of cleavage of the NBE moiety; Iy is the intensity of

the incident irradiation. Since the cleavage reaction followed first-order kinetics with the same
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effective kinetic constant in both gels and each was exposed to the same incident irradiation, the
difference in P, alone determined the difference in erosion time constants, t. = 490 seconds for

CP gels and t. = 180 seconds for SP gels.
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Figure 5.4 Modeling erosion in chain and step polymerized hydrogels. (a) The erosion depth
of photopatterned channels as a function of irradiation time was plotted for the CP (black) and
SP (grey) photodegradable hydrogels. A statistical-kinetic photodegradation model based on the
photocleavage reaction and network connectivity predicted these functions over the 30 minute
exposure time. (b) The critical extent of NBE moieties that need to be cleaved to reach reverse
gelation governs the rate at which features can be patterned into photodegradable gels. Py, is a
function of network connectivity in both CP and SP gels. Here, Py(N) is plotted for CP gels
(solid black line) and P.(fa) is plotted for SP gels with fg = 2 (grey circles), fz = 3 (grey
squares), and fg = 4 (grey triangles).

The critical erosion time scale, t., governed not only the time to erode the surface of the
gel, but also the rate at which erosion progresses through the depth of the gel. A critical length

scale, z., was defined as the inverse of the initial absorbance of the hydrogel:

zZ, = ! Eq.2

- 2.3¢iC;

where, &; is the molar absorptivity of the NBE moiety; C; is the concentration of the NBE moiety.
A rate for which the erosion progressed through the gel was predicted as the critical length scale

of photodegradation divided by the critical time scale of photodegradation:

Ze o “errlo Eq. 3

te 2.3¢;Ciln (1_Prg)
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Owing to the differences in the concentration of NBE moieties and P, in the CP and SP
gels, the rate of erosion was significantly faster for SP gels as compared to CP gels. The simple
scaling analysis predicted an erosion rate of 3.6 wm/min and 18.4 um/min compared to
experimental values of 4.4 = 0.1 um/min and 18.6 £ 2.0 um/min for the CP and SP gels,
respectively.

The above analysis of erosion rates and P, holds for the specific chain polymerized and
step polymerized hydrogels in this manuscript and gels formed with the same connectivity.
However, more broadly, the equations hold for the general class of photodegradable hydrogels
for which the network structure and physical parameters are known. Specifically, step
polymerized gels have been formed from PEG monomers with varying functionality leading to

different network connectivity.'®*’

For instance, the crosslinking of an octafunctional, thiol-
terminated PEG with a tetrafunctional, vinyl-sulfone terminated PEG would form a network with
different connectivity than a tetrafunctional, thiol-terminated PEG and a trifunctional, vinyl-
sulfone terminated PEG. Differences in network connectivity are directly related to P, and,
ultimately, the rate of erosion. The reverse gelation point for step polymerized hydrogels, formed
from two complementary monomers, has been adapted from classical derivations by Flory and

Rehner that describe network formation in step growth polymerizations:*>***!

step _ 4 _ 1
Fg™ =1 JrFa-D(Fe-1 Fq.4

where, fa is the functionality of the A-terminated monomer; fg is the functionality of the B-
terminated monomer; and r is the stoichiometric ratio of A to B. Similarly, the reverse gelation
point for chain polymerized hydrogels has been adapted from classical derivations of Macosko

and Miller;**

1
N-1

Prc;ain =1-
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where, N is the number of crosslinking molecules per polyacrylate kinetic chain, which is
determined by the polymerization conditions and monomer formulation. Eqs. 1 & 2 indicate how
network connectivity relates to Pr,, which can be related to the rate of erosion in photodegradable

hydrogels (Eq. 3).

Figure 5.4b illustrates how Py, is related to the monomers or polymerization conditions
for both chain and step polymerized hydrogels (r was assumed to be unity for all step
polymerization conditions; Figure 5.4b). For a multifunctional monomer reacting with a
difunctional monomer through step polymerization (Figure 5.4b, circles), P;, collapses onto the
curve for the chain polymerization. However, chain polymerizations typically result in an N of
10 — 100, while it is difficult to synthesize multifunctional monomers beyond a functionality of 8
for step polymerizations (fa < 8). Therefore, to achieve reverse gelation points that are similar to
common chain polymerized formulations, one can co-polymerize multifunctional monomers (fa
= 3-8) with trifunctional or tetrafunctional complementary monomers (Figure 5.4b; squares and

triangles, respectively).

The above analysis illustrates how network structure relates to the rates of erosion or
feature generation in photodegradable hydrogels. By exploiting the rapid erosion of step
polymerized hydrogels formed by the co-polymerization of complementary tetrafuntioncal and
difunctional monomers, photodegrading hydrogels were designed for the controlled release

** as well as geometric patterning of cell culture microwells.*

entrapped factors® and cells,
Further, the increased P, for the CP gels is advantageous to generate materials with broad

. . e e . 30 . . . .
anisotropic elasticities in the x-y’’ or z-dimensions’' as the gel remains intact at a lower

crosslinking density than the SP gels.
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5.4 Conclusion

Photodegradable hydrogels were fabricated by both chain and step polymerization from
the same photolabile monomer, PEGdiPDA. Compared to chain polymerized gels, step
polymerized hydrogels possessed increased mechanical integrity, as quantified by ductility and
toughness. Increases in mechanical integrity were attributed to increased homogeneity and
network connectivity possessed in step polymerized hydrogels as compared to the relatively
heterogeneous chain polymerized gels. Light-induced degradation and erosion was demonstrated
in both the chain polymerized and step polymerized gels. The inherent kinetic constant of
photodegradation was the same in the two systems as both gels possess the same o-nitrobenzyl
ether moiety in their backbones, while the rate of erosion was much faster in step polymerized
hydrogels on account of the network connectivity. Taken together, these studies illustrate the
utility of hydrogels polymerized by either chain or step growth polymerization for different
applications and provide a quantitative tool for designing and predicting degradation, a critical
parameter for regulating cell fate,*® tissue regeneration,”’, or drug release’ amongst many other

biomedical applications.
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CHAPTER VI

TUNABLE HYDROGELS FOR EXTERNAL MANIPULATION OF
CELLULAR MICROENVIRONMENTS THROUGH CONTROLLED
PHOTODEGRADATION

As published in Advanced Materials, 22, 61-66 (2010)

6.1 Introduction

Hydrogels provide a unique environment for three-dimensional cell culture, but typically,
the material properties are fixed upon formation. Given the growing interest in understanding
how material microenvironments influence cellular functions, numerous approaches have
emerged to control not only the initial biochemical and biophysical properties of gels, but also
how these properties change with degradation. While these strategies allow the synthesis of
hydrogels with predictable degradation profiles and property changes, a material system that
allows external manipulation of the properties of a cell-laden gel at any point in time or space
would fill a unique niche. For example, such a cell culture system would allow real-time
manipulation of the extracellular microenvironment and simultaneous monitoring of cellular
processes in three-dimensional culture. In this contribution, photocleavable linkers were
integrated into the crosslinks of a poly(ethylene glycol)-based (PEG) hydrogel, allowing the
network structure to be tuned exogeneously and predictably with irradiation under

cytocompatible conditions. Such a material system will enable new opportunities to test
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hypotheses about how precise variations in the local gel environment direct important cellular
functions, such as process extension, migration, and mechanotransduction.

There is a growing interest in the development of hydrogels as a platform for
encapsulating cells and their application in fields ranging from tissue engineering to three-
dimensional cell culture.! As one example, di(meth)acrylated PEG macromolecules can be
polymerized via photoinitiation to form a hydrogel in the presence of cells,” and these covalently
crosslinked materials have been widely used in numerous tissue engineering applications.””
Beyond simple cell encapsulation, Hahn et al.’ reported the chemical patterning of these PEG
networks using a two-photon confocal laser scanning microscope (LSM). Using a two-step
process, an RGD functionalized PEG network was formed in spatially defined regions within an
existing PEG gel. More recently, Tayalia et al.” demonstrated the potential of two-photon
initiation to spatially direct polymerization of multifunctional acrylate monomers. Networks
with uniform pores ranging from 10 to 100 wum were fabricated, allowing the examination of cell
migration as a function of pore size. While control of the initial network structure and chemistry
is important for cell culture scaffolds, an equally critical aspect of hydrogel design is temporal
regulation of the material properties (i.e., degradation).

Hydrogel property control via degradation is critical, as many dynamic cellular processes
require temporal and spatial changes in the material environment. Changes in hydrogel
properties, such as crosslinking density and modulus, allow and even dictate changes in cell
function such as migration,® process extension,” and differentiation.” Degradation of PEG
hydrogels is often achieved by incorporating hydrolytically or enzymatically degradable blocks
within the gel-forming macromers. Classically, hydrolytically degradable gels have been

synthesized from poly(lactic acid)-b-PEG-b-poly(lactic acid) (PLA-b-PEG-b-PLA) and
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poly(caprolactone)-b-PEG-b-poly(caprolactone) (PCL-b-PEG-b-PCL) macromers with vinyl end
groups, where the temporal degradation rate is dictated by the initial macromer chemistry.'""
While this chemistry leads to hydrogels with predictable changes in their material properties with
time, the process occurs uniformly in the bulk and cannot be altered after gel formation. More
recently enzymatically degradable gels have been created from PEG macromers containing
matrix metalloprotease-degradable (MMP) peptide blocks or through a step-growth reaction of
thiol-functionalized oligopeptides with vinyl functionalized PEGs.'”'* In these materials, cells
secrete MMPs and locally dictate the degradation rate. This mechanism provides specific
advantages for many tissue engineering applications, as the gel degradation does not need to be
fixed a priori. However, the experimenter cannot easily manipulate the cellular
microenvironment, and understanding how the cells are manipulating their local material
environment is challenging. Thus, a three-dimensional cell culture system that would allow
externally regulated changes in the gel structure and properties in time and space would address
a void in current biomaterial scaffolds.

Light-induced reactions have the potential to offer this level of temporal and spatial
material property control. Literature demonstrates that hydrogels formed by dimerization of
nitrocinnamate groups afford reversible hydrogel formation but require cytotoxic irradiation

15,16

conditions (254 nm light). To avoid use of this cytotoxic wavelength, researchers have
incorporated nitrobenzyl ether derivatives within hydrogels, which cleave upon exposure to 365
nm light for post-gelation modification with pendant functionalities.'” Recently, we have
incorporated this photolabile moiety into PEG-based hydrogels to control gel erosion and the

8

resentation of an adhesion peptide.'® Here, we demonstrate that this chemistry affords precise
p pep ry p

and predictable tuning of the gel structure in real-time with low-intensity, long-wavelength UV
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light under cytocompatible conditions. Specifically, gradients in crosslinking density are created
and utilized to control cell morphology in three-dimensions, and mass loss and gel erosion are
controlled and predicted using a photodegradation model. Further, by focusing a single-photon
visible light source, the desired properties are manipulated in three-dimensions with micron-scale

resolution.

6.2 Results and Discussion
6.2.1 Synthesis of photodegradable, three-dimensional culture platforms

Photodegradable PEG-based hydrogels containing a nitrobenzyl ether photolabile
moiety'**” were synthesized by redox-initiated radical chain copolymerization of a diacrylated
PEG-based photodegradable crosslinking macromer (PEGdiPDA)'® with a monoacrylated PEG
(PEGA) in water. The molar ratio of PEGdiPDA to PEGA was varied to alter the initial gel
crosslinking density (Figure 6.1). Upon irradiation, the photocleavable crosslinks degrade,
releasing modified PEG and decreasing the crosslinking density until complete dissolution at the
reverse gel point.’' Depending on the irradiation wavelength and concentration of the
photodegradable group in the swollen gel, light can either penetrate uniformly, leading to bulk
degradation (Figure 6.1b, top), or become attenuated, leading to gradient changes in the
crosslinking density (Figure 6.1b, middle) or surface erosion (Figure 6.1b, bottom). At
commonly used wavelengths for cell encapsulation and imaging, the molar extinction
coefficients of the photodegradable crosslinker decrease from 7600 L mol™ cm™ at 365 nm to
1640 L mol™' cm™ at 405 nm to 73 L mol™ ecm™ at 488 nm. Based on the photolablile moiety’s
light absorbance and quantum yield, the irradiation wavelength and intensity dictate the

degradation rate and are used to predictably tune the hydrogel properties in time and space. In
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addition, light can be focused within the hydrogel using a single photon LSM, eroding the gel
only near the focal point and allowing subsequent rastering of the focal point within the gel to

create three-dimensional structures (Figure 6.1c).
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Figure 6.1 Photodegradable hydrogel synthesis and degradation schematics. (a)
Photodegradable hydrogels were synthesized by redox-initiated radical chain polymerization of
PEGAiPDA (top left) with PEGA (bottom left) (15 wt% total macromer in water). The resulting
swollen polymer network consists of polyacrylate chains (green coils) linked by degradable PEG
(black lines with red boxes). The initial gel crosslinking density (px) is varied with crosslinker
concentration. (b) Upon irradiation, the photolabile moiety is cleaved (open red boxes),
releasing PEG (black) and decreasing the gel crosslinking density. With flood irradiation, light
can either penetrate the gel uniformly, causing bulk degradation (top), or be attenuated with
absorption by the photolabile group, causing gradient changes in the crosslinking density
(middle) or surface erosion (bottom). The intensity profile within the gel is dictated by the
irradiation wavelength and the photolabile group concentration. (¢) Three-dimensional
structures are eroded in a hydrogel using focused light directed by a single photon LSM, where
desired shapes are drawn using region of interest software and subsequently scanned with a laser
within the hydrogel.
6.2.2 Degradation of three-dimensional, photodegradable hydrogels

To characterize the hydrogel’s degradation kinetics, the bulk degradation of optically thin
gels was followed with rheometry during irradiation. The hydrogel elasticity (the storage
modulus, G') scales with the gel crosslinking density (px), and, from this, the photolabile group

characteristic degradation time constant (t) was calculated (Eqn. 1).

m(i) _ h{&) _JE
G, P, T

Here, G', is the initial storage modulus, py, is the initial crosslinking density, and t is the
irradiation time. The factor of 2 is included as cleavage of the photodegradable group on either
side of the PEG leads to a decrease in the network’s crosslinking density. T scales inversely with
the incident light intensity, I,, and the photolabile molecule’s molar absorptivity (g).”*> The
characteristic degradation times for several cytocompatible light conditions®* were determined
with rheometry (Figure 6.2a). Using these t values, hydrogel photodegradation and changes in
commensurate materials properties, such as crosslinking density, over time (Figure 6.2b) were

predicted.
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Spatial property gradients were achieved in the x-y plane or z-direction by controlling the
light exposure and intensity, respectively. A surface gradient was created by moving an opaque
plate across the sample during irradiation to create a linear gradient in exposure time from 0 min
(at 0 mm) to 5 min (at 9 mm). The resulting degradation-induced crosslinking density gradient
was measured with AFM and compares well to predictions based on T (Fig. 2c). A gradient
within the gel was fabricated using an optically thick sample, where the photolabile group
substantially attenuates the light intensity over the hydrogel thickness. In this example, < 1% of
the incident light at the surface is transmitted at a depth of 100 um. To characterize this gradient
with depth, the backbone of the polymer network was covalently labeled with rhodamine. As the
gel degrades, PEG is released, along with PEG attached to the fluorescently-labeled polyacrylate
backbone chains. As imaged with a confocal LSM, uniform fluorescence is initially observed
throughout a cross-section of the gel, while a gradient in fluorescence is observed after 5 minutes
of irradiation (Figure 2d). Using the measured values for T (Figure 2a, inset) and accounting
for spatially varying light intensities via the Beer-Lambert law, the corresponding profiles in the
crosslinking density gradient were predicted as a function of exposure time. In general, a large
array of biologically relevant property gradients can be generated in this manner, by
manipulating irradiation parameters such as wavelength, intensity, and time. For example,
varying the steepness and absolute magnitude of crosslinking density gradients in the x-y plane
may be useful for studying cell migration on surfaces, while patterning gradients in the z-
direction allows the user to investigate the effect of crosslinking density on cell morphology in

3D.

165



400 500

i

51
1560 + 60
630 + 40
350 +20

In (G/G',)

0 25 5 75 10
t (min)
6 Irradiation d Flood irradiation

_ ] -
A [

Degradation gradient

P/ Po
0.5

1.0 0 3 i

0.8 -20

= =
s §.40

a 04 £
Q -60

0.2 2
0.0 -80

o 1 2 3 4 5 6 7 8 9

-100

Surface position (mm)

Figure 6.2 Photolysis kinetics and gradient photodegradation. (a) Degradation of these
hydrogels was characterized using the more loosely crosslinked gel composition (10 mol % : 90
mol % PEGdiPDA : PEGA). Photodegradation rates were characterized via rheometry, where
the natural log of the storage modulus G' normalized to its initial value G', decreases with 365
nm irradiation. Fits of this data yield the characteristic degradation time, T, which varies with the
irradiation intensity (inset) and was used in conjunction with a photodegradation model to
predict changes in the hydrogel crosslinking as well as gel mass loss. (b) The experimentally-
determined t values were used to predict the hydrogel’s crosslinking density with time during
bulk degradation (normalized to initial value, (a) 10 mW cm™ and (b) 5 mW cm™ at 365 nm).
(¢) A gradient in the hydrogel’s crosslinking density within the top 50 wm of the gel was created
with an irradiation gradient across the surface. No degradation occurs on the left, 5 min of
degradation occurs on the right, and a continuous and linear gradient of exposure times occurs
between these two extremes (365 nm at 10 mW cm™). The resulting crosslinking density
gradient was measured with AFM (blue triangles) and compares well to predicted values based
on T (solid curve). (d) Flood irradiating a thick hydrogel with a highly absorbed wavelength
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creates a degradation gradient in the z-direction within the hydrogel. This degradation gradient
was visualized with a confocal LSM (left), where decreased fluorescence indicates loss of
backbone chains. The effect of this degradation gradient on the material properties can be
estimated through predicted changes in the crosslinking density (normalized to its initial value)
with irradiation: (a) 2.5, (b) 5, and (c) 8 min (right). Scale bars are 100 um.

Beyond controlling the gel’s crosslinking density and subsequent material properties, the
ability to direct gel erosion (i.e., complete mass loss) to create voids and channels within a cell-
laden material environment would be highly useful. Such three-dimensional cell culture systems
would afford the opportunity to spatially and temporally direct process extension, migration, or
even cell-cell interactions. However, erosion is dependent on both the degradation kinetics (t)
and overall network connectivity. In particular, the time to reach the reverse gel point (complete
dissolution), t..,, depends on several factors: (i) the wavelength and intensity of irradiation and
hydrogel thickness, which adjust t and the intensity profile within the hydrogel due to light
attenuation; (ii) the length of the polyacrylate backbone chains comprising the network; and (7ii)
the connectivity of the polyacrylate chains dictated by the initial amount of crosslinker.

To examine these effects on the time to reach reverse gelation, thick hydrogels that
undergo mass loss via surface erosion when exposed to a highly absorbing wavelength were
synthesized. The mass loss profiles were adjusted with the initial crosslinker concentration,
where increased crosslinker concentration increases the time to complete degradation. These
profiles compare well to model predictions based on t and the gel connectivity (Figure 3a).
Further, spatially-specific surface erosion was achieved with photolithography. Channels were
degraded into a hydrogel by irradiation with a highly absorbed wavelength through a periodic

photomask (400 um lines). Erosion of the hydrogel increases with irradiation time, as channels

of increasing depth are generated (Figure 3b). The channel depth was quantified with
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profilometry and increased linearly with irradiation time, which compares well to predicted

erosion based on t (Figure 3c¢).
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Figure 6.3. Hydrogel spatial erosion. (a) Mass loss profile and time to complete degradation
with irradiation (365 nm at 20 mW cm™®) were adjusted with the initial crosslinker concentration
and agree well with predictions based on T (solid lines): 15 wt% total macromer and (a) 10 mol%
and (b) 25 mol% photodegradable crosslinker. (b) Photolithography (365 nm at 10 mW cm™
through 400 um clear lines separated by 400 um black lines) was used for spatially-specific
erosion, creating channels of increasing depth with increasing irradiation, (confocal images of
the gel cross-section with irradiation time noted). (¢) The observed eroded channel depth
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(squares) compares well with channel depths predicted with T and the photodegradation model
(solid line). (d) Spatial erosion of cylinders within a hydrogel was achieved using 405 nm laser
on a LSM (top-down view of confocal stack with corresponding cross-sections marked by blue
and green lines). Each column of cylinders is a different irradiation condition with decreasing
scan speed and increasing laser power resulting in increased mass loss (left to right, scan time
per plane and laser power (a) 10 s and 25%, (b) 16 s and 25%, (c) 28 s and 25%, and (d) 10 s and
10%). (e) Similarly, vertical cylinders were degraded within a hydrogel (scan time 2 s per plane,
25% laser power, 100 um z-scan) and subsequently connected with a horizontal channel within
the hydrogel (scan time 16 s per plane, 1 um z-scan) (confocal slices false colored to aid in
visualization, with red indicating most fluorescence intensity (no degradation) and yellow to
green least fluorescence (most degradation and mass loss). The presence of the structure within
the hydrogel was verified in brightfield. All scale bars are 100 um.
6.2.3 Spatially defined erosion of three-dimensional, photodegradable hydrogels

Upon characterizing T and t., for this photodegradable hydrogel system, one can select
other irradiating wavelengths of interest, especially those that would allow three-dimensional
patterning in real time using common lasers and scanning speeds. While erosion takes several
minutes using low intensity 365 nm light, higher intensity focused lasers allow more rapid gel
erosion. In particular, region of interest functionality on a LSM (405 nm, 30 mW laser) was used
to scan shapes within individual planes in the gel, locally eroding the gel. These shapes were
subsequently scanned in the z-direction to create a three-dimensional void. The rate of
degradation was dictated by the irradiation dose, which was controlled with the laser scan speed
and power. Increased degradation and x-y plane resolution were observed with decreased scan
speed (i.e., increased irradiation time) or increased laser power (i.e., increased irradiation
intensity, I,) (Figure 3d), where cylinders were degraded in the hydrogel with 5 mm z-scans.
Scan times for erosion with the 405 nm laser are consistent with calculated values of T, where 25
to 10% of the laser power corresponds to a T of 0.2 to 0.4 ms per plane and a t.., of 50 to 130 s

per plane. Experimentally, complete degradation is observed with 10 to 30 s of exposure per

plane. This faster erosion is likely due to underestimates of the laser focal point intensity and/or
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overlapping regions of out-of-focus light during z-scans. With these t., predictions, varying
scan speeds and z-scan lengths were subsequently utilized to create connected channels within a
hydrogel, where vertical cylinders connected by a horizontal channel were degraded within the
hydrogel (Figure 3e). This three-dimensional erosion with focused light can be predicted and
utilized to create structures within a hydrogel, such as a channel connecting two cells. Total

patterning of the hydrogel is complete in a few minutes.

6.2.4 Cell response to dynamic changes in gel microenvironment

To examine how precise, predictable changes in the gel microenvironment (i.e.,
crosslinking density) influence cell morphology, human mesenchymal stem cells (hMSCs) were
encapsulated in photodegradable or non-degradable hydrogels. A portion of the photodegradable
gels were subsequently flood irradiated on Day 1 to create a z-direction crosslinking density
gradient via degradation. The remaining photodegradable hydrogels were cultured without
irradiation as a control for non-specific cell-induced degradation, while the non-degradable gels
were irradiated as a control for non-specific light-induced degradation. Photodegradation and
the corresponding change in crosslinking density lead to an increase in the molecular porosity of
the hydrogel, or mesh size, and a decrease in the polymer density surrounding the cells, which
have been previously shown to influence numerous cell functions such as cell morphology and
spreading,’ viability,” and diffusion of secreted molecules.”® Upon irradiation and degradation
on Day 1, no significant change in cell viability was observed (Supplemental Material, Figure
6.5), demonstrating the cytocompatibility of the photodegradation reaction and degradation
products in vitro. In addition, cell spreading was observed over 4 days (Figure 6.7) within the

upper region of the degraded gel (top 100 um, Figure 6.4a), where the crosslinking density is
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lowered due the z-direction degradation gradient (Figure 6.2d). No spreading is observed in
control gels that were not irradiated over 4 days, which is expected since the polymer density in
the non-degraded gels should be too high to allow cell spreading (Figure 6.4b, Figure 6.6). This
change in spreading was quantified, where an average cell area of 706 + 77 pum® and 473 + 94
um’ were observed with and without irradiation, respectively. Furthermore, cell spreading and
area were observed to be greatest in the upper regions of the gel, correlating with the z-direction
degradation gradient, while no correlation of cell area with z-position was observed in non-
degraded gels (Figure 6.4d). These photodegradable gels can be used to further explore the
influence of hydrogel structure/polymer density on cell morphology, on other cell functions such

as cytoskeletal organization and differentiation, or on ECM elaboration via gradient degradation.

B 1000 - *
g‘\ *
i g 800 A
_‘1 ~ 3
: o 600 A
! o
© 400
8 200 -
0 -
Day 4 Day 4 Day 1
light no light prior to light
1000 -
800
t
= 600 -
(49
o
T 400
‘©
O
200
0 ‘
Z-position 1 2 3 4 5

Depth (um) 020  21-40 4160  61-80  81-100
0,/Pro 0.10-0.29 0.30-0.52 0.53-0.71 0.71-0.83 0.84-0.91

171



Figure 6.4 Cell area and morphology in gradient degraded hydrogels. hMSCs were
encapsulated in photodegradable hydrogels and irradiated (365 nm at 10 mW cm™ for 8 min) on
Day 1 to create a crosslinking density gradient in the z-direction. (a) By Day 4, cell spreading is
observed within the upper portion of the irradiated hydrogel (top ~ 100 um), which possesses a
significantly decreased crosslinking density based on predictions shown in Fig. 2, whereas
limited spreading is observed in (b) degradable gels without irradiation (top down view of
confocal LSM stack). Changes in cell morphology were confirmed with brightfield images
(right). Scale bars are 50 um. (¢) No change in cell area was observed over 4 days without

irradiation (Day 1 prior to irradiation, Day 4 no light). In contrast, an increase in cell area was
observed with irradiation and degradation (Day 4 light) as compared to these controls (* p <0.1).
(d) Spreading in response to the crosslinking density gradient (px/pxo = 0.1 - 0.9, pxo = 0.006 M)
was examined by splitting the 100-pum thick confocal stack into 20-um thick confocal projections
(top 20 pum of the gel = position 1). On Day 4, increased cell area was observed in the top of the
gel as compared to the lower regions in irradiated samples (blue squares), whereas no change in
cell area was observed in the z-direction without irradiation (red diamonds, py/pxo = 1 at all
positions).
6.3 Conclusion

Photodegradable hydrogels were synthesized, and their degradation kinetics in response
to low-intensity irradiation was characterized via rheometry to determine rate constants for
predicting changes in crosslinking density and mass loss. These hydrogels were degraded under
cytocompatible irradiation conditions to create z- or x-direction property gradients, as well as to
predictably erode hydrogels for controlled mass loss at any point in time and in three dimensions.
Cell spreading was directed with a z-direction degradation gradient, where encapsulated cell area
was greatest in the most highly degraded regions of the gel. These photodegradable gels can be

used for culturing cells in three dimensions and allowing real-time, externally-triggered

manipulation of the cell microenvironment to examine its dynamic effect on cell function.
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6.5 Supplemental Information
6.5.1 Experimental
6.5.1a Photodegradable Hydrogel Synthesis

The photodegradable crosslinker (PEGdiPDA, M, ~ 3400 g/mol) was synthesized as
previously described.! PEGdiPDA was copolymerized with PEGA (M, ~ 375 g/mol, Sigma-
Aldrich). The total amount of monomer was fixed at 15 wt% in water and two different molar
ratios of PEGdiPDA to PEGA were used to vary the initial gel crosslinking density for mass loss
studies (10 mo1%:90 mol% and 25 mol%:75 mol%). All other hydrogels were prepared with the
lower PEGdiPDA monomer ratio (10 mol%:90 mol%). The monomer solution was polymerized
via redox-intiated free radical polymerization by adding 0.2 M ammonium persulfate (AP) and
subsequently 0.1 M tetracthylmethylenediamine (TEMED) while vortexing. For 3D patterning
experiments, a methacrylated rhodamine (300 uM, methacryloxyethyl thiocarbamoyl rhodamine
B, Polysciences) was added to the monomer solution to covalently label the hydrogel backbone
chains. The hydrogels were formed in situ for rheometry experiments and between glass slides
with a spacer (0.5 mm) for all other experiments. The polymerization is complete within 5 min,
based on modulus evolution followed by rheometry, and all molded hydrogels were transferred
to phosphate buffered saline (PBS) that was refreshed after 30 min to remove any remaining

monomer or initiator.

6.5.1b Hydrogel degradation characterization and prediction
Hydrogel degradation rates were characterized with a photorheometer (y=10% and w=10
rad/s, linear viscoelastic regime), where a sample is irradiated while monitoring the hydrogel

modulus (ARES, TA). Thin hydrogels (0.05 mm) were polymerized in situ between an 8 mm
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diameter flat quartz plate and a temperature-controlled Peltier flat plate (25°C). Upon complete
polymerization, the hydrogel was surrounded with a thin bead of water to prevent dehydration.
The hydrogel storage modulus (G') was monitored (G=G' when G'>G"),” while irradiating the
sample with UV or visible light (365 nm at 2, 5, or 10 mW cm™, 405 nm at mW c¢m™, Novacure
with liquid-filled light guide and collimating lens, EFOS). A characteristic photolabile group
degradation time, T, was determined by linear regression of this data (0.5 < G'/G', < 1) based on
photolysis kinetics,” gel degradation kinetics,” and gel mechanical properties.* Equation S1 was

used to calculate t.

ln(%) = ln(&) = 2
0 px" T (Sl)

T is defined by equation S2.

o N, hc
(])8)\](2.3)610_6) (Sz)

Where ¢ is the quantum yield of photolysis (events photon™); N, is Avogadro’s number
(photons mol™); h is Planck’s constant (J s); ¢ is the speed of light (m s™); I is the light intensity
(W cm™); t is the irradiation time (s); € is the molar absorptivity (L mol’ cm™); and A is the
wavelength (nm). These experimentally determined values of T were used to calculate the
concentration of the photolabile group, C, at each x and t, where I at a depth x within the
hydrogel was calculated by the Beer-Lambert law (Eqn. S3)

I =1, exp(-2.3eCx) (S3)

The probability that a crosslink is degraded was subsequently calculated (Eqn. S4).

128 /D)
Py, =1 C. 1 exp\ ) 4
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This probability of crosslink degradation was applied to a statistical-kinetic model for
mass loss from PEG diacrylate hydrogels.” These expressions were iteratively solved at each x,
allowing for the prediction of hydrogel mass loss and crosslinking density as a function of depth
in the gel and irradiation time. In this model, reverse gelation, or gel dissolution, occurs when
the local crosslinking density falls below the critical crosslinking density required to connect the
chains into an infinite 3D network.® Specifically, this occurs when the weight average number of
crosslinks per chain drops below two. At reverse gelation, the local material undergoes a nearly

instantaneous solid-to-liquid transition, releasing soluble polymer chains into solution.

6.5.1c Hydrogel gradient degradation

A crosslinking density gradient in the z-direction was created by exposing the hydrogel to
uniform intensity, collimated irradiation (i.e., flood irradiation) with 365 nm at 10 mW cm™ light
for 8 min or less, prior to reverse gelation of the surface as predicted by rheometry. A
crosslinking density gradient in the x-direction was created by irradiating the surface of
photodegradable hydrogel with a light gradient (365 nm at 10 mW cm™ for 0 to 5 min across the
surface). This light gradient was achieved by irradiating the hydrogel while continuously
covering the hydrogel surface with an opaque plate from one side (0 mm) to the other (9 mm).’
The resulting surface modulus gradient, limited to the top ~ 50 um of the gel by light attenuation,
was measured with AFM® (PicoPlusTM scanning probe microscope, Molecular Imaging, Inc.,
pyramidal silicon nitride tip with force constant 0.12 N/m, radius=10 nm, height=2.5-3.5 nm, and
angle of pyramid=35°), where the elastic modulus (E) at various linear positions across a gel

surface was obtained using the Hertz model and v=0.2 for the surface of a PEG hydrogel.” These
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E values were converted to shear modulus G and subsequently crosslinking density using rubber

elasticity theory and v=~0.5 for the bulk of a PEG hydrogel.>*

6.5.1d Hydrogel degradation with photolithography

Photodegradable hydrogels were spatially degraded via photolithography (365 nm at 10
mW cm™, 400 wm wide black lines separated by 400 um wide transparent lines, Mask Aligner,
Optical Associates Inc., Model J500) for different irradiation times (5 to 30 min) to erode
channels with increasing depth. The eroded channels were examined visually by imaging a
cross-section of the gel with a confocal LSM and quantitatively with profilometry (Stylus
Profiler, Dektak 6M, force=1 mg, radium=12.5 mm, and range=1 mm). Based on T and the

photodegradation model, eroded channel depth was predicted for each irradiation time.

6.6.1e Hydrogel degradation with focused light

Three-dimensional voids were created within photodegradable hydrogels using focused
light (405 nm, 30 mW laser, LSM 510, Zeiss). The photodegradable hydrogel within a 35 mm
glass bottom Petri dish (MatTek Corporation) was surrounded with PBS and unidirectionally
scanned within the in-focus x-y plane with a 405 nm laser using Zeiss region of interest (ROI)
software. The x-y scanned shape subsequently was scanned in the z-direction to degrade three-
dimensional features within the gel. Arrays of cylinders (50 um diameter) were patterned using
different LSM parameters for each column of the array (5 um stack scanned in 1 um intervals,
10 to 25% laser power, scan speed setting=2 to 4 corresponding to 10 to 28 s per plane). In
addition, interconnected channels were created (vertical cylinders: 25% power, scan speed=7

corresponding to 2 s per plane, 60 um stack scanned in 1 wm intervals; horizontal channel: 25%
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power, scan speed=3 corresponding to 16 s per plane, 1 um stack). These degraded regions were
imaged with a confocal LSM in brightfield and in fluorescence, where the rhodamine-labeled
hydrogel fluoresces red and the degraded void is black due to removal of the fluorescently-

labeled polymer backbone and crosslinks that comprise the gel.

6.5.1f Encapsulation and spreading cells within gradient degraded hydrogel

Adult human mesenchymal stem cells (hMSCs) (Cambrex Bio Science) were plated at
5,000 cells cm™ in 10 cm diameter tissue culture polystyrene Petri dishes (BD Bioscience). The
hMSCs were cultured in stem cell growth media (10% fetal bovine serum, 1 ug/mL amphotericin
B, 50 U/mL penicillin, 50 ug/mL streptomycin, and 20 ug/mL gentamicin in DMEM containing
low-glucose, Invitrogen). The cells were grown under standard cell culture conditions (37 °C
incubator with 5% CO;), and media was changed twice per week. Cells were grown to
confluency and passaged twice prior to encapsulation.

To examine cell morphology, cells were fluorescently labeled with Cell Tracker Green (5
uM, 30 min, Invitrogen) prior to encapsulation; to examine cell viability and cytoskeletal
organization, cells were encapsulated without any prior labeling. A photodegradable PEG-based
monomer solution, as described earlier, and a non-degradable PEG diacrylate-based (PEGDA,
M, ~ 4600 g/mol) monomer solution (10 mol%:90 mol% PEGDA:PEGA, 0.05 M AP, and 0.025
M TEMED) were prepared with fibronectin (100 nM, BD Biosciences). Each solution was
mixed with cells for an encapsulation concentration of 2x10° cells mL™" and polymerized for 5
min between glass slides with a spacer (0.25 mm). Upon complete polymerization, the
hydrogels constructs were transferred to fresh growth media, which was refreshed after 30 min,

12 h, and subsequently twice per week. On Day 1, a portion of the photodegradable cell-gel
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constructs were flood irradiated with UV light under sterile conditions (365 nm at 10 mW cm™
for 8 min per side) to create a z-gradient in degradation, releasing modified PEG and decreasing
the polymer density around the cells in the regions closest to the incident irradiation. As
controls, the remaining portion of photodegradable gels were not irradiated to elucidate the effect
of non-specific cell-induced degradation, while the non-degradable gels were irradiated to
elucidate the effect of non-specific light-induced degradation. Morphology of cells labeled with
cell tracker green for each of these gel conditions was observed over 4 days (Day 1, 2, 3, and 4)
in confocal fluorescence and in brightfield (Zeiss 710, 40x objective). Cell area was quantified
from confocal projections of cell tracker green images with Image J. To quantify cell area by z-
position, 100-pum z-stacks were split into 20-pum increment z-projections (top 20 pm section =
position 1). Note that since the average cell diameter within the upper regions of the degraded
gels is larger than 20 pm (~ 30 um based on a cell area of 706 um?), most large cells that appear
in position 1 images (depth = 0 - 20 pm) also appear in position 2 images (depth = 21 - 40 pm),
insignificantly increasing the cell area observed in position 2 as compared to position 1.

In addition, cell-gel constructs were stained for viability or f-actin (Supplemental text,
Figure 6.5 and 6.7), and uniform presentation of fibronectin throughout the degraded gels over 4
days was verified (Supplemental text, Figure 6.8). In this study, we examine the influence of gel
crosslinking density on cell morphology assuming that the density of an adhesion molecule (i.e,
fibronectin) is independent of crosslinking density. It should be noted that high extents of gel
degradation may release fibronectin from the gel, thereby altering its density. However,
calculations of the gel mesh size and images of fibronectin presentation support the assumption
that fibronectin was retained over the wide range of gel crosslinking densities that were

investigated in this study (px/ pxo = 0.09 to 1).
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6.5.2 Supplemental text

Human mesenchymal stem cells (hMSCs) were encapsulated in photodegradable PEG
hydrogels or non-degradable PEG hydrogels with entrapped fibronectin. Upon irradiation and
degradation, cells encapsulated in the photodegradable hydrogel were viable (Figure 6.5),
indicating that the irradiation conditions and degradation products are cytocompatible. In
addition, cell spreading over 4 days was observed in photodegradable hydrogels with irradiation
on Day 1 of culture, as discussed in the manuscript text. To verify that this spreading was not
due to non-specific cell-induced or light-induced degradation of the gel, cell spreading in
irradiated photodegradable gels was compared to two controls: (i) photodegradable gels without
irradiation, as discussed in the manuscript text, and (ii) non-degradable gels with irradiation. No
significant cell spreading is observed in the non-degradable gels over 4 days, indicating that
neither cells nor light are non-specifically degrading the gel (Figure 6.6). This same trend is
observed in control (i), photodegradable gels without irradiation, further supporting that cell
spreading in the photodegradable hydrogel with irradiation is a response to light-induced
cleavage of the gel crosslinks. While cell area does not change over 4 days in control (i) or (ii),
cell area in the non-degradable gel is slightly smaller than in the photodegradable gels. This
non-statistical difference is likely caused by small differences in the gel polymerization
conditions due to free-radical inhibition by the photolabile group.

To examine the progression of cell spreading with and without photodegradation,
confocal z-stacks of encapsulated cells within the top 100 pm of the gel were taken on Day 1, 2,
3, and 4 in culture (Figure 6.7). Prior to irradiation on Day 1, cells were rounded and small in

the photodegradable gels and in the non-degradable gels. After irradiation, limited change in cell
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morphology was observed on Day 2, whereas cell spreading was observed by Day 3 and 4. In
constrast, little change in cell morphology is observed in the two controls over 4 days. In
addition to spreading, the cell cytoskeleton was stained in each of these gel compositions (f-actin
labeled red and overlaid with brightfield). While increased cell area was observed for cells in
irradiated photodegradable gels, a diffuse cytoskeleton was observed in all gel conditions. For
future studies of the influence of gel properties on cytoskeletal organization, longer culture time
points will likely be needed to observe changes in the cytoskeletal organization.

Last, fibronectin presentation within the gel was examined to verify that differences in
cell spreading with degradation were not convoluted by loss of fibronectin. Fibronectin was
fluorescently-labeled and entrapped during encapsulation within a cell-laden gel. Fibronectin
presence was subsequently verified with confocal z-stacks (Figure 6.8), where diffuse
fibronectin as well as fibronectin clusters were observed. No statistical difference in fibronectin
fluorescence was observed before (Day 1) or after irradiation (Day 4), indicating that the
fibronectin concentration within the gel does not change with irradiation and degradation.
Further, the mesh size of the photodegradable hydrogel with 8 min of irradiation was estimated
to be 126 A, which is smaller than an estimated average hydrodynamic radius for fibronectin in
different solution confirmations of 141 A.'"® This calculation supports that fibronectin should

remain entrapped within the hydrogel with 8 min of irradiation and corresponding degradation.

6.5.3 Supplemental experimental
6.5.3a Encapsulation and spreading cells within gradient hydrogel
As described in the manuscript text, cells were encapsulated within a photodegradable

hydrogel or a non-degradable hydrogel with entrapped fibronectin. To examine -cell

182



morphology, cells were fluorescently labeled with Cell Tracker Green (5 uM, 30 min,
Invitrogen) prior to encapsulation; to examine cell viability or cytoskeletal organization, cells
were encapsulated without any prior labeling. Upon encapsulation, the hydrogel constructs were
transferred to fresh growth media, which was refreshed after 30 min, 12 h, and subsequently
twice per week. On Day 1, the cell-gel constructs were flood irradiated with UV light under
sterile conditions (365 nm at 10 mW cm™ for 8 min per side, Novacure, EFOS) to create a z-
gradient in degradation, releasing modified PEG and decreasing the polymer density surrounding
cells in the regions closest to the incident irradiation. Similarly, on Day 1, a portion of the
photodegradable gels was not irradiated, and the non-degradable gels were irradiated as controls.
A live/dead assay (30 min staining, LIVE/DEAD Viability/Cytotoxicity Kit, Invitrogen) was
used to examine cell viability after irradiation and degradation, where live cells fluoresce green
and dead cells fluoresce red. Cell viability and morphology within the top 100 um of the gel
were observed with and without degradation with a confocal laser scanning microscope (LSM,
Zeiss Pascal or Zeiss 710, respectively) over 4 days. Cell area was quantified from cell tracker
green images using Image J. To examine cell cytoskeletal organization, cell-gel constructs were
fixed with 10% buffered formalin, permeabilized in 0.05 wt% Tween 20, stained with phalloidin-
tetramethylrhodamine B isothiocyanate (Sigma-Aldrich), washed with phosphate buffered saline

(PBS) (3x over 24 h), and imaged with a confocal LSM (Zeiss 710).

6.5.3b Fibronectin labeling, entrapmetn, and imaging
Fibronection (FN, human, BD Biosciences) was labeled with a fluorophore (FITC-
isocyanate, Invitrogen) per the manufacturer instructions for amine-reactive probes. Briefly, 1

mg of protein was dissolved in 0.1 M sodium bicarbonate (aqueous, pH ~ 9.16) to produce a 2
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mg/mL solution. FITC-isocyanate was dissolved in dimethyl sulfoxide (10 mg/mL), added to
the protein solution (10 pL, 0.1 mg dye), and reacted while stirring for 1 h at room temperature.
Unreacted fluorophore was removed from the reaction mixture by gel filtration (PD-10,
Sephadex G-25M, GE Healthcare) in PBS per manufacturer instructions. Modification of the
protein was verified by UV-visible spectroscopy per manufacturer instructions (absorbance at
280 nm and 494 nm). Photodegradable gels were created as described in the manuscript with
FITC-FN (100 nM). Half of the samples with FITC-FN were irradiated for 8 min.

Gel fluorescence was examined with confocal microscopy (Zeiss 710). The gel surface
was imaged (100 um z-scan), and the z-stack was summed over the 100 pm stack to capture total
fluorescence of the region, as a measure of FN content. Similar fluorescence was observed for
the FITC-FN gels with no irradiation and 8 min irradiation. This fluorescence was quantified
with Metamorph software. To further evaluate the retention of FN, gel crosslinking density was
calculated using rubber elasticity theory,'' and the gel mesh size was subsequently estimated [4],
using the intitial modulus of the gel (13.6 kPa), its equilibrium volumetric swelling ratio (13.0),

and known constants for PEG-based hydrogels.’
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Figure 6.5 Cell viability with photodegradation. hMSCs encapsulated in photodegradable
PEGdiPDA hydrogels were exposed to flood irradation (365 nm at 10 mW cm™ for 8 min).
Upon exposure to light, cell viability is maintained throughout the hydrogel, where live cells
fluoresce green and dead cells fluoresce red (top down view of confocal LSM stack). Scale bar

is 100 um.

185



Cell area (um?)
o N w
o o o
o o o o
| | | 1

Day 1 (a) Day 4 (b)

Figure 6.6 Cell morphology in non-degradable hydrogel. (a) hMSCs were encapsulated in
non-degradable PEGDA hydrogels and exposed to flood irradiation (365 nm at 10 mW cm™ for
8 min). Prior to light exposure (Day 1), cells exhibit small and rounded morphologies (left, top
down view of confocal LSM stack; right, representative cells imaged with brightfield and
fluorescence), where cells are fluorescently labeled green. (b) After light exposure (Day 4), cells
persist in their small and rounded morphologies. (¢) No significant difference in cell area is
observed between encapsulated hMSCs in non-degradable PEGDA hydrogels at Day 1 (prior to
light exposure) and at Day 4 (after light exposure). Scale bars are 50 um.
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Figure 6.7 Cell morphology progression. hMSCs were encapsulated in photodegradable
PEGdiPDA (a,b) and non-degradable PEGDA (¢) hydrogels. The progression of cell
morphology over the course of four days in culture was monitored by confocal LSM imaging of
cell morphology on each day, where cells are fluorescently labeled green, and of phalloidin
staining for the prescence of f-actin (red) coupled with brightfield imaging on day 4. (a) hMSCs
encapsulated in photodegradable hydrogels that were exposed to flood irradiation (365 nm at 10
mW cm™ for 8 min) exhibit a small and rounded morphology prior to light exposure (Day 1).
After light exposure (Days 2-4), the cells begin to spread and increase in cell area. hMSCs
encapsulated in photodegradable hydrogels that were not exposed to flood irradiation (b) and in
non-degradable hydrogels that were exposed to flood irradiation (365 nm at 10 mW cm™ for 8
min) (c¢) persist in a small and rounded morphology throughout the four days in culture.
Corresponding phalloidin staining on Day 4 (right) indicates diffuse f-actin presence around the
exterior of the cells for all conditions. Scale bars are 50 um.
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Figure 6.8 Fibronectin presentation with degradation. Fluorescein labeled fibronectin was
entrapped in photodegrable PEGdiPDA hydrogels and confocal image stacks of the fibronectin
presence were taken prior to (Day 1) and post (Day 4) light exposure. Image analysis of the
mean fluorescent intensity of the LSM stacks reveals no significant difference in fibronectin
presentation between the PEGdiPDA hydrogel prior to light exposure (Day 1) and after light
exposure (Day 4).

187



CHAPTER VII
CONTROLLED TWO-PHOTON DEGRADATION OF PEG HYDROGELS
TO STUDY AND MANIPULATE SUBCELLULAR INTERACTIONS ON
SOFT MATERIALS

As published in Soft Matter, 6, 5100-5108 (2010)

7.1 Abstract

Cell adhesion and detachment to and from the extracellular matrix (ECM) are critical
regulators of cell function and fate due to the exchange of mechanical signals between the cell
and its microenvironment. To study this cell mechanobiology, researchers have developed
several innovative methods to investigate cell adhesion in vitro; however, most of these culture
platforms are unnaturally stiff or static. To better capture the soft, dynamic nature of the ECM,
we present a PEG-based hydrogel in which the context and geometry of the extracellular space
can be precisely controlled in situ via two-photon induced erosion. Here, we characterize the
two-photon erosion process, demonstrate its efficacy in the presence of cells, and subsequently
exploit it to induce subcellular detachment from soft hydrogels. A working space was
established for a range of laser powers required to induce complete erosion of the gel, and these
data are plotted with model predictions. From this working space, two-photon irradiation
parameters were selected for complete erosion in the presence of cells. Micron-scale features
were eroded on and within a gel to demonstrate the resolution of patterning with these irradiation
conditions. Lastly, two-photon irradiation was used to erode the material at the cell-gel interface
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to remove cell adhesion sites selectively, and cell retraction was monitored to quantify the

mesenchymal stem cell (MSC) response to subcellular detachment from soft materials.

7.2 Introduction

Approaches to expand and culture progenitor cells in vitro often focus on the role of soluble
media additives to control cell function, such as proliferation and differentiation. For example,
multipotent mesenchymal stem cells (MSCs) can be differentiated into chondrocytes with the
exogenous addition of transforming growth factor-f3 (TGF-f3) or osteoblasts with the addition
of dexamethasone, B-glycerol phosphate, and ascorbate. Less attention is given to the role of
the cellular microenvironment in this process, but it may be equally important for regulating cell
function; for MSCs, chondrogenesis is conducted in pellet culture while osteogenesis is
conducted in high cell density plate culture.! Further, the elasticity of the culture substrate has
been shown to influence cell proliferation, adhesion, morphology, and migration and to direct
MSC differentiation,”® while patterning of substrates to control cell geometry has been shown to
regulate relative cell growth and apoptotic rates.” ® These results illustrate that a myriad of
epigenetic factors, beyond soluble media additives, contribute to the control of cell function.” "
In particular, the extracellular matrix (ECM) serves as a major regulator of cell phenotype'' by
presenting mechanical cues and interacting with the cell through integrin binding.'> "
Mechanotransduction relays these physical signals via dynamic focal adhesion formation and
cytoskeletal organization, which regulate cell morphology, proliferation, migration,
differentiation, and apoptosis via changes in gene expression,'> '*'®

Seminal studies in cellular mechanobiology™  have effectively linked ECM mechanics and

cell-material interactions to cell function, but this work has been conducted primarily on static
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substrates that fail to capture the active nature of the native ECM. In vivo, the ECM undergoes
continual restructuring by ECM-cleaving molecules, such as matrix metalloproteinases, and
cellular deposition of ECM components, creating a dynamic adhesive landscape.'”  This
landscape directs attachment and detachment to and from the ECM, controls the geometry of the
cell niche, and regulates cytoskeletal organization, which all influence tissue formation, cell fate,
wound repair, and cancer metastasis.'® In short, cells exert contractile forces as they actively
engage with the ECM introducing tensile stresses in the cytoskeleton that originate at focal
adhesions and it is now evident that both dynamic adhesion and force generation play a major
role in directing cell function.'*

Researchers have developed several in vitro techniques to investigate the mechanisms of cell

adhesion and cytoskeletal tension on the cellular level, including the cell-spreading assay,'” >

laser-induced ablation of actin stress fibers,?"*

pharmacological treatment to disrupt
microtubules,” and trypsin-induced detachment.”* In complementary approaches, investigators

have developed responsive material substrates that can trigger changes in surface chemistry to

25,26 27,28

temporally manipulate adhesive ligand presentation and cell attachment. For example,
Wildt et al. presented a strategy to induce subcellular detachment by electrochemically releasing
the fibronectin-derived adhesive ligand RGD from micropatterned gold features on glass and
reported quantitative analysis of the detachment dynamics.”® This technique allows the user to
control adhesion dynamically on stiff substrates in predefined geometries.

Building from these studies, we sought to engineer soft, yet tunable, photodegradable
substrates that would allow user-defined manipulation of cell-material interactions at any

location, over any area, and at any point in time. Photoactive polymeric biomaterials that can be

manipulated exogenously with light have emerged in recent literature as a class of materials that
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provide unprecedented spatial and temporal control of both chemical and mechanical
properties.”’* Out of this work, photodegradable hydrogels have been developed that are fully
compatible with cell culture.>****** Studies with these materials have demonstrated control of
the biochemical nature of the ECM to direct MSC differentiation,’® channel formation to direct
cancer cell migration,*® and control of ECM elasticity to mediate the myofibroblast-to-fibroblast
transition®® or to direct cell morphology in 2D° and 3D.”

In this manuscript, our objective is to employ a poly(ethylene glycol) (PEG)-based
photodegradable hydrogel to study the dynamics of subcellular detachment from soft materials
by spatially-defined substrate erosion. First, we demonstrate how the focal point of a mode-
locked, femtosecond pulsed two-photon laser can be rastered directly below cells seeded on
photodegradable hydrogels to erode the underlying substrate completely and disrupt cell-material
interactions. Second, a simple model is presented to determine the irradiation conditions that
afford complete erosion via two-photon excitation. Laser-induced degradation, and ultimately
complete erosion, is demonstrated over a broad range of pulse energies, and features are
generated within the gel on size scales relevant to cells. As a final proof of principle, surface
erosion is conducted in the presence of cells to analyze quantitatively the retraction dynamics of

erosion-induced subcellular detachment.

7.3 Results and Discussion
7.3.1 Preparation of a two-photon degradable hydrogel

Photodegradable hydrogels were formed by redox initiated, free-radical chain
polymerization of a photolabile PEG-based crosslinker (PEGdiPDA, M,, ~ 4070 g/mol, Figure

7.1a) with a monoacrylated PEG macromer (PEGA, M, ~ 400 g/mol) in phosphate buffered
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saline (PBS). Since PEG-based materials are bioinert and present a poorly adhesive substrate for
cells,” fibronectin (300 nM, R, ~ 14nm°®) was included in the macromer solution used for all
cell experiments; by this method, the adhesive protein is entrapped within or covalently attached
to the hydrogel (mesh size & ~ 10nm, as approximated using rubber elasticity and Flory-Rehner
theories) and presents integrin-binding adhesive sites. By this approach, cells sense the
hydrogel’s adhesive context and geometry, spread on the surface, and form an organized

cytoskeleton (Figure 7.3b).
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Figure 7.1 Two-photon induced degradation and complete erosion of photodegradable
hydrogels. (a) Poly(ethylene glycol) (PEG)-based photodegradable hydrogels were formed (a,
left) by redox-initiated free radical chain polymerization of PEGdiPDA (a, right) with PEGA.
The crosslinking density of these gels corresponds to a mesh size (§) of approximately 10 nm (a,
left), and the gels allow fibronectin to be physically entrapped within or covalently linked to the
gel structure. (b) Focused, two-photon irradiation induces complete gel erosion when the focal
point (red circle) dwells for enough time (¢ = #.) such that a sufficient fraction of PEGdiPDA
crosslinks can be cleaved locally (p = p.) for a given average laser power. This photocleavage
releases the polymer chains that comprise the hydrogel selectively from irradiated regions (b,
right).
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The crosslinker, PEGdiPDA, was rendered photoactive by attaching an acrylated ortho-
nitrobenzylether (NBE) moiety to both sides of a PEG-bis-amine, as previously described.”
This moiety was chosen due to its capability of undergoing two-photon photolysis®’ (at 740nm
the two-photon cross section 8,@, ~ 0.01 to 0.03 GM’®) and its previous use in biological
systems.” Upon two-photon excitation, PEGdiPDA cleaves between the NBE and acrylate
functionalities, releasing modified PEG and polyacrylate chains with pendant PEG. Previous
studies have shown that the degradation products of this hydrogel formulation are
cytocompatible.*® >

While the ability to erode completely NBE modified PEG-based hydrogels with two-
photon excitation has been demonstrated,’” *' these experiments were not performed in the
presence of cells. Here, we sought to better understand how these materials might provide a
unique substrate for probing cell-material interactions and to exploit this knowledge to direct cell
function in vitro. Towards this end, there are critical aspects of the photodegradation process
that need to be understood: (i) complete two-photon erosion should occur with micron-scale
resolution; (ii) features should be generated on relevant time scales (ms to s); and (iii) the
irradiation conditions should not disrupt normal cell function. For example, two-photon erosion
can be used to define the geometry of the stem cell niche only if the features are formed rapidly
on the cellular size scale and the cell is not affected solely by the irradiation. Therefore, we first
characterized the resolution and time-scale of two-photon erosion within PEGdiPDA hydrogels,
and subsequently employed previously reported cytocompatible irradiation conditions to induce

subcellular detachment of MSCs.
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7.3.2 Resolution of two-photon erosion of PEGdiPDA hydrogels

Mode-locked, pulsed laser directed two-photon excitation induces degradation within
PEGdiPDA hydrogels over multiple length scales from (um to mm) by cleaving the NBE
moieties within the PEGdiPDA crosslinks (Figure 7.1b). The spatial resolution of patterning
within the gel is theoretically limited by the focal volume, which for a Gaussian laser beam is
governed by the lateral (wy,) and axial (w,) 1/e radii.* The focal radii are dictated by the
numerical aperture (NA), the wavelength of irradiation (A), and the refractive index of the

material (n) as given by40

_ 03252 NAs07 (1)
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For the experiments in this study with NA = 1.0, A = 740nm, and n = 1.33, wy, is 170nm, and w,
is 610nm. The theoretical diameter for the focal volume is an order of magnitude larger than the
approximate mesh size of the hydrogels (Figure 7.1b), confirming that the focal point is the
limiting factor for spatial resolution of degradation and not the material itself. Further, this focal
volume confirms that micron-scale patterning is attainable in both the x-y and z-dimensions,

which is demonstrated in experimental results found in Figs. 7.2¢ & 3.

7.3.3 Critical exposure time for two-photon erosion
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A statistical-kinetic model of two-photon degradation and reverse gelation was developed
to determine the critical exposure times needed to completely erode the focal volume within this
material. In this manuscript, we use the terms degrade or degradation to refer to the cleavage of
individual PEGdiPDA crosslinks due to two-photon excitation and the term reverse gelation to
refer to the critical extent of degradation when the gel undergoes a solid-to-liquid transition,
releasing soluble PEG crosslinks and polyacrylate chains with pendant PEG into solution. The
release of these soluble fragments from the gel leads to mass loss, which we term erosion. Thus,
reverse gelation refers to the point at which features are formed within the material through
complete erosion and degradation is the process of cleaving bonds that ultimately leads to

reverse gelation.
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Figure 7.2 Parameter space for two-photon induced erosion of PEGdiPDA hydrogels. (a)
Critical exposure times (z.) for irradiation to induce complete erosion of PEGdiPDA hydrogels
were determined experimentally for a broad range of average laser powers (Pay,) (solid circles)
and plotted with model predictions (dashed line). (b) The pulse energy (Epus) for each average
laser power used was calculated and combined with #. to determine the total dosage required to
erode the material and these data were plotted (solid circles). Previous studies have concluded
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that pulse energies above 1.5 nJ thermally ablate intracellular components (gray vertical line),
demonstrating that complete erosion can be performed below the cut-off for laser-induced
ablation of intracellular components. (¢) Locally confined erosion of PEGdiPDA hydrogels was
imaged in brightfield (outside images, black corner marks indicate the region of erosion) and
with cross-sections of fluorescent confocal stacks (central images) and was confirmed with
profilometry (data not shown). For the pulse energy used in cells studies and feature formation
(Epuise = 1.25 nJ, left outside image and top central image), selective erosion was achieved with
an average depth of 8 = 1 um for 7 um deep scans. At the highest pulse energies studied (Epyise =
2.3 nJ, right outside image and bottom central image), nonspecific erosion was induced with an
average depth of 11 = 1 um for 7 um deep scans. Furthermore, cavitation was observed within
the hydrogels at such high pulse energies as evidenced by bubble formation in the material.
Scale bars represent 20 wm in the fluorescent images and 50 um in the brightfield images.

To reach reverse gelation, such that the gel erodes completely and undergoes a solid-to-
liquid transition, a critical fraction of the NBE molecules must be degraded within the focal
point. Based on a statistical treatment of chain growth networks, the critical extent of cleavage
(p.) 1s dictated by the weight average number of crosslinks per polyacrylate kinetic chain (N = 20

41

for this system™ , such that p. = ———_"" The degradation reaction as a function of irradiation
Y PTIN-1 &

time (7) is modeled as a first-order process as previously described****:

d[NBE]
= —k,[NBE 3
” INBE] 3)
with
)L 2
k,=1.178,®, T —| PaVF 4)
T, \Thews,

Here, 8,®, is the two-photon cross section; 7 is the period of the laser pulses (12.5 ns); T, is the

duration of the laser pulses (140 fs); 4 is Planck’s constant; c is the speed of light; P,y is the
196



3842 For these

average laser power; and VF is a volume factor (0.63 for an axial cylinder).
studies, a conservative estimate of 0.01 GM for the two-photon cross section was used based on

previous literature.® Equation (3) was solved to give a form for the extent of degradation (p):

_INBE] _ .,
" [NBE],

p @)

such that one can combine Eqns. (4) and (5) for the relationship between the critical exposure
time (¢ = ¢.) required to erode the material completely (p = p.) and the average laser power (Payg).

Solving this expression for P,, one arrives at

Inp,

N 6
avg ot ()

2

where a=1.176,®, 1

T

A

shew

>—| VF . This relationship combines photodegradation kinetics,

xy

two-photon physics, and statistical models of reverse gelation to predict the exposure time
required for complete hydrogel erosion. Accordingly, this model provides a working parameter
space for two-photon induced erosion of PEGdiPDA hydrogels (Figure 7.2a) and a methodology
for determining critical exposure times (#) for two-photon labile materials based on Piy,.
Experimentally determined critical exposure times required to erode the material completely
were plotted with the statistical-kinetic model (Figure 7.2a) over a broad range of average laser
powers (7.8 to 183.8 mW). Experimentally determined critical exposure times agree well with

the model over the range of P, from 20.2 to 87.5 mW (i.e., the absolute value of the deviation =
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(cexperimental = tepredicted)/teexperimental < 0.5). Outside of this range, larger deviations are observed at
high P,,, because of the limitation of the fastest scan speed on the LSM and at low P, because
of excitation from other planes that can lead to out-of-plane excitation at slower pixel dwell
times. Using this approach, the critical exposure time for erosion of any photolabile network can
be predicted for a broad range of irradiation conditions. In addition, this information can be used
rationally to select irradiation parameters for modifying gel properties and thus the cell

microenvironment.

7.3.4 Irradiation conditions for in situ degradation

An array of laser powers results in erosion of PEGdiPDA hydrogels (Figure 7.2a), but
the end application of erosion in the presence of cells limits the user to cytocompatible
irradiation conditions. Focused two-photon irradiation has been used previously to thermally

22, 43, 44

. . 45
ablate intracellular components, such as actin stress fibers, neurofilaments,” and

mitochondria.** *®

These investigations have demonstrated that femtosecond pulsed two-photon
irradiation can be used in the presence of cells, but that there is a pulse energy (Epuise) threshold
for photo-induced ablation and a threshold for maintaining cell viability. It was reported that
pulse energies below 1.5 nJ fail to induce intracellular ablation** and that cells remain viable
when exposed to pulse energies at or below 4 nJ.** In other words, to prevent non-specific
ablation of intracellular components, such as the actin cytoskeleton, and to maintain high cell

viability the user should operate below the pulse energy threshold of 1.5 nJ.

The pulse energy for a specific laser system is the energy delivered by each femtosecond

T .
laser pulse and is calculated as Eyuse = PpeakTp, Where P, =P, = is the peak energy delivered
p

by the laser (1, = 140 fs for the laser used in this study). To explore the relationship between
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pulse energy and gel erosion, the pulse energies were determined for the irradiation conditions

used in this study (Figure 7.2b). From these energies and the ¢, the total dosage (D) required to

USCtC WX' 2
erode the material was also calculated, D=ﬁ with A, =Jr( 2y ) . This analysis

focal

demonstrates that higher pulse energies require less total dosage to erode the material (Figure
7.2b). However, sufficiently high pulse energies (2.3 nJ) induce cavitation within the
PEGdiPDA hydrogels causing non-specific, uncontrolled degradation (Figure 7.2¢). At lower
pulse energies (Epuse < 2.0 nJ), no cavitation was observed (Figure 7.2¢). Based on previous
findings for the cellular response to pulse energies** * and our characterization of photoerosion
in PEGdiPDA hydrogels, a working space for achieving complete gel erosion while not affecting
cell function is established. Correspondingly, gel erosion in this study was conducted with a
laser pulse energy of 1.25 nJ to minimize the total dosage while avoiding ablation of cellular
components and uncontrolled gel erosion due to cavitation. Further, exposure to this pulse
energy of 1.25 nJ does not affect the normal function of cells seeded on non-degradable PEGDA

hydrogels (Supplementary Information, Figure 7.5).

7.3.5 Two-photon control of ECM context and geometry

Studies of the cellular response to dynamic changes in the ECM necessitate modifying
the adhesive landscape on size scales relevant to the cell (~1-100 um) in a spatially and
temporally defined manner. Recently, this has been achieved in predefined geometries on the
surface of glass with an array of gold features that electrochemically releases RGD.** In
addition, adhesive ligands have been photochemically exposed on glass via single and two-
photon irradiation of photoactive SAMs.> > *" Here, two-photon induced photodegradation of

PEGdiPDA hydrogels offers a soft substrate with tunable elasticity and user-defined geometrical
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and temporal control of the ECM landscape at both the surface of 2D hydrogel scaffolds and
within 3D hydrogels. In each case, erosion is achieved by rastering the focal point for the critical
exposure time (a pixel dwell time of 1.58 us) given the pulse energy (1.25 nJ) at each focal
volume within the desired geometries (Figure 7.3a). Due to the short pixel dwell time, features
can be formed rapidly within the gel: ~10 ms for a 10 wum wide square and ~4 s for a 250 wm
diameter circle. As such, this platform is appropriate to study (i) erosion-induced motilty and the
dynamics of subcellular detachment on 2D substrates and (ii) migration through channels and the

effect of the geometry of the cell niche on cell function within 3D scaffolds.

Scale bar, 50 um

Scale bar, 50 um
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Figure 7.3 Feature formation to control ECM context and geometry. (a) Defined features
can be patterned at the surface or within PEGdiPDA hydrogels by rastering the focal point of a
two-photon laser scanning microscope (LSM, Zeiss LSM 710) through specific geometries using
region of interest software. (b) Surface feature formation can be performed on size scales
relevant to the cell (~1-100 um) and spatially confined to desired regions to disrupt adhesion at
the anterior or posterior of adhered cells (purple oval and yellow circle) or to disrupt adhesion at
individual fillopodia (red triangle). To demonstrate this strategy, feature formation was
performed in the absence of cells on the order of microns (red triangle) to 100 wm (purple oval)
and was monitored with confocal microscopy (3D renderings of fluorescent confocal stacks and
the corresponding cross-sections, green and blue lines). (¢) Features were also patterned within
the bulk of PEGdiPDA hydrogels to motivate the utility of this approach for directing
encapsulated cells (e.i) to migrate down specific channels (c.ii) or for defining the geometry of
the cell niche (c.iii). 20 um and 30 um wide channels were patterned into PEGdiPDA gels (c.ii)
for representative channel formation, and a 45 um wide square cylinder was patterned into a gel
(c.iii) as a representative change to the geometry of the cell niche. Scale bars represent 20 um,
except as noted.

Based on the degradation parameters outlined above, pulsed two-photon laser excitation
was used to spatially direct feature formation at the surface of a PEGdiPDA hydrogel (Figure
7.3a), demonstrating selective removal of specific cell-material interactions. This technique
allows for spatiotemporal removal of the ECM associated with the anterior or posterior of
polarized cells (Fig. 7.3b, purple oval and yellow circle), which has implications in
understanding the mechanisms of cell motility, as well as individual fillopodia (Figure 7.3b,
triangle) to study the dynamics of subcellular detachment. Further, this material allows for three-
dimensional scaffold erosion within the gel, which could be used to direct cell migration and
connectivity or to define the geometry of the cell niche. A cell’s geometrical constraints have
been shown to influence relative growth and apoptotic rates on 2D substrates,” ® but due to
material limitations, this has been difficult to study in 3D. Here, we demonstrate the ability to
pattern channels on relevant size scales or geometric niches within 3D scaffolds using
cytocompatible irradiation conditions (Figure 7.3c¢). This method presents a unique approach
that provides full spatial and temporal control of the ECM context for hypothesis testing of how

the adhesive landscape on 2D and within 3D soft materials affects cell function.
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7.3.6 Erosion of PEGdiPDA hydrogels to study subcellular detachment

Cell adhesion and morphology are important regulators of cell function and fate. To
demonstrate the efficacy and utility of this material for cell studies, subcellular adhesion was
controlled dynamically by selective two-photon irradiation. Specifically, MSCs were transfected
with a GFP-actin construct for real time monitoring of cytoskeletal organization and
morphology. These cells were seeded on 2D PEGdiPDA hydrogels and given time (~48 hr) to
attach to the substrate, spread, and form an organized cytoskeleton. Subsequently, regions of the
scaffold were eroded to disrupt cell-material interactions selectively (less than 20% of the initial
cell area was eroded in all cases, Figure 7.4a). Removal of the substrate material just at the cell
interface induces subcellular detachment (Figure 7.4, Supporting Information), which was
initiated at the site of scaffold erosion and was followed by cellular retraction. The
morphological response of each cell was tracked over an elapsed time between 10 and 60
minutes using confocal microscopy (Figure 7.4a). Control MSCs seeded on non-degradable
PEG diacrylate (PEGDA) gels exposed to the same irradiation conditions did not detach or

undergo cytoskeletal reorganization (Supporting Information, Figure 7.5).
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Figure 7.4 Two-photon erosion of PEG substrates induces subcellular detachment. (a)
Specific regions of cell-material interactions between GFP-actin transfected MSCs and
PEGdiPDA hydrogels were disrupted by two-photon erosion (t = 0 s, region outlined in gray).
This spatiotemporal erosion induced cell retraction, which was monitored with confocal
microscopy (representative images of the first 400 s for an individual cell are shown). (b) Using
confocal microscopy, cell area was monitored in response to subcellular detachment, and a
fractional area decrease (AA(t)/Ap) was calculated via image analysis. The solid line is a fit to
the equation AA(t)/A¢ = AAmax/Ao[l-exp(-(t-tp)/t.)], and good agreement is observed. (c)
Average values for the induction time (#), retraction time (t.), and the maximum fractional area
change (AAma/Ag) were compiled for retracting cells (n = 6, mean + s.e.m), where slowed
induction and retraction times were observed on these soft hydrogels as compared to stiff culture
substrates.” Scale bars represent 20 um.
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To quantify the dynamics of subcellular detachment from PEGdiPDA hydrogels, the
fractional area decrease of each cell was followed as AA(¢)/Ay (Figure 7.4b), where AA(?) is the
change in cell area at time ¢ (Ag — A(?)) and Ay is the initial cell area, similar to the approach of
Wildt et al.*® The following expression that describes the relationship between cell area and

retraction time was fit to the data corresponding to each retracting cell:

1- exp(— ! ; ko )] (7)

where AAmax 1s the maximum change in cell area; # is the induction time prior to retraction

AA(r) AA,,
AO A()

during which A = Ag; and . is the characteristic retraction time for the cell.”® The fit to this

model (Figure 7.4b) suggests that the cell is under tension prior to detachment and undergoes

damped retraction.”> ** **

For the cell population examined in this study, cells responded with
an average #p of 330 £ 190 s (mean *+ s.e.m.), an average 1. of 290 + 70 s, and an average
AAmax/Ag 0of 0.28 + 0.03. The values for ¢ and 1. are approximately 6-fold larger than the values

reported for contractile cells on rigid substrates,”* **

indicating that the dynamics of subcellular
detachment are slowed on soft materials. These data agree with the proposed theory that
subcellular detachment dynamics are dictated by the elasticity of the cell prior to detachment and
indicate the importance of studying dynamic cell adhesion and cytoskeletal organization on
substrates with moduli similar to soft tissues. Further, this method disrupts adhesive junctions,

allowing the user to investigate the full signaling cascade induced by subcellular detachment,

complementing other approaches that target specific segments of the cascade.
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7.4 Conclusion

A strategy is presented that allows users to manipulate precisely the context and
geometry of a cell’s underlying substrate or surrounding microenviroment at any point in space
and time via two-photon irradiation of a photodegradable PEG-based hydrogel. A statistical-
kinetic model of gel erosion was combined with previous literature to determine a
cytocompatible parameter space for spatiotemporal two-photon induced erosion of PEGdiPDA
hydrogels. Based on this parameter space, irradiation conditions were selected that preclude
uncontrolled erosion and nonspecific ablation of intracellular components while minimizing the
total light dosage. These cytocompatible irradiation parameters were subsequently employed to
generate features at the surface and within the bulk of PEGdiPDA gels. Subsequently, surface
erosion was exploited to disrupt the cell-material interface and induce subcellular detachment.
Using this approach we quantified subcellular detachment of MSCs from soft materials, which
was observed to be ~6 fold slower than detachment from stiffer substrates.”® PEGdiPDA
hydrogels combined with two-photon induced erosion are useful tools for studying cell adhesion
and detachment to and from soft substrates with tunable elasticity, and these materials should
facilitate fundamental investigations of the dynamics of cell mechanobiology in both 2D and 3D

culture.

7.5 Experimental
7.5.1 Synthesis of a photodegradable crosslinker

A nitrobenzyl-based photodegradable monomer, photodegradable acrylate (PDA), was
synthesized by acrylation of ethyl 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic

acid and subsequent purification as previously described.”® Through a pendant carboxylic acid,
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this photodegradable monomer can easily be coupled to any primary amine containing molecule,
such as amine functionalized PEG and peptides. A divinyl crosslinking macromer (PEGdiPDA)
was synthesized by coupling the PDA to PEG-bis-amine (M, ~ 3400 g/mol, Laysan Bio).*
Briefly, in a glass scintillation vial, PDA (6 mmol) was dissolved in n-methylpyrrolidone (NMP,
156 mmol, Applied Biosystems). 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU, 6.5 mmol, Anaspec) and 1-hydroxybenzotriazole (HOBt, 6.5
mmol, Anaspec) were added and the solution was heated intermittently with vortexing into
complete dissolution of all components. Diisopropylethylamine (DIEA, 11.8 mmol, Anaspec)
was subsequently added to the solution and stirred for 5 min. In a single-neck round bottom
flask with argon purge, PEG-bis-amine (0.6 mmol) was dissolved in NMP (104 mmol) by
intermittent heating and stirring. The activated acid solution was added to this PEG-bis-amine
solution, and the flask was purged with argon and stirred overnight at room temperature. The
reaction solution was precipitated in cold ethyl ether (0°C on ice, Fisher Scientific). The
precipitated product was recovered by centrifugation (5 min at 3000 rpm) and washed twice with
cold ethyl ether. After the final wash, ether was decanted, and the pelleted product was stored
under vacuum overnight to remove any remaining ether. The crude product (< 10 wt%) was
dissolved in deionized water (DI water, 18 MQ-cm, Barnstead NANOpure II). The resulting
mixture was centrifuged (30 min at 3000 rpm) to remove any soluble by products that remained
from the reaction. The dissolved product was subsequently dialyzed (SpectraPor 7, CO 1000
g/mol) and lyophilized. The purity of the PEGdiPDA was verified with proton NMR (> 85%
modification of PEG-bis-amine with the PDA). 'H NMR ((CD;),SO): &=8.0 (t,
C(=O)NHCH,CH,0), 6= 7.6 (s, Aromatic-H), 6=7.2 (s, Aromatic-H), 6=6.4, 6.05 (d, d,

OC(=0)CH=CH,), =6.35 (m, Aromatic-CH(CH;)OC(=0)CH=CH,), =625 (m,
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OC(=0)CH=CH,), 6=4.1 (t, Aromatic-OCH,CH,CH,CO,H), 6=3.9 (s, Aromatic-OCH3), 6=3.5
(m, [CH,CH,O]n, n~77), 6=2.75 (t, NH,CH,CH;0), 6=2.4 (t, Aromatic-OCH,CH,CH,CO,H),

6=2.0 (m, Aromatic-OCH,CH,CH,CO;H), and 6=1.4 (d, Aromatic-CHCH3).

7.5.2 Fabrication of PEGdiPDA hydrogels

Photodegradable hydrogels were synthesized using redox-initiated free radical chain
polymerization as previously described.” Briefly, stock solutions of each component were
prepared, sterile filtered, and diluted to final concentrations of 8.2 wt% PEGdiPDA, 6.8 wt%
PEG monoacrylate (PEGA, Mn ~ 400 g/mol, Monomer-Polymer and Dajac Labs), and 0.2 M
ammonium persulfate (Acros) in phosphate buffered saline (PBS, pH ~ 7.4, Invitrogen) to make
the gel-forming monomer solution. This monomer solution was aliquoted into individual tubes
for each gel sample. To initiate polymerization, tetracthylmethylenediamine (0.1 M in PBS,
Sigma Aldrich) was added to an aliquot of the monomer solution while vortexing and quickly
pipetted into a mold between glass cover slips (0.25 mm thick spacer, McMaster Carr; 25 mm x
25 mm cover glass, No. 2, Fisher Scientific). To aid in handling, one of these coverslips was
modified with an acrylate silane to covalently link the gel to the cover slip during
polymerization. Cover slip modification was performed as previously described:** the slip was
cleaned with Piranha (30 min), rinsed with DI water, dried with an acetone rinse, and modified
by chemical vapor deposition with (3-acryloxypropyl)-trimethoxysilane (120 pL, Gelest) in a
sealed chamber at 60°C for 3 h. For gels used in cell culture, fibronectin (FN, human, BD
Biosciences) was added to the monomer solution (300 nM in PBS) for entrapment within the gel
during polymerization. For gels used in demonstrations of feature formation, methacryloxyethyl

thiocarbamoyl rhodamine B (Polysciences, Inc.) was added to the monomer solution (300 uM in
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PBS, sterile filtered) to covalently modify the polymer network with a fluorophore for

subsequent pattern imaging.

7.5.3 Culture and transfection of hMSCs

Adult human mesenchymal stem cells (MSCs) (Cambrex Bio Science) were plated on 15
cm diameter tissue culture polystyrene Petri dishes (BD Bioscience) at 5,000 cells/cm’. The
MSCs were cultured in low-glucose DMEM containing 10% fetal bovine serum, 1 ug/mL
amphotericin B, 50 units/mL penicillin, and 50 ug/mL streptomycin (Invitrogen). The cells were
grown at standard cell culture conditions (incubated at 37 °C with 5% CO,) and the media was
refreshed every third day. Cells were passaged at ~75-85% confluency and MSCs at passage 2
or 3 were used in this study. To monitor the cytoskeletal and morphological responses to
subcellular detachment, MSCs were transfected with a GFP-actin plasmid (BD Biosciences),
which is a mammalian expression vector that encodes a fusion protein of the green fluorescent
protein (GFP) from Aequorea coerulescens to human cytoplasmic p-actin. Transfections were
conducted with 1.25 to 1.5x10° cells and 1.8 ug of the GFP-actin plasmid in 100 uL of Human
MSC Nucleofector® Solution (Lonza) with an Amaxa Nucleofector® II. Upon transfection,
cells were seeded on PEGdiPDA hydrogels at 40,000 cells/cm?, based on hemocytometer counts
prior to transfection. Cells were given ~ 48 hr to adhere to the hydrogels, spread on the surface,
and express the GFP-actin plasmid. Subsequently, the gels were transferred to a custom imaging

chamber for two-photon irradiation and monitoring of the cell response.

7.5.4 Laser setup and power measurement
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Two-photon induced photoerosion of PEGdiPDA hydrogels was carried out on a LSM
710 (Zeiss) with a modelocked Ti:Sapphire, femtosecond pulsed, multiphoton laser (Chameleon
Ultra II, Coherent, Inc.) at a wavelength of 740 nm. A 20x water immersion objective (NA = 1.0,
Plan-Apochromat) was used for all eroding scans. ZEN region of interest (ROI) software (Zeiss)
was used to raster the focal point through defined geometries of the in-focus x-y plane. Features
were patterned into the surface of PEGdiPDA hydrogels by rastering the focal point through
desired ROIs and scanning in the z-direction from the surface of the gel to 7 wm below the
surface of the gel with a step size of 1 wm. Similarly, features were patterned within the bulk of
PEGAdiPDA hydrogels by scanning through selected z-dimensions with a step size of 1 um. A
pixel dwell time of 1.58 us and an average laser power of 0.1 W was used for pattern formation
and to ensure complete erosion each scan was performed twice. The average power of the laser
through the objective was measured with a power meter (FieldMaxII-TO, Coherent, Inc.) for all

two-photon irradiation conditions used. Imaging of pattern formation and cells was also

performed on the LSM 710.

7.5.5 Gel characterization

Rhodamine-labeled PEGdiPDA hydrogels were imaged on the LSM 710 before and after
feature formation. Both brightfield and fluorescent images were taken to monitor two-photon
induced erosion and the height (z-dimension) of feature formation was monitored with
fluorescent confocal z-stacks. Feature formation and height measurements were confirmed by

profilometry (DekTak 6M Stylus Profiler).

7.5.6 Quantification of subcellular detachment
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Confocal microscopy (LSM 710, Zeiss) was used to monitor cell area as a function of
time post-irradiation. Specifically, a time-series of images (A7 = 15 or 30 s) of each cell was
captured for an elapsed time between 10 and 60 minutes. A MATLAB® script was written
using the Image Processing Toolbox to quantify the cell area over the course of the time-series

corresponding to each cell.

7.5.7 Statistical analysis
All data are represented as mean =+ standard error of the mean (s.e.m.). GraphPad©

software was used for curve fitting, plotting, and data analysis.
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7.7 Supplemental Information

MSCs, transfected with a GFP-actin plasmid, were seeded on non-photodegradable PEG

diacrylate (PEGDA) hydrogels to control for possible irradiation-induced retraction. When

exposed to identical irradiation conditions as the degradable PEGdiPDA hydrogels (Epuise = 1.25

nJ and 7. = 1.58 us), PEGDA gels do not undergo erosion (data not shown) and control cells

seeded on the surface remain attached and spread and do not exhibit retraction over similar

elapsed times (Figure 7.5). These data suggest that, under these irradiation conditions, retraction
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is not induced by laser exposure, but exclusively by the selective removal of cell-material

interactions.
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Figure 7.5 MSCs on non-photodegradable PEG hydrogels exhibit no retraction in response to
light exposure. Here, we present the fractional decrease in cell area for each of the control cells
studied (n = 4) and in each scenario there is no retraction observed. Instead, the cells undergo
fluctuations in cell area as expected for cells actively sensing a substrate. The average maximum
fractional area change (AAmax/Ag) was -0.02 = 0.04 (mean + s.e.m.), which is not significantly
different from zero, indicating random fluctuations in cell area and not a concerted retraction
mechanism.
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CHAPTER VIII

DYNAMIC SUBSTRATES TO PROBE MESENCHYMAL STEM CELL
MECHANOTRANSDUCTION AND PLASTICITY

8.1 Introduction

Increasing evidence suggests that cells sense and respond to mechanical signals from the
extracellular matrix (ECM). It is hypothesized that integrin-binding serves as the link between
cells and the ECM, enabling the cells to integrate mechanical cues and convert them to
biochemical signals that influence cell function — a process known as mechanotransduction.'”
For example, cells cultured in vitro on substrates with varying elastic moduli have displayed
marked differences in motility,” cytoskeletal organization,” and differentiation.” Furthermore,
cell function in diseased states has been shown to depend on substrate mechanics, as fibroblasts
activate to myofibroblasts in stiffened wound-healing environments® and cancer cell metastatis is
related to cell and environment mechanics.” While the importance of mechanotransduction as a
regulator of cell function is clear, the mechanisms of how physical signals are interpreted by the
cell and converted to biochemical outputs is not fully elucidated.

To study mechanotransduction in defined culture systems, researchers have developed an
array of hydrogel systems that recapitulate tissue-like elasticities to investigate the physical
influence on specific cell functions. Specifically, discrete polyacrylamide-based hydrogels of
different moduli have been employed to study mechanically-driven process extension in neural
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cells® and differentiation in myotubes and mesenchymal stem cells.*” Similarly, discrete
poly(ethylene glycol)-based gels have been utilized to investigate smooth muscle cell spreading,
cytoskeletal organization, and phenotype.” These discrete samples require a different precursor
solution to be prepared for each sample, limiting the throughput of these studies. To circumvent
this limitation, samples with gradients in mechanical properties have been developed using
microfluidic or photolithographic techniques to generate a single sample with a range of

clasticities.!* "

These materials have enabled investigations of mechanically induced fibroblast
migration' and vascular smooth muscle spreading.'’

While these studies in mechanobiology have provided a nascent understanding of the
relationship between ECM mechanics and cell function, these analyses have been conducted on
static substrates that fail to capture the dynamic nature of the in vivo ECM. Natively, the ECM is
continually restructured by ECM-cleaving molecules, such as matrix metalloproteinases, and
cellular deposition of ECM components, creating a dynamic landscape varying in adhesivity and
elasticity.'  Cell processes, such as proliferation, migration, and differentiation, are also
dynamic and cell decision-making is based on reciprocal interactions with this dynamic
environment. To study mechanotransduction in this context, cytocompatible, photoresponsive
hydrogels have been developed to investigate the cell response to dynamic changes in the

15-18

mechanical properties of the extracellular matrix. These materials have begun to elucidate

18,19

how mesenchymal stem cells differentiate on stiffening matrices ™, that fibroblast activation is

dependent on substrate modulus,” and that cells respond dynamically to changes in their
adhesive environment.”*!

Seminal studies have indicated that mesenchymal stem cells (MSCs) differentiate

selectively based on the elasticity of the underlying substrate, specifically MSCs favored a
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neurogenic lineage on very soft substrates (E ~ 0.1 - 1 kPa), a myogenic lineage on medium
substrates (E ~ 8 - 15 kPa), and an osteogenic lineage on stiff substrates (E ~ 25-40 kPa).’
However, our understanding of mechanotransduction is still limited in that most studies have
been conducted on static substrates that fail to recapitulate the dynamics of the in vivo
environment. Recently, Burdick ef al. reported a photoresponsive, stiffening hydrogel platform
to investigate the differentiation of MSCs into adipogenic and osteogenic lineages in response to
dynamic increases in the material elasticity.'® Here, we extend this work to investigate the
myogenic and osteogenic differentiation of MSCs on softening hydrogels to investigate MSC
plasticity and the underlying mechanisms that regulate MSC mechanotransduction.

Specifically, a photodegradable hydrogel culture platform is presented in which the
elasticity can be softened from E ~ 32 kPa to E ~ 7 kPa in a controlled fashion and in real-time
with light. Preliminary studies employed the material to investigate how in sifu changes in
substrate modulus influence mesenchymal stem cell differentiation. Specifically, a step change
in substrate modulus from 32 kPa to 7 kPa was used to explore how cells preferentially
differentiate toward given lineages and to probe if MSCs differentiation is plastic based solely on
substrate mechanics — that is can MSCs change their differentiation state in response to
mechanical cues. Moreover, this material should facilitate an improved understanding of how
MSCs sense the mechanical environment and transform these signals into the biochemical

activity that directs differentiation.

8.2 Materials and Methods
All reagents were purchased from Sigma-Aldrich except as otherwise noted.

8.2.1 Hydrogel preparation
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A photodegradable crosslinker (PEGdiPDA) was synthesized as previously published."
To fabricate photodegradable hydrogels, PEGdiPDA (M, ~ 4070 g/mol, 8.2 wt%) was co-
polymerized with a monoacrylated PEG (PEGA, M, ~ 400 g/mol, 6.8 wt%, Monomer-Polymer
and Dajac Laboratories, Inc.) in PBS via redox initiated free-radical chain polymerization with
02 M ammonium persulfate and 0.1 M triethylmethylenediamine. The
triethylmethylenediamine was added last to a mixture of the other precursor components in order
to initiate the polymerization. The polymerization was complete in 5 minutes, based on storage
modulus evolution quantified by rheometry. For rheometric experiments, the hydrogels were
formed in situ. For cell culture experiments, 100 nM fibronectin was included in the precursor
solution so that it would become entrapped within the gel network to present adhesive ligands to
the cells. Then, 1 cm x 1 cm hydrogels were polymerized between two coverslips separated by a
250 wm spacer. To immobilize the hydrogel to a solid support, one of the coverslips was
acrylated to allow covalent attachment between the hydrogel and the coverslip. To functionalize
the glass with acrylates, coverslips were first flame-treated to clean the surface and then
immersed in a liquid deposition solution of (3-acryloxypropyl) trimethoxysilane, cleaned with
ethanol, and heated to 80 °C for 15 minutes. After preparation gels were rinsed with PBS, which

was refreshed twice in the first 24 hours.

8.2.2 Hydrogel film characterization with rheometry

The photodegradation of PEGdiPDA hydrogels was quantified via photorheometry (y =
10%, o = 10 rad/s for the linear viscoelastic regime, ARES, TA). Thin PEGdiPDA hydrogels
were polymerized in situ between an 8§ mm quartz plate and a temperature-controlled Peltier

plate (25 °C). After complete polymerization, the sample was hydrated and then exposed to UV
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light (A = 365 nm; Iy = 10 mW/cm?) while the shear storage modulus (G') was monitored. The
shear storage modulus was converted to Young’s modulus (E), where E = 2G(1+v), assuming a

Poisson’s ratio (v) of 0.5.%

8.2.3 Cell culture

Human mesenchymal stem cells (hMSCs) were isolated from human bone marrow
aspirates (Lonza). Red blood cells were lysed per the manufacturer’s instructions using an
Ammonium Chloride Solution (Stem Cell Technologies). Remaining cells were plated on tissue
culture polystyrene in growth media (low-glucose DMEM, 10% fetal bovine serum (FBS), 1
ng/ml recombinant human fibroblast growth factor-basic (FGF-2, Peprotech), 50 U/ml each
penicillin/streptomycin, 1 mg/ml Fungizone antimycotic). hMSCs were isolated as the adherent
cell population, and cells were cultured for no more than three passages. hMSCs were seeded on
PEGdiPDA hydrogels in 6-well culture plates at 40,000 cells/cm® or 384,000 cells/well in growth

media. Cell-gel constructs were culture at 37 °C and 5% CO,.

8.2.4 Immunostaining for myogenic and osteogenic lineages

At desired time points, cell-gel constructs were fixed with 4% paraformaldehyde,
permeabilized with 0.5 wt% Triton-X 100, blocked with 3 v% GS/1 wt% BSA, and incubated
with rabbit anti-MyoD (Santa Cruz Biotechnology) or mouse anti-RunX2 (abcam). Samples
were then washed and incubated with goat-anti-rabbit or goat-anti-mouse Alexa Fluor 594
(Invitrogen) to image the anti-MyoD or anti-RunX2 staining. Cell nuclei were counter-stained
with DAPI, and the samples were imaged on an upright confocal microscope (Zeiss LSM 710

NLO) with 20x magnification objective. To quantify relative fluorescence, all samples from a
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given experiment were stained and imaged at the same time using the same imaging protocol. A
program was written in MATLAB (MathWorks®) using the Image Processing Toolbox to
identify the nuclear regions of cells and average the intensity of the anti-MyoD or anti-RunX2

staining that was co-localized to the nucleus.

8.2.5 Statistics
All data are presented as mean + standard error of the mean. A Student’s #-test was used

to compare data sets.

8.3 Results and Discussion
8.3.1 Fabrication of photodegradable hydrogels with tunable mechanics via light
Mesenchymal stem cell (MSC) differentiation to myogenic or osteogenic lineages has
been shown to be mechanosensitive, in that the differentiation state depends on the elasticity of
the underlying substrate’ It is important to understand the fundamentals of MSC
mechanobiology and differentiation toward the development of regenerative medicine
therapeutics, but also as a prototypical mechanosensitive biological system. To investigate the
effect of substrate elasticity variation on MSC differentiation, we fabricated photodegradable
hydrogels through the co-polymerization of PEGdiPDA'>*" with PEGA in PBS (Figure 8.1a).
The modulus of thin PEGdiPDA hydrogels, which replicate the region of the gel probed by a
cell, was quantified via in situ rtheometry. The films were irradiated on the rheometer and the
light-induced change in modulus was monitored (Figure 8.1b). Since the modulus is directly
proportional to the density of elastically active network strands and the photocleavage of a

PEGdiPDA molecule breaks an elastically active network strand, modulus decays with
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increasing irradiation time. In this manner, irradiation can be used to tailor elasticity at the

surface of PEGdiPDA films with light.
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Figure 8.1 Fabrication of PEGdiPDA hydrogels with tunable elasticity. (a) Photodegradable
hydrogels were fabricated via the co-polymerization of PEGdiPDA with PEGA under redox-
initiated, free radical chain polymerization. (b) The initial elasticity of these samples was E ~ 32
kPa and irradiation (A = 365 nm; Iy = 10 mW/cm?) lead to a monotonic decrease in substrate
elasticity. With 5 minutes of irradiation, samples with a softer elasticity, E ~ 7 kPa, were
formed.
8.3.2 Dynamic moduli to direct MSC plasticity

To probe the mechanical plasticity of hMSCs — that is the ability of the cells to
transdifferentiate based on physical cues alone — cultured on stiff substrates, PEGdiPDA
hydrogels were prepared at E ~ 32 kPa to be softened in situ with light to soft substrates. Since
stiff substrates favored osteogenic differentiation and soft substrates favored myogenic
differentiation,” it was hypothesized that hMSCs could be transdifferentiated from a pre-
osteogenic lineage to a pre-myogenic lineage by softening the underlying culture substrate.
Further, it was hypothesized that at some time during the differentiation process the cells would

be committed to an osteogenic differentiation and would no longer respond to alterations in the

elasticity of the culture substrate. To test this hypothesis, an experiment was designed where
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hMSCs were seeded onto stiff PEGdiPDA hydrogels that were subsequently softened at different
time points and the cells were cultured on these soft substrates prior to final differentiation

analysis (Figure 8.2).
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Figure 8.2 Experimental design for probing hMSC plasticity. Cells were seeded on stiff
PEGdiPDA samples at Day 0, where they remain RunX2 positive. At Day 1, 4, or 7+, a subset
of the gels was softened in situ with light to generate soft substrates. After another 3-14 Days in
culture, cells were assayed for osteogenic or myogenic transcription factors and compared to Day
0 levels.

Specifically, we investigated cell-gel constructs that were softened after 1 day of culture
on the stiff substrate and assessed differentiation preference 7, 10, and 14 days after softening
(Figure 8.3). As hypothesized, the expression of the myogenic transcription factor, MyoD, was
upregulated by day 7 after softening of the gel. Further, the expression of the osteogenic
transcription factor, RunX2, was downregulated by day 14 after softening of the gel. These

preliminary data suggest that hMSCs can respond plastically to dynamic changes in substrate

elasticity.
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Figure 8.3 Dynamic elasticity changes induce a cell differentiation response. (a) hMSC
expression of RunX2, an early osteogenic transcription factor, was monitored over the course of
two weeks after stiff substrates were softened in situ to generate soft substrates. Nuclear co-
localization of RunX2 was compared to control samples, cells on a stiff substrate at Day 1. By
Day 14, the RunX2 expression was suppressed on soft substrates. (b) hMSC expression of
MyoD1, an early myogenic transcription factor, was monitored over the course of two weeks
after stiff substrates were softened in situ to generate soft substrates. Nuclear co-localization of
MyoD1 was compared to control sample, cells on a stiff substrate at Dayl. On Day 7, the
MyoD1 expression was upregulated on soft substrates but returned to basal levels by Day 14. (*
indicates significance, p < 0.05)
8.4 Current and future work

Ongoing work is focusing on the timescale over which hMSCs can be cultured on a stiff
substrate and still transdifferentiate. Specifically, hMSCs are cultured on stiff substrates for 2-14
days and then the substrate is softened in situ and cultured for a subsequent 3-14 days to assess
the transdifferentiation capability of the cells. To date, the analysis has relied on
immunostaining of a single transcription factor for both myogenic (MyoD1) and osteogenic

(RunX?2) lineage. To corroborate these preliminary results, we are also analyzing RNA isolated

from samples at the end time points to assess for a cadre of osteogenic and myogenic markers
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(COL1A1, COL3A1, CBFA1l, and SMAD4 for osteogenic markers and MYODI1, MYOG,
CDHI15 for myogenic markers).

In parallel, studies are being conducted to investigate the biochemical pathways through
which the mechanical signals are converted into cellular differentiation. For instance, recent
work has implicated the transcription factors YAP and TAZ as important in
mechanotransduction pathways>. and these pathways are being explored with respect to hMSC
mechano-transdifferentiation. While phenomenological observations of cell differentiation in
response to microenvironmental stiffness have been reported in the literature, very little is known
about how mechanical signals influence cellular function at the transcription level. Such a

molecular level understanding would be an important advancement for the field.

8.5 Conclusion

In sum, dynamically responsive, photodegradable hydrogels were fabricated to probe the
mechanotransduction and differentiation of hMSCs. PEGdiPDA hydrogels were formed at a
stiff (E ~ 32 kPa) elasticity, on which hMSCs preferentially expressed a marker for osteogenic
differentiation. These same hydrogels were softened with light to generate soft substrates (E ~ 7
kPa), on which hMSCs preferentially expressed a marker for myogenic differentiation. Finally,
the influence of dynamic changes in elasticity on hMSC differentiation was investigated by
decreasing the modulus of the culture substrate in situ with light from stiff to soft. These studies
suggest that hMSCs respond to dynamic changes in elasticity by trans-differentiating and future

studies are elucidating the complete story and mechanism of this process.
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CHAPTER IX

SYNTHESIS AND APPLICATION OF PHOTODEGRADABLE
MICROSPHERES FOR SPATIOTEMPORAL CONTROL OF PROTEIN
DELIVERY

As published in Journal of Biomedical Materials Research - Part A, 100A, 1647-1654 (2012)

9.1 Abstract

Here, we present a photodegradable microparticle system that can be employed to entrap
and deliver bioactive proteins to cells during culture. By using a photosensitive delivery system,
experimenters can achieve a wide variety of spatiotemporally regulated release profiles with a
single microparticle formulation, thereby enabling one to probe many questions as to how
protein presentation can be manipulated to regulate cell function.  Photodegradable
microparticles were synthesized via inverse suspension polymerization with a mean diameter of
22 pm, and degradation was demonstrated upon exposure to several irradiation conditions. The
protein-loaded depots were incorporated into cell cultures and release of bioactive protein was
quantified during the photodegradation process. This phototriggered release allowed for the
delivery of TGF-B1 to stimulate PE25 cells and for the delivery of fluorescently labeled Annexin
V to assay apoptotic 3T3 fibroblasts during culture. By incorporating these photoresponsive
protein delivery depots into cell culture, new types of experiments are now possible to test
hypotheses about how individual or multiple soluble factors might affect cell function when

presented in a uniform, temporally varying, or gradient manner.
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9.2 Introduction

Signaling proteins influence a myriad of critical cell functions, including differentiation,
migration, and cell fate decisions, and many of these effects are pleiotropic depending on the
dose and persistence of the signal.'™ Thus, spatiotemporal control over protein presentation is
critical to study and understand the role that these biomacromolecules play in dynamic cellular
processes. Toward this end, a prevalent method to protect, target, and locally deliver proteins
and other therapeutics is to load such factors in polymeric microspheres.”® Such delivery
vehicles enable the release of high doses of protein at specific locales, as well as controlled
release over a desired time course.”®

Microsphere systems, typically formed from hydrolytically degradable polymers with
pre-determined release profiles, have been used in numerous controlled release applications,
including in vitro delivery of factors that influence the differentiation of embryoid bodies’ or in
vivo delivery of osteogenic factors to encourage robust bone growth.'” Corresponding to the
increase in the discovery of biological factors that direct stem cell differentiation, treat a range of
diseases, and encourage proper tissue morphogenesis, there has been a focus on developing
advanced materials that offer precise control over the delivery of such molecules. To date, full
spatiotemporal control over the release and presentation of these factors during cell culture has
been limited and few systems allow experimenters to direct release in real time. As a result of
the lack of more sophisticated protein delivery vehicles, it has become increasingly difficult and
time consuming to determine appropriate doses and release profiles of biomacromolecules for
specific applications. Further, advanced understanding of wound healing and developmental

processes underscore the importance of the proper presentation of multiple cues, including
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proteins and co-factors or morphogen pairs, which is exceedingly difficult with current methods.
Finally, few material systems allow the experimenter to introduce spatially heterogeneous
gradients at any point in time that could be used to investigate how morphogens act during
development and to fashion complex tissue structures ex vivo.

To circumvent these limitations and complement existing microsphere technologies, a
unique delivery vehicle based on photolabile networks is presented that offers the experimenter
control of entrapped biomolecule delivery in real time and in a manner that is compatible with
2D and 3D cell culture. Specifically, photodegradable, poly(ethylene glycol) (PEG) based
hydrogel microspheres are fabricated that entrap and, subsequently, deliver proteins of interest
on demand by exposure to selected wavelengths of light. Such delivery systems should prove
beneficial for testing hypotheses related to how temporal and spatial protein presentation affects
local cell function and have applied benefits for the controlled expansion and differentiation of
stem cells.

The microsphere formulation includes PEGdiPDA (poly(ethylene glycol) di-
photodegradable-acrylate)'' to render photodegradable, protein-loaded microspheres, on account
of the o-nitrobenzyl ether moieties in the PEGdiPDA structure. Nitrobenzyl ethers (NBEs)
undergo an irreversible cleavage upon irradiation, causing the network to degrade in response to
specific wavelengths of light (Figure 9.1). Similar macromers have been employed to form

12-15

photoactive monolithic materials for applications ranging from cell culture to drug

16-19

delivery. However, none of these approaches have combined microsphere processing
techniques with the ability to deliver bioactive proteins to cells during culture with full

spatiotemporal control.
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The photodegradable microspheres described herein degrade upon single photon or
multiphoton irradiation, which induces swelling and, ultimately, complete erosion and particle
dissolution. During swelling, the entrapped protein diffuses into the surrounding environment
and upon dissolution the total payload is released. In this system, the experimenter retains full
control over the spatial and temporal presentation of the protein release by directing the
irradiation. We demonstrate that biologically relevant proteins, namely TGF- 31 and Annexin V,
can be entrapped within the microspheres and released on demand to direct or detect cell
function. In total, we describe an innovative method to generate pre-loaded depots of protein

agents, which can be employed to release bioactive proteins in the presence of cells.

9.3 Materials and Methods
9.3.1 Microsphere preparation

Poly (ethylene glycol) di-photodegradable-acrylate (PEGdiPDA; M, ~ 4,070 Da) was
synthesized as previously described.'"'? Poly (ethylene glycol) tetrathiol (PEG4SH; M, ~ 5,000
Da) was synthesized as previously described.”’ Photodegradable microparticles were prepared
via inverse suspension polymerization, in which PEGdiPDA was copolymerized with PEG4SH
via base-catalyzed Michael addition in an aqueous phase that was suspended in an organic phase.
Briefly, the organic phase was comprised of 5 ml of hexane containing 150 mg of a 3:1 ratio by
weight of sorbitan monooleate (Span 80, Sigma-Aldrich) and poly (ethylene glycol)-sorbitan
monooleate (Tween 80, Sigma-Aldrich).?' The volume of the aqueous phase was 0.25 mL
comprised of 300 mM triethanolamine (Sigma-Aldrich) at pH 8.0 with 6.2 wt % of PEGdiPDA,
3.8 wt % PEG4SH, and protein. Bovine serum albumin labeled with Alexa Fluor 488 or Alexa

Fluor 594 (BSA-488 or BSA-594; Invitrogen) were entrapped at 0.8 mg/ml, TGF-$1 (Peprotech)
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was entrapped at 0.4 ug/ml, and the fluorescently labeled Annexin-V (Invitrogen) was entrapped
at 20 v/v % Annexin-V conjugate solution. All of the components of the aqueous phase except
for the PEG4SH solution were combined in a 1.7 ml microcentrifuge tube while the organic
phase was added to a 20 ml scintillation vial with a stir bar. To initiate polymerization, the
PEG4SH was added to the aqueous phase, which was subsequently vortexed for 10 s and quickly
added to the organic phase. Mixing on a stir plate formed and maintained the inverse suspension
between the two phases and the polymerization was allowed to proceed overnight.

Upon completion of the polymerization, the suspension was centrifuged (Eppendorf
Centrifuge Model 5702) at 1000 rcf for 10 minutes and the supernatant was decanted. The
microparticles were washed twice with hexanes and recovered with the same centrifugation
conditions and once in 2-propanol and centrifuged at 2000 rcf for 10 minutes. The particles were
then suspended in 1x PBS and washed three times by centrifuging (Eppendorf Centrifuge Model
5418) at 16,873 rcf for 15 minutes. The recovered particles were stored in PBS at 4°C and a

portion was imaged on a low vacuum scanning electron microscope (LVSEM, JSM-6480LV).

9.3.2 Absorbance of PEGdiPDA

The molar absorptivity of the nitrobenzyl ether (NBE) moiety was calculated by
measuring the absorbance of solutions of NBE in a water:DMSO (80:20 v/v) blend at
concentrations of 110, 82.5, 55, and 27.5 uM. The absorbance was measured on a UV-visible
spectrophotometer (NanoDrop Spectrophotometer ND-1000) for each solution and the molar

absorptivity was calculated from these absorbance profiles.

9.3.3 Microsphere characterization with image analysis
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Microparticles loaded with BSA-488 were used to characterize the size distribution of the
particles. Particles were suspended in PBS and sealed between a glass slide and a cover slip in a
rubber gasket, and imaged on an epifluorescent microscope (Nikon Eclipse TE2000-S). Imagel
(NIH) was used to threshold the images and the Analyze Particles plug-in was employed to
determine the diameter of each microsphere. A total of 3130 particles were analyzed to

determine the particle diameter distribution.

9.3.4 Degradation of microspheres

BSA-488 loaded microparticles were suspended in PBS in a sealed rubber gasket and
exposed to 365 nm (I = 13.5 = 0.5 mW/cm?*; EXFO Omnicure 1000) or 400-500 nm (Io = 20.0 =
0.5 mW/cm?; EXFO Novacure) irradiation to induce degradation and erosion. To quantify the
degradation induced changes in material properties, a time series of images was captured with an
epifluorescent microscope. The images were analyzed with ImageJ by bounding each particle
with a manually drawn circle to determine the particle diameter at each timepoint during
irradiation. The diameters were used to calculate the ratio of the actual volume relative to the
initial volume (V/Vy) as a function of time for each particle, and data for the respective
irradiation condition was plotted as an average of three particles.

To demonstrate focused irradiation induced degradation and erosion, BSA-488 and BSA-
594 loaded microparticles were suspended in PBS in a sealed rubber gasket and placed on the
stage of an overhead confocal laser-scanning microscope (Zeiss 710 NLO LSM). Particles were
exposed to 405 nm (single photon; P = 1 mW) or 740 nm (two-photon; P = 100 mW) irradiation
to degrade and, ultimately, erode the particles. Degradation and erosion were monitored by

direct imaging on the LSM.

232



9.3.5 Quantification of BSA-488 release

To quantify the release profile of entrapped BSA-488 from the particles, BSA-488 loaded
microspheres were exposed to flood irradiation (A = 400-500 nm; Iy = 20.0 + 0.5 mW/cm?) for 0
min to 15 min. Samples were collected at each time point and centrifuged to separate the soluble
protein in the supernatant from intact particles in solution. The fluorescence of the supernatant
was measured on a plate reader (BioTek Synergy H1 Hybrid Reader) to determine the relative

amount of BSA-488 in the supernatant for each sample.

9.3.6 Diffusion in fibrin gels

Fibrin gels were formed by combining 50 ul of fibrin (20 mg/ml), 1 ul of thrombin (0.5
U/ml), and 150 ul PBS with BSA-488 and BSA-594 loaded particles (2 mg of particles/ml). The
solution was allowed to gel at 37°C for 10 minutes in a sealed rubber gasket. The gels, with
encapsulated particles, were imaged while the particles were degraded using an LSM (Zeiss 710
NLO LSM). Fluorescence intensity of the diffusing BSA-488 was quantified using the Image

Processing Toolbox in MATLAB (MathWorks).

9.3.7 Cell culture

All cell culture reagents were purchased from Invitrogen except where otherwise noted.
PE25 cells, a cell line that produces luciferase in response to TGF-f1 exposure in a dose-
dependent manner”> were cultured in low glucose DMEM supplemented with 10% FBS, 1%
penicillin/streptomycin, and 0.2% fungizone. PE25 cells were passaged every 2-3 days and

maintained at less than 80% confluency. Passage 4-6 PE25 cells were used for TGF-§1
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bioactivity assays. 3T3 fibroblasts were cultured in high glucose DMEM supplemented with
10% FBS, 1% penicillin/streptomycin, and 0.2% fungizone. 3T3 cells were passaged every 2-3
days and maintained at less than 70% confluency. PS5 3T3 cells were used for the apoptosis

assays.

9.3.8 TGF-B1 delivery

For the TGF-f1 bioactivity assays, PE25 cells were plated on 24-well culture plates at
80,000 cells/well and allowed to adhere overnight. The following day, media with soluble TGF-
B1 (2 ng/ml), media with TGF-B1 loaded particles (10 mg of particles/ml of media, which
equates to 4 ng/ml TGF-B1 with complete release of the protein), media with blank particles (10
mg of protein-free particles/ml of media), and media were placed on the plated cells. Half of the
wells were irradiated to degrade the particles (A = 365 nm; Iy = 13.5 = 0.5 mW/cm?) for 5
minutes to ensure complete erosion, while a duplicate set of conditions was not exposed to light.
The solutions were left on the PE25 cells in an incubator for 16 hours. The following day, 200
ul of Glo-Lysis Buffer (Promega) was added to each well to lyse the cells and release any
luciferase that had been produced. After 15 minutes, 50 ul of the lysis solution was combined
with 50 ul of luciferin substrate in triplicate. The solutions were immediately quantified for

luminescense on a plate reader (BioTek Synergy H1 Hybrid Reader).

9.3.9 Fluorescently labeled Annexin V delivery

Particles were synthesized that were loaded with AlexaFluor-594 Annexin V (Invitrogen)
at 5 ul of Annexin V solution per 250 ul of particle solution. 3T3 cells were plated on a 6-well
plate at 100,000 cells/well and allowed to adhere overnight. The following day, half of the wells
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were treated with (+)camptothecin (Sigma) at 10 uM for 6 hours to induce apoptosis. After the
treatment, the media was removed and substituted with 400 ul of Annexin V binding buffer (10
mM HEPES, 140 mM NaCl, 2.5 mM CaCl, at a pH 7.4) containing soluble Annexin V (3 ul per
400 ul buffer) or Annexin V loaded particles (12.5 mg of particles/ml). A set of wells with
Annexin V loaded particles was irradiated to release Annexin V (A = 365 nm; [y = 13.5 = 0.5

mW/cm?) for 5 minutes. After 15 minutes, the samples were imaged on an LSM (Zeiss 710

LSM NLO).

9.4 Results and Discussion
9.4.1 Synthesis and characterization of microspheres

Photodegradable microparticles were fabricated by reacting PEGdiPDA (M,, ~ 4,000 Da)
with poly(ethylene glycol) tetrathiol (PEG4SH; M, ~ 5,000 Da) via base-catalyzed Michael
addition in an inverse-phase, microsuspension polymerization (Figure 9.1a). The polymerization
was carried out with the protein of interest included in the aqueous, macromer solution, which
was suspended in an organic phase of hexanes with surfactants.”' This approach allowed the
target protein to be entrapped within the particles upon gelation. Subsequently, the particles were
purified via centrifugation, resulting in smooth, protein-loaded hydrogel microspheres (Figure
9.1a).

As a representative protein, fluorescently labeled bovine serum albumin (BSA-488) was
incorporated into the macromer solution (Figure 9.2a) during polymerization and entrapped
homogeneously within the microsphere network. BSA-488 loaded particles were employed to
characterize the size distribution of the particles via image analysis (n = 3130 particles). The

microspheres were synthesized with diameters on the order of 10 wm or greater, and more than
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80% of the particles had a diameter less than 50 um (Figure 9.2b, inset). The distribution had a
first moment (D) = 22 um, a second moment (Dy,) = 42 um, and a polydispersity index (PDI) =
1.9 (Figure 9.2b). This size distribution is appropriate for the delivery of a substantial local dose

of protein with rapid light-triggered degradation.
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Figure 9.1 Photodegradable microparticle fabrication. (a) Photodegradable particles were
synthesized by reacting PEG4SH with PEGdiPDA via base-catalyzed Michael addition in an
inverse-phase, suspension polymerization. The aqueous phase, consisting of macromers, the
base catalyst triethanolamine, and the target protein, was suspended in an organic phase of
hexanes and stabilized by surfactants. Upon completion of the polymerization, the particles were
purified via centrifugation resulting in spherical particles, as imaged by SEM. The reaction of the
PEG4SH with the PEGdiPDA forms a step-growth network, and owing to the presence of
nitrobenzyl ether (NBE) moieties in the PEGdiPDA, the network degrades in response to light.
(b) The NBE moiety absorbs light strongly at 365 nm with a tail out past 405 nm. This allows
both single photon irradiation at 365 nm or 400-500 nm to be used to degrade the particles, as
well as two-photon irradiation using a wavelength of 740 nm.

9.4.2 Photodegradation of microspheres
Since the o-nitrobenzyl ether (NBE) moiety in the PEGdiPDA macromer is susceptible to

23,24

cleavage with single photon or multiphoton excitation, a broad range of irradiation conditions

can be used to erode the microspheres and release the entrapped payload on the order of
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milliseconds to minutes. This process works as the NBE moieties in the PEGdiPDA structure
introduce a photolabile linker into the network backbone of the microspheres. NBE moieties
absorb light strongly in the UV (peak at 365 nm) with a tail that extends into the visible (Figure
9.1b) and may undergo an irreversible cleavage upon absorption of light at these wavelengths, as
well as absorption of two-photon irradiation centered at 740 nm. When a NBE is cleaved, the
corresponding bond in the particle backbone is also cleaved. This process, which will be
referred to as degradation, induces swelling in the particle as bonds are cleaved in the
microsphere and the crosslinking density is decreased. Eventually, when a sufficient fraction of
the bonds have been cleaved, erosion (i.e., mass loss) occurs and at these later stages of
degradation, the microsphere is no longer a network, but soluble branched polymers that
dissolve.

To demonstrate degradation and protein release in response to single photon irradiation,
BSA-488 loaded microspheres were irradiated with collimated light (A = 365 nm or 400-500
nm). Particles swelled initially, as bonds were cleaved throughout the network, as quantified by
the increase in V/V, with irradiation time (Figure 9.2¢,d). Ultimately, the microspheres eroded
completely when a sufficient number of bonds in the network were cleaved (p. = 0.42; the
critical fraction of bonds that need to be cleaved to dissolve the network as determined by the
Flory-Stockmayer equation) (Figure 9.2¢,d). For 365 nm irradiation at an intensity of 13.5 = 0.5
mW/cm?, the microspheres swelled prior to eroding into solution over the course of 55 = 5 s.
Whereas 400-500 nm irradiation at an intensity of 20.0 = 0.5 mW/cm® induced swelling and
erosion over the course of 300 = 30 s. The fractional release of entrapped BSA-488 from the
microspheres followed the degradation-induced swelling profile at short times and for the first

30% of release, while the bulk of the payload was released after complete particle dissolution
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(Figure 9.2¢). In this manner, collimated irradiation provides the user with temporal control over

protein release within a culture system.
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Figure 9.2 Size and degradation characteristics of photodegradable microparticles. (a)
BSA-488 was entrapped within photodegradable microspheres. (b) Image analysis was used to
quantify the size distribution of the particles synthesized by this method (n = 3130). The particles
were formed with a number average diameter of 22 um and a diameter average diameter of 42
um, which resulted in a polydispersity index of 1.9. Over 80% of the particles had a diameter
less than 50 um. (¢) Photodegradable particles swell and, ultimately, erode in response to flood
irradiation (A = 365 nm; I = 13.5 = 0.5 mW/cm?) over the time course of a minute. (d) The
swelling was quantified with image analysis and plotted as normalized volume (V/Vj) as a
function of irradiation time. Particles were exposed to 365 nm (Ip = 13.5 = 0.5 mW/cm?; circles)
and 400-500 nm (I, = 20.0 = 0.5 mW/cm?; triangles) irradiation, and the particles eroded at 55 =
5 s and 300 + 30 s for the two conditions, respectively (indicated by the dashed gray lines). (e)
The release of BSA-488 as a function of irradiation time was quantified as the particles swelled
and dissolved. Prior to dissolution (indicated by the dashed gray line), BSA-488 began diffusing
out as the particles swelled, and after dissolution the majority of the payload was released into
solution. Scale bars, 100 um.

9.4.3 Selective release of proteins
Oftentimes the release of multiple factors within a single culture system is desirable, as

cells respond in vivo to combinations of factors. For example, opposing gradients of
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transcriptional repressors, Hunchback and Knirps, direct proper development in Drosophila.”
Light responsive protein release affords the unique ability to deliver multiple factors selectively
within a single system. To demonstrate this concept, photodegradable microspheres were loaded
with BSA-594 (BSA labeled with Alexa Fluor 594) and combined with BSA-488 loaded
particles. A mixture of BSA-488 and BSA-594 spheres were plated and imaged on a confocal
LSM (Figure 9.3a). Focused irradiation (A = 405 nm single photon or 740 nm multiphoton) was
employed to erode individual particles in sequence to release each desired protein (Figure 9.3a).
Initially, t = t;, the focused irradiation (A = 740 nm; P = 100 mW) was used to selectively erode a
BSA-594 loaded microsphere. At a subsequent point in time, t = t,, focused irradiation was
employed to selective erode a microsphere containing a second entrapped protein, BSA-488. In
this manner, different growth factors or cytokines could be delivered locally and in combination
over short distances to specific locations during culture. This system should prove useful for
studies aimed at the investigation of synergistic protein interactions or to elucidate how multiple
and/or opposing gradients influence cell fate or function, such as chemotaxis or tissue

morphogenesis.

9.4.4 Release of proteins in 3D culture platforms

Advanced three-dimensional culture platforms are increasingly employed for the study of
cell biology and pathophysiology ex vivo.***® Accompanying these advances is the need for
methods to deliver proteins within these platforms in sophisticated manners, systematically
introducing cues that recapitulate aspects of the native extracellular environment.
Photoresponsive, pre-loaded depots of proteins were encapsulated within fibrin hydrogels

(Figure 9.3b,c) to demonstrate how this system might be used to deliver factors during 3D
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culture. Focused irradiation (A =405 nm; P =1 mW) from a confocal LSM was used to dissolve
individual particles, allowing the entrapped payload to release and diffuse through the gel (9.
9.3b). The released protein diffused, at a detectable level, ~50 um radially from the edge of the
particle (Figure 9.3¢). As was demonstrated in 2D, multiple proteins were released selectively
within a single hydrogel to motivate combinatorial studies in 3D (Figure 9.3d). In this manner,
signaling proteins of interest can be delivered locally within a 3D cell culture scaffold. This

light-controlled release and diffusion can be tailored to cell binding and uptake levels to
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Figure 9.3 Spatially controlled degradation of photodegradable particles. (a) BSA-488
loaded microparticles were combined with BSA-594 loaded particles in a single system and
focused irradiation from an LSM (A = 740 nm; two-photon) was used to erode individual
particles selectively. Here, a BSA-594 loaded particle was dissolved (t; to t;) followed by the
erosion of a BSA-488 loaded particle (t; to t;) without disrupting neighboring particles. (b)
Photodegradable particles can also be encapsulated within three-dimensional hydrogels and
selectively photodegraded with focused light from an LSM (A =405 nm). Here, BSA-488 loaded
particles were encapsulated within fibrin hydrogels and eroded with focused LSM irradiation
after the image t = 0 s was taken. Images were captured after erosion to monitor diffusion of the
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protein through the fibrin gel. (¢) Profiles of the diffusing protein were quantified over the time
course of imaging and demonstrate that the BSA-488 diffused radially at a detectable level to a
distance of 50 um from the edge of the original particle. (d) Multiple protein loaded particle
populations were encapsulated within a single fibrin gel and individual particles were eroded
selectively as was demonstrated in 2D. Scale bars, 100 wm.
9.4.5 Release of bioactive proteins to direct cell function

The microsphere formulation was designed to accommodate a broad range of proteins
including growth factors, cytokines, antibodies, and extracellular matrix components. To
demonstrate that bioactive proteins can be incorporated and released from the photodegradable

particles in the presence of cells, we entrapped a common and potent growth factor, TGF-B1,>

within the microspheres. TGF-f31 loaded particles, as well as blank particles, were delivered to
plated PE25 cells, a reporter cell line that produces luciferase in response to TGF-1 exposure.
The particles were dissolved with collimated irradiation (A = 365 nm, I, = 13.5 = 0.5 mW/cm?)
for 5 minutes to release the TGF-f1. PE25 cells that were exposed to TGF-f31 loaded particles
significantly up-regulated luciferase production as compared to blank particles and media control
(Figure 9.4a). This demonstrates that the majority of the TGF-B1 remains bioactive upon
entrapment and subsequent release. Furthermore, viability, as measured by a membrane integrity
assay, was greater than 90% for all conditions (data not shown) indicating that the irradiation

conditions and microsphere degradation products do not adversely affect cell function.
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Figure 9.4 Release of bioactive proteins in the presence of cells. (a) Protein-loaded,
photodegradable microparticles were incorporated into cell culture with plated cells. Collimated
irradiation (A = 365 nm; Iy = 13.5 = 0.5 mW/cm®) was used to release the entrapped protein to
direct or detect cell function. (b) TGF-1 loaded particles were added to the media of plated
PE25 cells, a TGF-f1 responsive reporter cell line, and compared to conditions: media with
blank particles, media with soluble TGF-f1, and plain media. All samples were irradiated with
the same dose used to erode particles and release the TGF-f1, and the response of the PE25 cells
was compared between each condition. The TGF-f31 loaded particles had a significantly higher
response than negative controls (blank particles and media alone), though not as strong a
response as the positive control of soluble TGF-B1. This demonstrates that a significant fraction
of the TGF-B1 remained bioactive upon entrapment and photorelease. (¢) Fluorescently-labeled
Annexin V loaded particles were added to the media on plated 3T3 cells. (+)Camptothecin was
used to induce apoptosis and selected samples were irradiated to release the Annexin V. The
samples were imaged to visualize cells labeled as apoptotic. Samples exposed to soluble Annexin
V and photoreleased Annexin V stained positively for apoptosis (indicated by arrows at regions
of red staining on the cell membranes), while there was no staining in the sample that was
exposed to particles that were not photoreleased (particles are still visible in this image, denoted
by the asterix). Scale bar, 100 wm.

9.4.6 Release of bioactive proteins to assay cell function

A further difficulty of in vitro culture is assaying a specific cell’s functions during
culture, and this can be especially challenging when culturing cells in 3D. To illustrate how
photodegradable microspheres can be employed as protein loaded depots for assaying cell

function, fluorescently conjugated Annexin V was loaded into microspheres. Annexin V loaded
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particles were delivered to plated NIH 3T3 fibroblasts, and the protein was photoreleased to
identify apoptotic cells (Figure 9.4c). Camptothecin was dosed to the cells prior to release to
increase the rate of apoptosis in culture. Annexin V staining on the membranes of apoptotic cells
was observed in the samples with photoreleased Annexin V and soluble Annexin V, whereas no
membrane staining was observed in the sample in which the microspheres were not irradiated.
To circumvent the challenge of assaying cell function during 3D culture, protein-loaded
microspheres could be included in cell encapsulations so that the assay protein of interest can be

delivered at a later time during culture.

9.5 Conclusion

The synthesis of photodegradable, PEG-based microspheres was demonstrated and these
microspheres were employed to entrap and release soluble proteins. Cytocompatible irradiation
conditions were determined to dissolve the particles with light, and the corresponding release of
the entrapped payload was quantified during the degradation and erosion process. Multiple
factors were loaded into batches of microspheres and focused irradiation was used to degrade
individual particles selectively to release specific proteins of interest. TGF-1 was loaded into
the microspheres and was released with light to a reporter cell line to demonstrate that the
entrapped and released protein remained bioactive. Similarly, Annexin V was loaded into
particles to illustrate that protein-loaded depots could be incorporated into cell cultures to assay
local cell function. By incorporating protein loaded, photoresponsive microspheres within cell
aggregates, in media fed to plated cells, or in cell-laden scaffolds, the externally controlled and
on-demand release of entrapped biological signals will allow experimenters to answer complex

questions regarding the influence of sequential protein presentation on stem cell function or the
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response of cells to local gradients of chemokines or cytokines.
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CHAPTER X

THREE-DIMENSIONAL CULTURE PLATFORMS FOR THE
ENCAPSULATION AND RECOVERY OF MAMMALIAN CELLS

10.1 Introduction

Increasing evidence suggests that cells respond differently in two-dimensional (2D) and
three-dimensional (3D) culture platforms, indicating that the context of the culture is relevant to
the biological output." As such, the assumption that culture templates serve as passive vehicles
with which to study the relationship between cell function and gene expression is no longer
valid. In fact, an abundance of evidence indicates that the spatially and temporally complex
signaling domain presented by the cellular microenvironment directly influences cell behavior.
Early work from the Bissell lab established that different functions can be observed from the
same genotype solely due to interactions with the cellular microenvironment.” Specifically, they
found that the dimensionality of culture directly influences the function and response to drugs in
mammary epithelial cancer cells. Presumably, these differences in function arise as cells interact
with 2D and 3D matrices very differently.

Cells on a 2D culture platform become polarized as a segment of the cell membrane
interacts with the substrate or neighboring cells while the rest is exposed to the culture medium,
generating inhomogenous interactions with soluble factors.” Owing to this inherent polarization,
integrin-binding and focal adhesion formation are confined to a region of the cell, which
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ultimately influences mechanotransduction and intracellular signaling.* Furthermore, this
polarity confines the cell morphologies that can manifest, as generating complex three-
dimensional tissue structures is prohibitively difficult in monolayer culture. Similarly, migration
is limited to a plane and there is little to no resistance from a surrounding extracellular matrix in
2D culture, making phenomena such as cancer metastasis and tissue morphogenesis difficult to
study in monolayer culture.>®

On account of these limitations of two-dimensional culture systems, recent research has
focused on the development of defined, three-dimensional matrices that recapitulate critical
aspects of the native extracellular matrix to study physiology, pathophysiology, and regenerative

medicine in vitro.%’

For example, Hubbell et al. have pioneered the use of peptide-
functionalized, poly(ethylene glycol) (PEG) based hydrogels to encapsulate cells to study three-
dimensional cell migration and neurite extension.” Similar work from West et a/. has employed
PEG-based hydrogels to study angiogenesis in defined, three-dimensional culture.''" Increasing
complexity has been built into these systems through the use of photochemical reactions to
enable the addition and removal of biochemical and physical cues with full control in 3D space
and time.'>"”

Despite the significant advances in three-dimensional culture platforms for controlled
investigations of cell biology ex vivo, there remain significant challenges in the downstream
assaying of cell function as culture moves to the third dimension. For instance, immunostaining
for proteins that indicate cell phenotype becomes increasingly challenging in 3D culture on
account of diffusion limitations and increased non-specific binding. The imaging and assay of

reporter cell lines becomes more difficult as light is scattered and attenuated in 3D platforms.

Further difficulties arise in the isolation and purification of nucleic acids and proteins that are
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used to determine cell function. Platforms that facilitate three-dimensional culture while
enabling downstream processing and assaying of cell function will enable more complex
biological studies in 3D culture systems.

To address this limitation, we present a unique, PEG-based hydrogel system that is
formed via copper-free, click chemistry and enables cell encapsulation, culture, and subsequent
recovery. The gel is functionalized so that it is degradable by both matrix metalloproteinases
(MMPs) and light by the design of a linking peptide that contains an MMP labile sequence
(GPQGVIAGQ) and a photolabile moiety (o-nitrobenzyl ether). In this manner, cells can
remodel the three-dimensional space by expressing surface-bound or secreted MMPs. Similarly,
the user can alter the material through the controlled delivery of light that cleaves the o-
nitrobenzyl ether group. By enabling the cells to remodel the material, this system facilitates cell
migration, cell proliferation, and tissue morphogenesis over the course of days. Subsequently,
the user-controlled handle can be used to erode regions of the material to recover cells for further
analysis. We demonstrate that this process can be used to selectively isolate viable cells from a
three-dimensional platform. This points toward the ability to employ this material to recover
cells for nucleic acid or protein isolation for downstream analysis of cell populations cultured in

defined, three-dimensional platforms.

10.2 Materials and Methods
All reagents were purchased from Sigma-Aldrich except as otherwise noted.
10.2.1 Synthesis of click-functionalized polymer precursors
Click-functionalized macromolecular precursors were first synthesized. An o-nitrobenzyl

ether based azide (PLA) was synthesized as previously described.'* To synthesize the diazide-
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functionalized  photodegradable and MMP-degradable peptide, the peptide H-
RRKGPQGIAGQGRK(dde)-NH2 was synthesized via solid-phase peptide chemistry. 4-
Azidobutanoic acid was then coupled to the N-terminus of the peptide and PLA was coupled to
the e-amino group of the C-terminal lysine after removal of Dde. The diazide peptide
(MMPdiN3) was cleaved and recovered in diethyl ether before being purified by reversed-phase
high-performance liquid chromatography. A tetra-yne-functionalized PEG-based crosslinker
(PEGtetra-yne) was synthesized by reacting dibenzylcyclooctyne-acid (Jena Biosciences) with a
four-arm PEG tetraamine (M, ~ 10,000 Da; JenKem). The PEGtetra-yne crosslinker was
dialyzed and lyophilized prior to use. The adhesive peptides GRGDS and GYIGSR were
synthesized via solid-phase peptide chemistry. 4-Azidobutanoic acid was coupled to the N-
terminus of each peptide on-resin to azide functionalize these peptides. N3-GRGDS and Ns-

GYIGSR were cleaved from the resin, precipitated in ether, and reconstituted in PBS at 100 mM.

10.2.2 Hydrogel formation and photodegradation

Photodegradable, MMP-degradable hydrogels were formed by stoichiometrically reacting
PEGtetra-yne with MMPdiN3 in PBS or cell media at room temperature for 10 minutes at a total
of 10 wt% macromolecular precursors. Gelation was monitored by polymerizing gels in situ on
a rheometer (ARES, TA) to monitor shear storage modulus evolution as a function of time.
Upon complete polymerization, gels were irradiated (A = 365 nm; Iy = 10 mW/cm?) in situ on the
rheometer to monitor shear storage modulus decrease as a function of photoinduced degradation

time.

10.2.3 Cell culture
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3T3 fibroblasts and human mesenchymal stem cells (hMSCs) were cultured in DMEM
media with 10% FBS at 37°C with 5% CO,. Neural progenitor cells were derived from mES
embryoid bodies as previously described'® and cultured in AK media at 37°C with 5% CO,. For
cell encapsulation, 3T3s and hMSCs were encapsulated at 1 x 10° cells/mL and motor neuron

EBs were encapsulated at 500 EBs/mL.

10.3 Results and Discussion

PEG-based, MMP- and photo-degradable hydrogels were formed through the
copolymerization of four-arm, dibenzylcyclooctyne (DBCO) -functionalized PEG (PEGtetra-
yne) with a diazide MMP- and photo-labile peptide (MMPdiN3) via strain-promoted azide-
alkyne cycloaddition with a 1:1 stoichiometry at 10 wt% total macromolecule concentration to
form a step polymerized hydrogel (Figure 10.1). The DBCO-azide reaction proceeds rapidly at
room temperature in aqueous conditions without a catalyst and, thus, can be conducted in the
presence of cells.'” Complete gelation occurred over the course of 10 minutes as determined by
rheometric measurements of modulus evolution during polymerization with a final shear storage
modulus, G' = 1.7 + 0.2 kPa (Figure 10.2). The use of the diazide peptide enables the
incorporation of multiple degradation mechanisms into the hydrogel backbone. Namely, the
GPQGVIAGQ sequence allows the linking peptide to be degraded by cell-secreted MMPs'®"”
(arrow indicated cleavage site), while the o-nitrobenzyl ether enables the linking peptide to be

degraded by the experimenter with light (one-photon: A ~ 320-436 nm, two-photon: A ~ 740 nm).
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Idealized 3D Network Degradation products
Figure 10.1. Formation of click-based hydrogels. (a) Photodegradable, MMP-degradable
hydrogels were synthesized from the copolymerization of PEGtetra-yne and MMPdiN;. (b)

These gels were degraded with 365 nm light to fully erode the gel into soluble branched polymer
chains, referred to as the degradation products.

Photodegradation of the click-based hydrogel was characterized via rheometry as the
shear storage modulus (G') was monitored during exposure to UV light (A = 365 nm; Ip = 10
mW/cm?) over the irradiation time course. A monotonic decrease in G' is caused by breakage of
elastically active network strands as o-nitrobenzyl ether moieties cleave in the backbone of the
polymer network. The hydrogel can be formed and then fully eroded via irradiation, providing
the user with full temporal control over hydrogel dissolution. Further, since light is used to erode

the gel, photopatterning or focused light can be used to spatially control the gel erosion.
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Figure 10.2 Polymerization of click-based hydrogels. Rheometric monitoring of the shear
storage modulus (G') evolution during polymerization indicated that a gel is formed by
combining the PEGtetra-yne and the MMPdiN3 (10 wt% monomer reacted on stoichiometry)
over the course of ~10 minutes with G' = 1.7 + 0.2 kPa. Should you give the specific
formulation here? The time course should depend on concentration of functional group... and
mention that it is ambient conditions?

To demonstrate that the bioorthogonal, click-based gel synthesis can be used for
mammalian cell culture, NIH 3T3 fibroblasts were encapsulated at 1 x 10° cells/mL and
remained viable after encapsulation (data not shown). To facilitate long term viability and cell
function, integrin-binding peptide sequences (RGDS and YIGSR) were included into the gel
formulation. RGD functionalized gels were used to encapsulate human mesenchymal stem cells
(hMSCs), which have been shown to spread in MMP-degradable hydrogels.”® Over the course of
24 hours, hMSCs spread within the gels (Figure 10.3a) and continued to spread, migrate, and
proliferate during the time in culture. Similarly, neural precursor embryoid bodies were
encapsulated in RGD and YIGSR functionalized gels. Over the course of 7 days, the EBs began
extending axonal processes radially over 100s of microns from the embryoid body surface

(Figure 10.3b). In each case, the ability to spread, migrate, proliferate, or extend processes was

afforded by the MMP labile peptide linker, as cells encapsulated in control gels with a non-

degradable linker did not manifest the same phenomena (data not shown).
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Figure 10.3 Cell culture in click-based hydrogels. (a) hMSCs (1 x 10° cells/mL) and (b) neural
precursor embryoid bodies (500 EBs/mL) were encapsulated within the photodegradable, MMP-
degradable hydrogels and spread after 24 h in the gel or extended axons during culture after 7
days in the gel, respectively. Scale bars, 50 pm

The inclusion of the o-nitrobenzyl ether moiety in the peptide linker provides the user
with the additional handle of photodegradation to control material properties during culture. In
this work, photodegradation was employed to rapidly erode the material to recover encapsulated
cells for subsequent analysis. Taking advantage of the rapid degradation in this step polymerized
gel, a 40 uL hydrogel was fully eroded in ~ 20 minutes with 365 nm light at an intensity of 10
mW/cm?, releasing the encapsulated cells back in to solution. The liberated cells were

recovered, centrifuged, and re-seeded on TCPS plates to demonstrate the cytocompatibility of

this process (Figure 10.4).

Figure 10.4 Cell recovery from click-based hydrogels. (a) hMSCs encapsulated within
photodegradable, MMP-degradable hydrogels can be liberated from the gel with light (1 = 365
nm; I = 10 mW/cm®). (b) 6 hours after liberation from the gel, hMSCs begin to spread on tissue-
culture polystyrene, indicating viability and functionality after the recovery process. Scale bars,
50 um

10.4 Current and future work

To demonstrate the full utility of this system, current work is focusing on the isolation

and purification of proteins and nucleic acids from recovered cells to monitor the phenotype of
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encapsulated cells. Traditionally, the assessment of cell function in three-dimensional culture
systems is limited to whole mount immunostaining, which can be time consuming when the
diffusion lengths are long, is difficult to quantify, and provides limited information. Current
methods to recover protein and nucleic acids from 3D culture systems result in low-yields and
impure samples, owing to contamination of the samples with material from the culture platform
itself. Here, we recover viable cells free of polymer contaminants, as demonstrated above that
can be used to isolate pure proteins or nucleic acids for analysis of cell function. Further, the
ability to spatially define regions of the gel from which cells are to be liberated enables multiple
time-point sampling.

Another convenient assay of cell populations in two-dimensional culture is fluorescent
assisted cell sorting. While whole mount immunostaining attempts to enable similar assays in
3D, the throughput is low and staining is difficult. Here, we exploit the photodegradation of the
click-based hydrogels to recover cells for subsequent fluorescent assisted cell sorting. In this
manner, quantitative assays of the differentiation state of stem cell populations during three-

dimensional culture treated with various factors can be assessed more facilely.

10.5 Conclusion

Photodegradable and MMP-degradable, PEG-based hydrogels were synthesized via
strain-promoted azide-alkyne cycloaddition to encapsulate mammalian cells. These gels were
formed by reacting a strained cyclooctyne-functionalized four-arm PEG (PEGtetra-yne) with a
diazide MMP-degradable and photodegradable peptide linker (MMPdiN3). NIH 3T3 fibroblasts,
human mesenchymal stem cells (hMSCs), and neural precursor embyroid bodies were

encapsulated within the click-based hydrogels with high viability. On account of the MMP-
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degradable peptide, hMSCs spread in RGD-functionalized gels and neural precursor embryoid

bodies extended axonal processes in RGD- and YIGSR-functionalized gels. Since the gels were

also photodegradable, light was employed to successfully liberate cells from the three-

dimensional hydrogel and to recover them for subsequent culture. Uniquely, this recovery is

achieved without the use of enzymes, e.g., collagenase or MMPs, that can alter cell surface

receptors and cell phenotype. This system is being employed to recover cells for phenotype

analyses that are prohibitively difficult in three-dimensional culture.
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CHAPTER XI

MICROFLUIDIC DEVICES FOR THE SELECTIVE CAPTURE AND
RELEASE OF MAMMALIAN CELLS WITH PHOTODEGRADABLE
HYDROGELS

11.1 Introduction

Microfluidic devices with affinity labels enable unique opportunities for the capture and
sorting of mammalian cells from complex aqueous solutions, such as culture medium or whole
blood, with minimal preprocessing.' For example, antibody-functionalized microfluidic devices
have been employed to capture EpCAM-expressing cancer cells spiked into whole blood” and
CD4" T-cells from HIV+ subjects.” A traditional limitation of microfluidic devices is that they
can only process nanoliter to microliter scale volumes; however, recent work from Toner et al.
has demonstrated that adjustments to device geometry enable the processing of milliliters of

245 Pyrther

whole blood to capture exceptionally rare circulating tumor cells (CTCs).
improvements on the geometry of antibody-functionalized microfluidic capture devices have
facilitated clinical applications in cancer diagnostics through the capture of CTCs directly from
patient blood.®” Despite these advances, capture devices are still limited in the ability to analyze
and process captured cells downstream. Current methods to confirm the identity of captured

cells are confined to on-chip labeling, e.g., FISH or immunocytochemistry, owing to the inability

to remove desired cells from the capture surface. Developing materials that enable selective
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capture and release of individual cells to allow genome-wide analysis of single cells, in vitro
culture, and in vivo testing will enable a better understanding of rare cell populations such as
circulating tumor cells and certain stem cell populations, as well as better point-of-care
diagnostics.

Initial work to recover cells from capture surfaces has focused on the use of chemical or
mechanical dislocation. In these examples, chemical gradients or shear forces were employed to
disrupt cell-material interactions and to elute captured cells.*” However, strong chemical
treatment and shear forces are known to damage cells or at a minimum rapidly alter gene
expression, limiting the application of these techniques.'® More recent studies have focused on
the fabrication of microfluidic capture devices with phase changing materials, through the
application of temperature,'' ions,'> or enzymes,'® that enable the disruption of cell-material
interactions and subsequent recovery of captured cells. Specifically, Murthy et al. employed
sacrificial alginate layers to capture endothelial progenitor cells from blood that could be
released through the treatment and dissolution of the alginate capture layer with Ca*" ions."
This treatment is limited in that it cannot be conducted in the presence of calcium chelating
ligands, e.g., EDTA and citrates, and calcium treatment can alter cell signaling on short time
scales.'""

The use of alginate layers has been extended by Toner et al. to enable capture of cancer
cells and their subsequent release with alginate lysase.'” While this method is cytocompatibile
and enables highly efficient recovery of captured cells, it is still limited in that the whole capture
surface becomes disrupted with the application of the enzyme and the experimenter is unable to
recover selected cells as the whole population of captured cells is released. Captured cell

populations are often heterogeneous, for example circulating tumor cells from a given tumor can
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have different genotypes and rare stem cells can exist in asymmetric states. Therefore,
individual cell release and recovery are desired to better analyze the cells that are captured with
these devices and to characterize fully rare cell populations. This ability requires spatial control
over cell release from the capture surface, which is possible with light-based release
mechanisms.

Here, we present the fabrication of microfluidic capture devices with antibody-
functionalized, thin film, photodegradable hydrogels as the capture surface. Photolabile,
poly(ethylene glycol) (PEGdiPDA) based hydrogels are polymerized within microfluidic
chambers using visible wavelength photoinitiation, which allows for longwave UV light induced
gel erosion with both spatial and temporal precision. Acrylated-NeutrAvidin is included in the
hydrogel formulation to facilitate subsequent functionalization with a variety of biotinylated
antibodies, for example anti-EpCAM. Mammalian cells are selectively captured on the surface
of antibody-functionalized gels within the microfluidic devices and subsequently released with
cytocompatible, UV light exposure. This platform offers the unique ability to capture and
selectively release mammalian cells toward the individual culture and analysis of circulating

tumor cells and isolation of rare stem cells.

11.2 Materials and Methods
All reagents were purchased from Sigma Aldrich except as otherwise noted.
11.2.1 Hydrogel precursor synthesis
Poly(ethylene glycol) diphotodegradable acrylate (PEGdiPDA) was synthesized as
previously described.'* Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was

synthesized as previously described.”  Acrylated NeutrAvidin was synthesized based on a
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previously published acrylation procedure.'® Briefly, NeutrAvidin (Life Technologies) was
acrylated by reacting the NeutrAvidin (2 mg/mL) with 3400 Da Acryl-PEG-NHS (Laysan Bio)
at a 1:40 molar ratio, respectively, in 50 mM sodium bicarbonate buffer, pH 8.4. The reaction
proceeded for 4 h at room temperature under constant rocking. Unreacted Acryl-PEG-NHS was
removed by passing the solution through a Zeba Spin Desalting Column (7K MWCO; Thermo
Scientific), and the solution was lyophilized to recovered acrylated-NeutrAvidin (AcryINA).

AcryINA was resuspended at 10 mg/mL in PBS after lyophilization.

11.2.2 PEGdiPDA hydrogel fabrication

Stock solutions of PEGdiPDA (20 wt% in PBS), poly(ethylene glycol) monoacrylate
(PEGA, M, ~ 400 Da; 40 wt% in PBS; Monomer-Polymer and Dajac Labs), LAP (8 wt % in
PBS), and AcryINA (10mg/mL in PBS) were prepared. The gel forming monomer solution
(13.2 wt% monomer) was formulated with PEGdiPDA (8.2 wt%), PEGA (5 wt%), LAP (3 wt%),
and AcryINA (0.9 mg/mL), and the solution was mixed with a vortex. PEGdiPDA hydrogels
were photopolymerized using collimated visible light (A = 400-500 nm; I ~ 20 mW/cm*; EFOS
Novacure with liquid light guide and collimating lens). The gels were polymerized for 2 min to
minimize cleavage of the o-nitrobenzyl ether groups in the PEGdiPDA at the photoinitiating

wavelengths.

11.2.3 Hydrogel fabrication in microfluidic devices
Clean glass slides were functionalized with an acrylated silane to enable covalent
attachment between the PEGdiPDA hydrogel and the glass surface. To acrylate the glass slides,

they were submerged in a mixture of 30 mL ethanol (95% in DIH,O ), acetic acid (enough to
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lower the solution pH to 4.5-5.5), and 170 uL (3-Acryloxypropyl)trimethoxy silane (APTS).
Poly(dimethylsiloxane) (PDMS) channels were placed on top of the cleaned glass slides, and the
location of the channel was marked to allow for future alignment of microfluidic channels over
the formed gels. The microfluidic channel was then filled with the APTS solution, which was
allowed to react with the glass for ~ 3 min. The APTS solution was then flushed out of the
channel, the glass slide was rinsed in ethanol (95% in DIH,0O); and the prepared slides were
placed in an oven (80 °C) for ~ 15 min. Fresh microfluidic channels were placed over the
silanized region of the glass slide, filled with the PEGdiPDA gel precursor solution (~ 10 uL),
and quickly placed under the collimated visible light to polymerize the gel for 2 min. The
microfluidic channels were removed, and PEGdiPDA gels attached to glass slides were

immersed in PBS overnight prior to use.

11.2.4 Fabrication of multifaceted PEGdiPDA hydrogels

Multifaceted gels were created as described above, except that the AcryINA was replaced
with BSA-Alexa Fluor 488 (BSA-488) or BSA-Alexa Fluor 594 (BSA-594), final concentration
of 0.45 mg/mL. Dual-inlet microfluidic channels were placed over silanized glass slides with
each inlet reserved for either the BSA-488 or the BSA-594 PEGdiPDA gel precursor solutions.
The channels were filled with a glycerol solution (40 v% in DIH,O). Once the channel was
completely filled with the glycerol solution, the two labeled PEGdiPDA precursor solutions were
loaded into the device through the microfluidic channel. After the channel was filled with the
two solutions, the gel was polymerized for 2 min; the microfluidic channel was removed; and the
gels were immersed in PBS overnight prior to imaging. Multifaceted PEGdiPDA films were

imaged on an upright confocal laser scanning microscope (Zeiss LSM 710 NLO).
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11.2.5 PEGdiPDA hydrogel functionalization

PEGdiPDA gels were formed as described above with varying concentrations of
AcryINA (0 mg/mL to 0.9 mg/mL). Circular gaskets (~ 0.5 mm in height) with a diameter of ~ 1
cm were used to form the gels. The gels were rinsed in PBS for 1 h and then blocked in a 3%
BSA solution in PBS for 1 h. After blocking, the gels were exposed to a biotinylated fluorescein
(Life Technologies) for 1 h. Gels were then rinsed with PBS overnight to remove any unreacted
biotinylated fluorescein. The gels were imaged with an upright confocal laser scanning
microscope (Zeiss LSM 710 NLO) to monitor the fluorescein intensity, which was quantified
with ImageJ (NIH). For cell capture experiments, PEGdiPDA gels with 0.9 mg/mL AcryINA
were functionalized with a biotinylated anti-EpCAM antibody (R&D Systems BAF960, 20

ug/mL in 1% BSA) to capture EpCAM expressing cells.

11.2.6 Cell culture, capture, and release

PC3 prostate cancer (ATCC) cells were cultured in F-12K medium with 10% FBS at
37°C and 5% CO,. Static cell capture experiments were conducted by seeding PC3 cells on anti-
EpCAM functionalized and blank PEGdiPDA gels. For the flow capture experiments, PBS
spiked with PC3s (1x10° cells/mL) was flowed (2 ul/min) through a microfluidic channel over
an anti-EpCAM functionalized PEGdiPDA thin film. After the cells were flowed over the
PEGAiPDA gel, the device was rinsed with 10x volumes of PBS (20 uL/min). For release, cell
capture devices were placed on an inverted epifluorescent microscope (Nikon TE 2000), and
regions of the gel were exposed to UV light using the DAPI filter cube (A ~ 350-370 nm) under

flow (1 uL/min). The devices were imaged during light exposure to monitor degradation-
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induced cell release.

11.3 Results and Discussion
11.3.1 Photopolymerization of PEGdiPDA films

A photolabile, macromolecular monomer, poly(ethylene glycol) diphotodegradable
acrylate (PEGdiPDA)'*!"" was employed to fabricate photopolymerized, photodegradable
hydrogels (Figure 11.1a). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)[CITE
Fairbanks Biomaterials] enabled visible light (A = 400-500 nm; I, = 20 mW/cm?) initiation of
polymerization with minimal cleavage of the photolabile o-nitrobenzyl ether (NBE) moieties
(Figure 11.1b) owing to the differences in quantum yield and molar absorptivity between LAP
and NBE."™'"® Complete polymerization as assessed by in sifu theometry (G’ = 8200 = 200 Pa)
occurred in ~ 2 min, during which time the concentration of photolabile NBE moieties remained
at ~ 90% of its initial concentration.'"® Upon photopolymerization with LAP, PEGdiPDA
hydrogels were still able to degrade completely, as demonstrated by monitoring the shear
modulus decrease during continued irradiation with visible light (Figure 11.1¢; A = 400-500
nm). Similarly, UV light exposure from an inverted epifluorescent microscope (A = 350-370 nm;

Nikon TE2000 FS) rapidly eroded regions of the PEGdiPDA films (Figure 11.4b).
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Figure 11.1 Photopolymerization of PEGdiPDA hydrogels for microfluidic capture devices.
(a) PEGdiPDA-based, photodegradable hydrogels were photopolymerized using the visible light
photoinitiator LAP within microfluidic channels to develop selective capture and release devices.
(b) PEGdiPDA hydrogels (13.2 wt% monomer; 3 wt% LAP) were photopolymerized with 2 min
of visible light exposure (A = 400-500 nm; I, = 20 mW/cm?) resulting in a final shear modulus G’
= 8200 = 200 Pa. (c) After complete polymerization, continued exposure of PEGdiPDA gels to
light exposure (A = 400-500 nm; Iy = 20 mW/cm?) completely degraded the film over the course
of an hour, demonstrated by the monotonic decrease in the normalized shear modulus.
11.3.2 Functionalizing gels with biotinylated molecules

Reactive NeutrAvidin groups were covalently incorporated into PEGdiPDA hydrogel
films to facilitate subsequent functionalization with biotinylated molecules. Acrylated-
NeutrAvidin (AcrylNA) was included in the hydrogel precursor solution so that the pendant
acrylate group would react with growing kinetic chains during network formation. To monitor
the incorporation of AcryINA into PEGdiPDA films, films with a range of AcrylNA
concentrations in the precursor solution were exposed to a biotinylated probe (Biotin-fluorescein;

Life Technologies). Confocal microscopy confirmed that the biotinylated fluorophore reacted

with and became bound to AcrylNA functionalized gels in a dose-dependent manner (Figure
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11.2a). The level of incorporation of AcrylNA into the precursor solution can control the degree
of functionalization, but high-affinity capture devices (10 mg/mL AcryINA) were used for the
cell capture experiments. For static cell culture experiments, PEGdiPDA gels were
functionalized with biotinylated anti-EpCAM. These experiments confirmed the bioavailability
of functional molecules incorporated into the gels, as EpCAM expressing cancer cells adhered to

anti-EpCAM functionalized gels and not to control, blank gels (Figure 11.2b).
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Figure 11.2 Functionalization of PEGdiPDA hydrogel films. (a) Acrylated-NeutrAvidin
(AcryINA) was incorporated into PEGdiPDA hydrogels at a range of concentrations (0 to 0.9
mg/mL). Biotinylated-fluorescein was coupled to the available AcrylNA in the gels, and the
incorporation of NeutrAviding led to a dose-dependent increase in biotin binding. This
demonstrates that a range of concentrations in surface functionality can be presented using
AcryINA into PEGdiPDA hydrogels. (b) PEGdiPDA hydrogels were also functionalized with a
cell capture antibody (biotinylated anti-EpCAM), and EpCAM expressing cancer cells (1 x 10°
cells/mL) were only captured on anti-EpCAM functionalized gels in static capture experiments.

Scale bars, 100 um.

11.3.3 Multifaceted capture devices
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Current microfluidic capture devices have demonstrated the efficient capture of single
cell subtypes;*'" however, it would be beneficial to capture multiple cell populations within a
single device and recover them sequentially for cell purification or increased capture throughput.
Multifaceted PEGdiPDA hydrogels were fabricated to demonstrate that the use of
photopolymerization within microfluidic devices enables the facile generation of multifaceted
devices. Two precursor solutions (PEGdiPDA with BSA-488 and PEGdiPDA with BSA-594)
were drawn into a two-inlet microfluidic device to create side-by-side PEGdiPDA gels (Figure
11.3). There was minimal mixing (~ 100 um) at the interface of the two solutions during the
polymerization time, resulting in a clearly defined interface. In principle, this technique can be
extended to fabricate multifaceted surfaces with increased numbers of unique capture surfaces by

designing microfluidic devices with more inlets, and employing this same technique.

Figure 11.3 Multifaceted capture devices. Dual-layer PEGdiPDA hydrogels were
photopolymerized into the microfluidic channels functionalized with BSA-488 (green) and BSA-
594 (red), demonstrating the ability to present multiple, disparate surfaces to a cell suspension
during flow. In this manner, the ability to spatially capture separate populations of cells from a
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single cell suspension could be realized. Scale bar, 400 um.

11.3.4 Flow capture and release of cells

EpCAM-expressing prostate cancer cells (PC3) were captured by and released from anti-
EpCAM functionalized PEGdiPDA gels in a continuous-flow microfluidic capture device. PC3
cells were captured on hydrogel surfaces within the device under flow (2 uL/min) and remained
attached after rinsing the device with PBS (20 uL/min). UV light was focused through the 20x
objective of an inverted epifluorescent microscope (A = 350-370 nm; Nikon TE2000) to erode a
selective region of the gel under flow and release captured PC3 cells (Figure 11.4a). During
release under flow, captured cells began to detach from the gel as it was photodegraded; captured
cells (Figure 11.4a-i) first detached from the capture surface (Figure 11.4a-ii), then rolled
slowly along the surface (Figure 11.4a-iii), and finally became entrained in the flow path and
were removed from the device (Figure 11.4a-iv). All cells in the region of UV light induced
degradation released from the gel over the course of 30 seconds, while cells remained adhered to

regions of the gel that were not photodegraded (Figure 11.4b).
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Figure 11.4 Cell capture and release with PEGdiPDA microfluidic devices. (a) PC3 prostate
cancer cells, which express EpCAM, were captured with anti-EpCAM functionalized
PEGAdiPDA hydrogels under continuous flow (i). UV light (A = 350-370 nm) was employed to
degrade the thin film selectively under specific cells to release them from the capture surface.
Cells initially began to release from the capture location (ii), then began to roll away in the
direction of continuous flow (iii), and finally became entrained in the flow for full release (iv).
(b) PC3 cells were completely released in regions of degradation, curved feature on the top of
the picture, but remained attached to the non-degraded regions of the film. Scale bars, 60 wm.
11.3.5 Current studies and future directions

This work has illustrated the utility of PEGdiPDA hydrogels for the capture and
subsequent release of mammalian cells within microfluidic capture devices. Current work is
focusing on the use of the multifaceted hydrogel films to capture multiple cell subtypes in single
flow experiments and to demonstrate the ability to release and recover single cells. To employ
these devices in clinically relevant settings, it is necessary to form capture surface with more
efficient geometries, such as the herringbone topography.'® Preliminary studies have shown that

this geometry is amenable to the techniques in this paper (data not shown), but they have not
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been tested to capture rare cells from whole blood. Future work will apply PEGdiPDA
herringbone devices to capture and recover rare cells from whole blood to demonstrate ability of
these materials to perform in the presence of more complex biological fluids, which is important
to test the clinical relevance of these devices. The culture of released cells will also be
conducted to analyze the captured cells more fully downstream from the capture device.
Specifically, the culture of individual circulating tumor cells would enable unprecedented
experiments to be conducted on a relatively characterized population of cells. Capture and
release of individual circulating tumor cells would enable clonal expansion for in vitro analysis,

such as single cell genomics, and in vivo assessment of tumorigenicity.

11.4 Conclusion

A photodegradable hydrogel based microfluidic capture device was presented that
enabled the unique ability to selectively capture and release mammalian cells under continuous
flow. Acrylated-NeutrAvidin was included in the gel precursor solution to covalently link this
reactive handle into the gel. The PEGdiPDA films were functionalized with biotinylated
molecules, e.g., fluorescein and anti-EpCAM antibody, to quantify the degree of
functionalization and to capture EpCAM expressing PC3 prostate cancer cells. Multifaceted
films were fabricated pointing toward the ability to capture multiple cell subtypes within a single
microfluidic device. Finally, PC3 cells were captured on hydrogel surfaces within the
microfluidic device under continuous flow and subsequently released with UV light exposure.
PEGdiPDA offer unique abilities in the development of microfluidic devices for cell sorting and
diagnostics, in that cells can be captured and individually released for downstream culture and

analysis.
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CHAPTER XII

CONCLUSIONS AND FUTURE DIRECTIONS

Mammalian cell functions, such as proliferation, differentiation, migration, or
morphogenesis, are intimately connected to the myriad biochemical and mechanical signals that
are displayed dynamically by the local extracellular matrix (ECM).'” This complex and
bidirectional signaling environment integrates with the cell’s predetermined genetic state to
enable rapid decision making through biochemical pathways that control cell phenotype.”* In
recent years, the paradigm that cell culture platforms simply enable experimenters to study the
relationship between genotype and phenotype in vitro has been refuted, and it is now clear that
the context in which a cell is cultured directly influences its biological function.™® It is
hypothesized that the biochemical and mechanical cues presented outside of the cell generate the
functional differences in cell behavior. Unfortunately, it is difficult to isolate the effect that
individual signals from the ECM have on cell signaling and behavior in vivo, as cells reside in a
highly complex and ever-changing milieu. Therefore, materials that enable in vitro cell culture
for the systematic study of the relationship between dynamic ECM signals and cell behavior are
becoming more and more advantageous and allowing researchers to begin to build up this
knowledge. Related to this point, this thesis has presented the development of photoresponsive,

synthetic hydrogels to investigate specific questions regarding the effect that spatiotemporally
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modulated microenvironmental cues have on cell function. Specifically, the quantifiable
characterization and modeling of light-induced changes in the synthetic hydrogels is exploited to
vary individual mechanical and biochemical cues in the presence of cells for hypothesis testing
of their role in biological output.

First, a photolabile monomer was developed, poly(ethylene glycol) diphotodegradable
acrylate (PEGdiPDA), to fabricate chain polymerized photodegradable, PEG-based hydrogels for
cell culture (Chapter III). PEG was selected as the base material on account of its hydrophilicity
and bioinert characteristics, and it can be formed into three-dimensional materials with tissue-
like elasticity and reasonable transport of molecules to serve as blank slate culture platforms. A
photolabile moiety, o-nitrobenzyl ether (NBE), was synthetically incorporated into the
PEGdiPDA crosslinking monomer to imbue hydrogels with a photoreactive handle.
Polymerizing the macromolecular precursors in a cytocompatible fashion then allowed for either
encapsulation during gelation or cell seeding after gelation. The light-induced property changes
in the PEGdiPDA hydrogels, e.g., degradation, mass loss, and complete erosion, were measured
with one-photon and two-photon irradiation and a statistical-kinetic model of photodegradation
was developed (Chapters III, IV). This enabled quantifiable characterization of the structure and
function of PEGdiPDA hydrogels during and post-irradiation.

Additionally, the PEGdiPDA monomer was reacted with a four-arm, thiol-functionalized
PEG based macromolecular precursor (PEGtetraSH) via base-catalyzed, Michael addition; a step
polymerization yielding a more ideal structure of the photodegradable network (Chapter V).
Measurements of the mechanical integrity and photodegradation of chain polymerized and step
polymerized gels further elucidated the structure-function relationship in these materials.

Subsequently, photodegradable hydrogels were employed to introduce dynamic mechanical
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signals to two-dimensional (2D) and three-dimensional (3D) culture platforms to investigate
their influence on selected cell functions (Chapters VI, VII, VIII). Specifically, dynamically
presented gradients in the elasticity of 3D cell-gel constructs were employed to investigate the
relationship between gel density and cell spreading and morphology (Chapter VI). Further,
micron-scale regions of 2D photodegradable gels were eroded to disrupt cell adhesion on the
subcellular size scale and study the dynamic cell’s cytoskeletal response to changes in the
ECM’s adhesive environment (Chapter VII). Complementary to these studies, changes in the
surface elasticity of 2D culture substrates was used to study human mesenchymal stem cell
(hMSC) mechanotransduction and plasticity of hMSC differentiaion (Chapter VIII).

A unique processing of step polymerized, photodegradable hydrogels into protein-laden
microspheres enabled the systematic study of cell response to spatially and temporally defined
presentation of chemical factors (Chapter 1X). Cell function was directed by the release of the
potent chemokine TGF-f31 and assayed through the release of the apoptosis marker Annexin V.
Further advances in step polymerized, photodegradable hydrogels led to the development of
peptide-functionalized, click-based hydrogels that are both enzymatically degradable and
photodegradable to enable 3D culture and recovery of mammalian cells (Chapter X). While
numerous publications tout the importance of 3D cell culture systems, few address the
complexities in performing biological analyses in 3D, and this work sought to demonstrate some
of the useful properties of photodegradation to addresss these limitations. Finally, visible light
photopolymerization was used to form PEGdiPDA films within microfluidic capture devices to
selectively capture and release mammalian cells under continuous flow for cell purification and
rare cell isoltation (Chapter XI). These hydrogel surfaces were combined with microfluidic

devices to selectively capture and release PC3 prostate cancer cells under continuous flow.
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The overall design of this thesis research is outlined in Figure 12.1. The general
approach was to develop a fundamental and quantifiable understanding of how light-induced
changes control the structure and function of hydrogel matrices through both experimental
characterization and modeling. From this detailed understanding, we then introduced predictable
and defined changes in a more complex system, i.e., the cellular microenvironment, to gain
unique insight as to how cells sense extracellular changes in the ECM and how this influences
key biological functions. While several conclusions have been made regarding both materials-
based and biological questions, many still remain unstudied or incomplete. In this chapter, on-
going research and recommended additional studies with these photodegradable hydrogels will
be presented and discussed, toward the goal of addressing increasingly complex biological

problems with synthetic cell culture platforms.

Spatiotemporal control of the cell microenvironment

( )
Overall goal:

Synthesize chain polymerized and step polymer-
ized photodegradable hydrogels and to develop a
fundamental and quantifiable understanding of of
light-induced property changes on the structure
and function of photodegradable gels.

( N N )

Modify the mechanics of
the cell micrenvrionment

- Gradients in elasticity
in 3D environments

- Dynamic alterations in
subcellular adhesivity

- Modulus variation to
probe stem cell plasticity

Chapters VI -VIII
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Deliver trophic factors in
the presence of cells

- Fabricate protein-
laden microspheres

- Release entrapped
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Engineer unique cell
releasable hydrogels
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Figure 12.1 Photodegradable hydrogels for spatiotemporal
microenvironment thesis organization. This thesis focused on the development of
photodegradable hydrogels that enable user-defined control over the mechanics and biochemical
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nature of the cell microenvironment. The general approach was to develop a fundamental and
quantifiable understanding of light-induced property changes on the structure and function of
photodegradable gels through characterization and modeling.  Using this knowledge,
photodegradable hydrogels were employed to probe the cellular response to dynamic mechanical
signals, to direct and assay cell function through the spatiotemporally controlled release of
trophic factors, and to engineer unique materials for the culture and capture of mammalian cells
that enable subsequent cell release.

In Chapter III, a method was presented to synthesize the photolabile monomer,
PEGdiPDA, with which PEG-based, photodegradable hydrogels were formed via
cytocompatible, redox initiated, free-radical chain polymerization. Collimated and focused
irradiation were used to modulate gel structure through the cleavage of NBE moieties within the
network crosslinks, which was demonstrated to alter gel modulus or geometry. Cells were
cultured on or within these photodegradable hydrogels to achieve dynamic, photoresponsive cell
culture templates. While both one-photon and two-photon light were employed to modify the
PEGdiPDA hydrogels in the presence of cells, the degradation kinetics are inherently limited by
the photophysical properties of the NBE moiety. Since PEGdiPDA hydrogels have a
demonstrated utility in modulating a cell’s microenvironment in situ, it would be advantageous
to extend these techniques to new, cytocompatible photolabile molecules that are being
developed currently, such as nitrobenzyl-based or coumarin-based photocleavable moieties
(Figure 12.2).”® In this manner, a broad range of photodegradable hydrogels for cell culture can
be developed based on the principles employed to fabricate PEGdiPDA hydrogels with specific

degradation properties.
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Figure 12.2 Subset of photocleavable moieties for photodegradable hydrogel synthesis.
Organic synthesis is enabling the development of a broad range of cytocompatible, photolabile
molecules, based on nitbrobenzyl ether (a-c)® or coumarin chemistries (d)’, that can be used to
form photodegradable gels similar to the PEGdiPDA gels presented in this work. Similar
fundamental characterization should be applied to these gels as they become synthetically
available.

In Chapter 1V, a statistical-kinetic model of photodegradation in optically thick hydrogels
was presented to better characterize the fundamental physical process of photodegradation
induced material property changes. Briefly, numerical methods were employed to solve a set of
coupled partial differential equations that describe the attenuation of light within the gel and the
kinetics of the photocleavage reaction. This information was combined with mean-field
descriptions of network connectivity to describe light-induced changes in crosslinking density,
mass loss, and, ultimately, reverse gelation. While this statistical-kinetic model predicted the
experimental observations of material property changes for PEGdiPDA hydrogels, it has only
been tested for NBE based hydrogels and it assumes that the degraded products instantaneously
diffuse through the gel and dissolve into a sink at the surface. As new photodegradable
hydrogels are developed, the statistical-kinetic model should also be applied to these materials.
Instantaneous diffusion may be a reasonable assumption for slowly degrading materials;
however, as the timescale of degradation approaches that of diffusion both phenomena will need

to be taken into account and further iterations of the statistical-kinetic model should include

diffusion and dissolution where appropriate (Figure 12.3a).
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Figure 12.3 Modifications to statistical-kinetic model of photodegradtion. (a) Erosion depth
is predicted to trend linearly with irradiation time when diffusion and dissolution are assumed to
occur instantaneously (solid black line); however, the inclusion of a simple dissolution
assumption (dashed black line) changes the qualitative shape of the erosion depth trend line as
well as the quantitative rate of erosion. These assumptions should be included in future
developments of statistical-kinetic models of photodegradation. (b) Step polymerized gels are
being developed from many multifunctional monomers, such as eight-arm norbornene-
functionalized PEG and difunctional thiol-terminated PEG,” and as photodegradable gels are
synthesized with these network connectivities, new characterization and modeling should be
applied to these systems.

In Chapter V, chain polymerized and step polymerized hydrogels were fabricated from
the PEGdiPDA monomer to better understand the structure-function relationship in photolabile

hydrogels. As was observed previously,'™"!

step polymerized hydrogels demonstrated increased
mechanical integrity as compared to the chain polymerized gels owing to the increased network
cooperativity in these more ideal hydrogels. Differences in network connectivity also led to
more rapid erosion in step polymerized hydrogels, allowing for the facile generation of patterned
features in these gels or low dosage erosion of these gels. While the behavior of chain
polymerized PEGdiPDA hydrogels was compared to the step polymerization of a tetrafunctional
monomer with a difunctional monomer, photodegradable hydrogels with other network

connectivities, such as an octafunctional monomer reacting with a difunctional monomer (Figure

12.3b) or double network hydrogels could prove beneficial and require further investigation.
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One of the driving forces behind the material design was a critical consideration of the
cytocompatibility of the macromers, initiation mechanisms, resulting polymers, and degradation
products. While these restrictions greatly limit the choice of chemistries, it also enables a
plethora of biological questions to be studied and answered. In Chapter VI, human mesenchymal
stem cells (hMSCs) were encapsulated within 3D PEGdiPDA hydrogels and gradients in
elasticity were patterned through the z-dimension of the gel using collimated light. Cells were
imaged over the course of days to monitor the hMSC response to the gradient, and by Day 4
hMSCs spread significantly in regions of decreased gel density as compared to control samples
at a higher gel density. This simple experiment demonstrated that encapsulated cells respond to
dynamic changes in the mechanics of the microenvironment. Future studies should explore the
relationship between gel density and cell spreading with hMSC differentiation. Several studies

have implicated gel mechanics with hMSC differentiation on 2D substrates, >

yet little is
known about how hMSCs respond to dynamic changes in elasticity in 3D culture.

In Chapter VII, 2D PEGdiPDA gels were used to study the dynamic response of hMSCs
to changes in the adhesive nature of the ECM on subcellular length scales. Specifically, two-
photon irradiation was used to erode precisely micron-scale features into PEGdiPDA gels, and
the irradiation parameters to achieve two-photon erosion were quantified and characterized. This
technique was applied at the cell-material interface to disrupt local cell adhesion and the cell
retraction response was observed. The cells displayed damped viscoelastic retractions in
response to disruption of cell adhesion, indicating that the cells were pre-stressed on the
substrates prior to subcellular detachment. The time constants of retraction were significantly

longer than those for similar experiments conducted on glassy substrates, indicating that the cells

were able to sense the soft mechanics of the underlying hydrogel substrate. Uniquely, this
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method of two-photon erosion is amenable to generating controlled micron-scale features in 3D,
and further studies should explore the use of two-photon erosion within 3D PEGdiPDA

hydrogels to explore how 3D geometry influences cell fate decisions (Figure 12.4a)."
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Figure 12.4 Single cell analyses with photodegradable hydrogels. (a) Softening of 2D
substrate modulus should be combined with single-cell analyses to further investigate the
molecular mechanisms by which mammalian cells integrate mechanical signals from the
extracellular matrix. (b) Micron-scale two-photon erosion of 3D hydrogels proximal to
encapsulated cells should be explored to investigate how cells respond to changes in cell
geometry in a 3D context.

In Chapter VIII, modulation of surface elasticity of 2D PEGdiPDA hydrogels was
employed to study hMSC mechanotransduction and differentiation plasticity. hMSCs were
seeded onto stiff PEGdiPDA hydrogel surfaces (E ~ 32 kPa), and the surface elasticity was
dynamically softened (E ~ 7 kPa) with light in the presence of cells to explore the differentiation
response of the cells. As has been observed in static culture systems, osteogenic differentiation
was preferred on stiff substrates, and uniquely, these osteogenic primed cells upregulated a

myogenic transcription factor (MyoD1) after the stiff substrates were softened on Day 1 in

culture. These preliminary experiments suggest that hMSCs respond biochemically to dynamic
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mechanical signals in the ECM; however, the signaling pathways are not fully understood. To
elucidate these mechanisms further, current work is exploring the role of mechanotranduction
pathways through the YAP and TAZ transcription factors' and other signaling molecules that
are not yet understood. Similarly, studies are focusing on the single cell response to dynamic
softening of substrate modulus and how this affects cytoskeletal organization and differentiation,
as some observation are obscured when the whole population is studied (Figure 12.4b). To date,
the literature provide numerous examples of phenomenological observations of the role of
substrate elasticity and its influence on macroscopic cellular functions, e.g., apoptosis,
differentiation, morphology. =~ While these studies have highlighted the importance of
mechanotransduction in dictating cell fate, a basic understanding of how mechanical signals are
translated from the matrix to the nucleus remains understudied and largely not understood.

In Chapter IX, step polymerized, PEGdiPDA hydrogels were processed in a unique
manner to fabricate protein-loaded microspheres through an inverse-phase microsuspension
polymerization for spatial and temporal control over protein delivery. Photodegradable
microspheres were shown to degrade in response to one-photon and two-photon irradiation in a
similar fashion to the bulk PEGdiPDA hydrogels. Furthermore, the release of entrapped and
bioactive proteins was demonstrated in both 2D and 3D culture systems toward the application of
photoresponsive release in the presence of mammalian cells. TGF-p1 was loaded into the
microspheres and released in the presence of PE25 cells (a TGF-f1 responsive mink lung
epithelial cell line) to stimulate the production of luciferase. Similarly, the apoptosis assay
protein, Annexin V, was released to detect apoptotic cells with spatiotemporal control during 2D
culture. Current studies on the release of bioactive proteins in the presence of cells is focusing

on the differentiation of neural precursor cells in to motor neurons and the directed migration of
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hMSCs in 3D fibrin hydrogels. Specifically, the neurotrophic factor sonic hedgehog (Shh) is
being loaded into photodegradable microspheres and released to stimulate proper ventralization
of mouse embryonic stem cell derived motor neurons (Figure 12.5a). In parallel, the
chemotactic factor SDF-lais being entrapped within photodegradable microspheres and
subsequently loaded into a fibrin clot. An hMSC-laden fibrin gel is fabricated that surrounds this
small fibrin clot, and the SDF-1a is subsequently released with light to stimulate directed
migration toward the chemotactic source (Figure 12.5b). Future studies should corroborate
these preliminary results and continue to demonstrate and explore applications for the
spatiotemporal release of protein delivery in the presence of mammalian cells. Numerous
opportunities exist to perform basic in vitro experiments that would deliver nanoliter quantities
of preloaded cytokines, chemokines, antibodies, and small molecules, and to study how the on

demand delivery of these cues can be used to manipulate desired cell behavior.
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Figure 12.5 Delivery of trophic factors from photodegradable microspheres. (a) Sonic
hedgehog (Shh) loaded particles were employed to release Shh in the presence of neural
precursor embryoid bodies to direct them toward a ventral motor neuron phenotype. In vivo, Shh
patterns the CNS from ventral to dorsal with a gradient of Shh. Similarly, Shh released from
photodegradable microspheres upregulated ventral genes (Nkx2.2, Olig2, and Nkx6.1) compared
to un-treated, control embryoid bodies. *Work done in collaboration with Quinn Fleming and
Mirza Peljto. (b) The chemokine SDF-1a was loaded into photodegradable microspheres to
develop a system to study hMSC chemotaxis in response to spatial release of SDF-1a. SDF-1a
loaded microspheres were encapsulated in a small fibrin clot, which was surrounded by an
hMSC laden fibrin gel. The SDF-1a was released with photodegradation of the microspheres
and the hMSCs preferentially migrated in the direction of released chemokine. *Work done in
collaboration with Bruce Han and Kyle Kyburz.

The photodegradable microspheres are also being employed to generate cyst-like
structures with lung epithelial cells to facilitate proper morphogenesis of alveoli to study the
physiology and pathophysiology of lung tissue in vitro. Here, extracellular matrix proteins, e.g.,
fibronectin or laminin, are entrapped within the mesh of the photodegradable microspheres.
These adhesive particles are then cultured with A549 cells to coat the particle surface with a
monolayer of cells.  Cell-microsphere constructs are then encapsulated within RGD-
functionalized, 3D hydrogels and the microspheres are photoeroded to generate an encapsulated
cyst-like structure (Figure 12.6). Currently, immunocytochemistry is being used to characterize
the integrity and polarization of the cyst-like structures, while proper formulations for the
microsphere template and surrounding encapsulating gel are being developed. Future studies
will be conducted to fabricate cyst-like structures with primary lung epithelial cells so that
fabricated alveoli can be used to study epithelial — endothelial interactions and the behavior of
alveoli interfaces with air. While numerous methods exist in the literature to form and culture
cell aggregates of controlled sizes, cyst-like structures are more difficult to assemble. The ability
to create cysts in 3D is important for many applications of epithelial cells, and the unique
microenvironment may very well be critical for establishing cell polarity and corresponding

functional properties.
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Figure 12.6 Templated cyst-like structures from photodegradable microspheres. (a)
Adhesive proteins, such as fibronectin and laminin, were entrapped within photodegradable
hydrogels to enable coating with A549 cells. These cell coated particles were entrapped within
MMP-degradable and RGD-functionalized hydrogels and the inner photodegradable
microspheres were ablated to generate hollow, cyst-like structures. (b) A549 cells coat particles
over the course of 18 h and remain attached during encapsulation. (¢) Immunostaining for
cytoskeleton (red = actin) and nuclei (blue = nuclei) illustrated that the cyst-like structures
remain intact after cell encapsulation and photodegradation of the microspheres. *Work done in
collaboration with Katie Lewis and Dr. Vivek Balasubramaniam.

In Chapter X, a unique formulation of step polymerized, photodegradable hydrogels was
fabricated via strain-promoted azide-alkyne cycloaddition (SPAAC) between a four-arm, octyne-
functionalized PEG monomer and a diazide-functionalized peptide. The peptide was formed
from a matrix metalloproteinase (MMP) susceptible sequence (GPQGWIAGQ) and an o-
nitrobenzyl ether moiety rendering the gel both MMP-degradable and photodegradable. In this

manner, the gels formed from these macromolecular monomers can be dynamically remodeled

by cells through the expression of MMPs and by the user through the controlled delivery of light.
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Thus, the system allows one to observe cells in an environment that mimics the native
extracellular matrix, while simultaneously allowing one to recover cells at any time point during
culture for further analysis of cell function through photoerosion. NIH 3T3 fibroblasts, hMSCs,
and neural precursor embryoid bodies were encapsulated within MMP-degradable and
photodegradable hydrogels demonstrating that the reaction is fully cytocompatible. hMSCs
spread within the gel over the course of 24 h, as MMPs locally degraded the gel and neural
precursor emryoid bodies extended axonal projection over the course of 7 days. Cells were
liberated from the gel with light, recovered, and plated on TCPS demonstrating that cells
released from the gel remain viable. Current work is employing these gels to culture hMSCs and
embryoid bodies for the spatial recovery of cells and downstream analysis of cell phenotype
through nucleic acid and protein extraction that is traditionally quite difficult in 3D culture

templates (Figure 12.7)

Figure 12.7 Selective recovery of encapsulated cells for downstream analysis. Cells
encapsulated in MMP-degradable and photodegradable, click-based hydrogels are selectively
released by photodegradation of regions of the gel. Released cells are then recovered for
subsequent culture or analysis.

In Chapter XI, thin films of PEGdiPDA were photopolymerized in microfluidic channels

to develop selective capture and release devices for cell purification and rare cell isolation.

Acrylated-NeutrAvidin was incorporated into films upon polymerization to provide a reactive
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handle for subsequent biofunctionalization. Specifically, a biotinylated anti-EpCAM was bound
to the surface of PEGdiPDA thin films and demonstrated to capture EpCAM expressing cells
while non-functionalized gels failed to capture cells. As a more rigorous test using a continuous
flow microfluidic device, PEGdiPDA films captured PC3 prostate cancer cells and these cells
could be subsequently released via photodegradation of the thin film. Current studies are
demonstrating that these recovered cells remain viable after release and are extending the capture
devices to purify multiple cell populations in a single device and to isolate rare circulating tumor
cells from whole blood.

In summary, through the synthesis of a photodegradable monomer (PEGdiPDA), cell
compatible hydrogel scaffolds were fabricated and used to modify dynamically the mechanical
and biochemical properties of the cellular microenvironments with full spatial and temporal
control with the ultimate goal of influencing cell function. A fundamental and quantifiable
characterization of the relationship between light-induced property changes and the structure and
function of these photodegradable hydrogels was developed through both experimental and
modeling approaches. From this detailed understanding, defined changes were introduced in the
cellular microenvironment to hypothesis test as to how specific properties of the ECM influence
certain biological outputs. The methodology and experiments described in this thesis contribute
to the field’s basic understanding as to how cells integrate complex and spatiotemporally varying
signals from the ECM, which will enable a better understanding of fundamental biology and the

improved engineering of biomaterials for cell culture, cell delivery, and regenerative medicine.
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