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Tunable Hydrogels for External Manipulation of Cellular
Microenvironments through Controlled

Photodegradation

By April M. Kloxin, Mark W. Tibbitt, Andrea M. Kasko, Jonathan A. Fairbairn,

and Kristi S. Anseth*

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, numer-
ous 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
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 macromole-
cules 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.l’! reported the chemical patterning of these PEG networks
using a two-photon confocal laser scanning microscope (LSM).
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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 wm 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 fundamental 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 functions such as migration,’® process exten-
sion,! 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 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 chemis-
try."'=3! 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 functio-
nalized 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 microenvi-
ronment, 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 nitro-
cinnamate groups afford reversible hydrogel formation but
require cytotoxic irradiation conditions (254nm light).>*¢ To
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avoid use of this cytotoxic wavelength,
researchers have incorporated nitrobenzyl
ether derivatives within hydrogels, which
cleave upon exposure to 365nm light for OuN
post-gelation modification with pendant func-
tionalities."”! Recently, we have incorporated

this photolabile moiety into PEG-based hydro-

gels to control gel erosion and the presentation

of an adhesion peptide."® Here, we demon-

strate that this chemistry affords precise and
predictable tuning of the gel structure in
real-time with low-intensity, long-wavelength

UV light under cytocompatible conditions. b)
Specifically, gradients in crosslinking density

are created and utilized to control cell
morphology in three-dimensions, and mass Bulk
loss and gel erosion are controlled and degradation
predicted using a photodegradation model.
Further, by focusing a single-photon visible
light source, the desired properties are
manipulated in three-dimensions with
micrometer-scale resolution.

Photodegradable PEG-based hydrogels con-
taining a nitrobenzyl ether photolabile moi-
etyl">?? were synthesized by redox-initiated
radical chain copolymerization of a diacrylated
PEG-based  photodegradable crosslinking
macromer (PEGdiPDA)"® with a monoacry-
lated PEG (PEGA) in water. The molar ratio of
PEGdiPDA to PEGA was varied to alter the

Gradient
degradation

Surface
erosion

.| J

e

R* Py, 10 mol % PEGdiPDA

- Pe > Py, 25 mol % PEGiPDA
Focused light

Flood irradiation

3D light
z exposure

",

4

[0}
initial gel crosslinking density (Fig. 1). Upon Degradation on 3
irradiation, the photocleavable crosslinks products o I
degrade, releasing modified PEG and decreas- NL g
O/\/\g/ ot \(rj(\/\o

ing the crosslinking density until complete
dissolution at the reverse gel point.””) Depend-
ing on the irradiation wavelength and concen-
tration of the photodegradable group in the
swollen gel, light can either penetrate uni-
formly, leading to bulk degradation (Fig. 1b,
top), or become attenuated, leading to gradient
changes in the crosslinking density (Fig. 1b,
middle) or surface erosion (Fig. 1b, bottom). At
commonly used wavelengths for cell encapsu-
lation and imaging, the molar extinction
coefficients of the photodegradable group
decrease from 7600 L mol 'cm ™' at 365 nm
to 1640L mol 'cm ' at 405nm to 73L
mol™ cm™" at 488 nm. Based on the photo-
lablile moiety's light absorbance and quantum vyield, the
irradiation wavelength and intensity dictate the degradation
rate and are used to predictably tune the hydrogel properties in
time and space. In 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 (Fig. 1c).
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 (p,), and, from this,
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Figure 1. Photodegradable hydrogel synthesis and degradation schematics. a) Photodegradable
hydrogels were synthesized by redox-initiated radical chain polymerization of PEGdiPDA (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 (p,) 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. c) 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.

the photolabile group characteristic degradation time constant (1)
was calculated (Eq. 1).

G\ Py 2t
§))

Here, G/, is the initial storage modulus, py, the initial
crosslinking density, and ¢ 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
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Figure 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, 7, 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 7 values
were used to predict the hydrogel’s crosslinking density with time during bulk degradation
(normalized to initial value, (a) 10 mW cm™2 and (b) 5 mW cm ™2 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 10mW 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 pm.

The resulting degradation-induced crosslink-
ing 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 100um. 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
S5min of irradiation (Fig. 2d). Using the
measured values for t (Fig. 2a inset) and
accounting for spatially varying light intensi-
ties via the Beer—Lambert law, the correspond-
ing 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 cross-
linking 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 morphol-
ogy in 3D.

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 inter-
actions. However, erosion is dependent on

density. t scales inversely with the incident light intensity, I,, and
the photolabile molecule’s molar absorptivity (¢).2*** The
characteristic degradation times for several cytocompatible light
conditions® were determined with rheometry (Fig. 2a). Using
these t values, hydrogel photodegradation and changes in
commensurate materials properties, such as crosslinking density,
over time (Fig. 2b) were predicted.

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 (at 0 mm) to 5 min (at 9 mm).

Adv. Mater. 2009, 21, 1-6

Final page numbers not assigned

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

both the degradation kinetics (r) 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
and the intensity profile within the hydrogel due to light
attenuation; (ii) the length of the polyacrylate backbone chains
comprising the network; and (ili) 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
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Figure 3. Hydrogel spatial erosion. a) Mass loss profile and time to
complete degradation with irradiation (365nm at 20mW cm™?) were
adjusted with the initial crosslinker concentration and agree well with
predictions based on 7 (solid lines): 15 wt% total macromer with (a) 10 and
(b) 25 mol% photodegradable crosslinker. b) Photolithography (365 nm at
10 mW cm ™2 through 400 wm clear lines separated by 400 wm 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). c) The observed eroded channel depth
(squares) compares well with channel depths predicted with 7 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) 10s and 25%, (b) 16 s and 25%, (c) 28 s and 25%, and (d) 10 s and
10%). ) Similarly, vertical cylinders were degraded within a hydrogel (scan
time 2s 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, 1um 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 pm.
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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 (Fig. 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 wm lines). Erosion of the
hydrogel increases with irradiation time, as channels of
increasing depth are generated (Fig. 3b). The channel depth
was quantified with profilometry and increased linearly with
irradiation time, which compares well to predicted erosion based
on t (Fig. 3¢).

Upon characterizing v 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 polymer network. 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,) (Fig. 3d), where cylinders were degraded
in the hydrogel with 5 um z-scans. Scan times for erosion with
the 405 nm laser are consistent with calculated values of 7, where
25-10% of the laser power corresponds to a 7 of 0.2-0.4 ms per
plane and a t,, of 50-130s per plane. Experimentally, complete
degradation is observed with 10-30 s of exposure per plane. This
faster erosion is likely due to underestimates of the laser focal
point intensity and/or 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 (Fig. 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.

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 was 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.!*®!
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Upon irradiation and degradation on Day 1, no significant change
in cell viability was observed (Supporting Information, Fig. S1),
demonstrating the cytocompatibility of the photodegradation
reaction and degradation products in vitro. In addition, cell
spreading was observed over 4 days (Fig. S3) within the upper
region of the degraded gel (top 100 wm, Fig. 4a), where the
crosslinking density is lowered due to the z-direction degradation
gradient (Fig. 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 (Fig. 4b, Fig. S2). This change in spreading
was quantified, where an average cell area of 706+77 and
473494 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 (Fig 4d). These
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Figure 4. Cell area and morphology in gradient degraded hydrogels.
hMSCs were encapsulated in photodegradable hydrogels and irradiated
(365 nm at 10 MW cm 2 for 8 min) on day 1to 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 wm), 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. c¢) 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 (o,/px0 =0.1-0.9, p,o = 0.006 M) was
examined by splitting the 100 um thick confocal stack into 20 um thick
confocal projections (top 20 wm 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, p,/p =1 at all positions).
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photodegradable gels can be used to further explore the influence
of hydrogel structure and polymer density on cell morphology, on
other cell functions such as cytoskeletal organization and
differentiation, or on ECM elaboration via gradient degradation.

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 encapsu-
lated 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.

Experimental

Experimental methods can be found in the Supporting Information. This
Experimental section includes (i) hydrogel synthesis, (ii) gel degradation
characterization and modeling, (iii) gradient, photolithographic, and
three-dimensional degradation, and (iv) cell encapsulation and three-
dimensional culture.
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