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Abstract

Microgel particles capable of bulk-degradation have been synthesized from a solution of
diacrylated triblock copolymer composed of poly(ethylene glycol) (PEG) and poly(lactic acid)
(PLA) in a microfluidic device using stop flow lithography (SFL). It has been previously
demonstrated that SFL can be used to fabricate particles with precise control over particle size and
shape. Here we have fabricated hydrogel particles of varying size and shape and examined their
mass-loss and swelling behavior histologically and mechanically. We report that these features in
addition to the degradation behavior of the hydrogel particles may be tailored with SFL. By
decreasing the applied UV dose during fabrication, hydrogel particles can be made to exhibit a
distinct deviation from the classical erosion profiles of bulk-degrading hydrogels. At higher UV
doses, a saturation in cross-linking density occurs and bulk-degrading behavior is observed.
Finally, we synthesized multifunctional composite particles, providing unique features not found
in homogeneous hydrogels.

Introduction

The development of degradable hydrogel materials has progressed rapidly in the past decade
due to an acute interest in their functionality as drug delivery vehicles2 and tissue
engineering scaffolds3. The synthesis and bulk characterization of a copious number of
surface and bulk eroding hydrogels has been reported. Surface degrading hydrogels are, in
general, excellent candidates for time dependent release of therapeutic agents while bulk
degrading hydrogels are highly valued as cell encapsulants, which can be uniformly
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remodeled into native extracellular tissue matrix. For tissue engineering applications
specifically, surface degrading materials erode over long time scales, but do not optimally
sustain extracellular matrix production during erosion. Bulk eroding materials may be
designed to erode quickly, but prematurely lose their mechanical integrity shortly after the
hydrogel mesh size becomes ideal for tissue process elaboration.

While the erosion profile of a bulk hydrogel may be readily tuned by tailoring the chemical
properties of its constitutive polymer, it may not be easily fabricated, patterned or modified
on the scale of single cells. There is, therefore, significant interest in fabricating
microstructures and microparticles from hydrogel materials for molecular therapeutics
delivery#, candidate scaffold material screening and cell patterning®®. Microfluidic-based
microfabrication has proven to be an effective technology to generate microgel particles. For
instance, hydrogel microstructures have been patterned upon surfaces within microchannels
and subsequently removed to produce free particles’. Hydrogel microparticles have also
been fabricated in a much higher throughput fashion using multiphase microfluidic
emulsification8? in conjunction with photopolymerizable or chemically or thermally gelled
polymers. This technique excels at rapidly producing large quantities of monodisperse
particles. Additionally, the shape of these particles may be affected with the dimensions of
the microchannel in which the solution is polymerized911, Microfluidic emulsification has
been used to create particles composed of agarose?, alginatel3, photocurable organic
adhesives1?, acrylamides!4, and a variety of acrylated!® and methacrylated!® water soluble
polymers.

A more versatile single-phase microfluidic technique, known as stop flow lithography (SFL)
has been developed!’:18 that allows for the direct fabrication of homogeneous microgel
particles of custom shape and variable composition. SFL relies upon the projection of a
photomask upon a focal plane within a microfluidic channel that is filled with a
photopolymerizable polymer solution. SFL has been previously used to produce
multifunctional hydrogel particles'?, oxide and non-oxide microstructures?0, cell
encapsulating particles?! and Janus granules?8.

We present here an extension of SFL to the production of microscale hydrogel particles
from a bulk degradable polymer with arbitrary shapes and compositions and tunable time-
dependent properties. We fabricate microgel particles from a solution of diacrylated triblock
copolymer composed of poly(ethylene glycol) (PEG) and poly(lactic acid) (PLA) that has
been extensively characterized as a degradable tissue scaffold for chondrocytes?2:23,
osteoblasts?4 and human mesenchymal stem cells2>-27, among others. Diacrylate PLA-b-
PEG-b-PLA is a highly crosslinked, water swollen gel network that degrades through the
isotropic hydrolysis of ester bonds in the PLA block?8. As degradation proceeds, water
content of the gel increases exponentially until complete dissolution of the network is
reached?9. Over this time period the gel volume increases while the static compressive
modulus of the gel decreases in proportion to the extent of network degradation3°. To
compare our microgel particles to extensively studied, conventionally polymerized
macroscale gels, we directly measure the particle size by optical histology and the particle
elastic modulus by atomic force microscopy-enabled nanoindentation. Our analysis reveals
that, while the degradation mechanism is identical, the erosion profiles for SFL-produced
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microgels are strongly dependent upon particle fabrication conditions and can be carefully
tuned to provide variable time-dependent network erosion.

We hypothesize that this behavior arises as a result of oxygen gradients within the polymer
solution in the microchannel. Oxygen inhibits the polymerization reaction and thus these
gradients give rise to particles with non-uniform network crosslinking density in the axis of
optical illumination and near the particle edges. This feature enables the fabrication by SFL
of bulk-degradable microgel particles that erode with heterogeneous profiles that are not
accessible through photopolymerization of a macroscale hydrogel construct. To support this
hypothesis and extend the control that one has over particle morphology and intraparticle
cross-linking density profile, we incorporate grayscale lithography into SFL to produce
multifunctional particles with lateral variations in cross-linking density. Grayscale
lithography has been previously discussed for single step fabrication of graded-height
microfluidic channel networks3!, MEMS32 and other planar features33, but has not been
used in the fabrication of microgels. Gradient generators3* have been previously employed
as a means of producing hydrogels with cross-linking density gradients3°, but are limited to
simple gradients and have not been applied to the fabrication of mobile phase particles.
Here, we show that through mask selection, optical exposure intensity and polymer
composition, degradable particles may be fabricated with customizable control over
morphology, composition and erosion profile. Finally, we demonstrate the release of small
particles from microgel constructs with spatially-varying erosion profiles.

Results and Discussion

Hydrogel microparticles were fabricated using stop flow lithography that has been described
previously!®. The basis of this technique as well as the degradable PEG hydrogel chemistry
is depicted schematically in Figure 1a. Photocurable prepolymer solutions are pumped
through a thin microfluidic channel into which a UV light beam is projected through a
photomask. Applied pneumatic pressure is employed to pump the prepolymer solution
through the microchannel; removal of the pressure quickly arrests the viscous flow, allowing
polymerization to be performed in a quiescent media. In the UV projection region,
photoinitiated conversion of acrylate endgroups into polyacrylate forms the backbone of a
3D hydrogel network crosslinked by PEG-PLA chains. The shape of the hydrogel particles
in the plane of the UV projection area is determined by the pattern of the transparency mask.
Oxygen inhibition near PDMS microchannel surfaces produces unpolymerized layers at
both top and bottom surfaces, preventing polymerization across the span and enabling the
particles to be flushed out of the channel without sticking 36. The resulting hydrogel
particles are shown in Figure 1b-e. Square hydrogel particles are composed of 30 wt%
PEGDA as a control and equilateral triangles using three different concentrations of
diacrylate PLA-b-PEG-b-PLA macromers (30, 20, and 10 wt %). These particles were used
to investigate the erosion behavior of microhydrogels.

Degradation of the diacrylate PLA-b-PEG-b-PLA copolymer hydrogels used in this study
arises from the cleavage of hydrolytically labile ester linkages (see Figure 1a) in PLA28:37,
breaking cross-links within the gel. The products of degradation, poly(acrylic acid), PEG
and lactic acid, are removed from the network by diffusive transport. Thus, the direct
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incorporation of a fluorescent label into the three-dimensional hydrogel network by
polymerization allows changes in a particle's fluorescent intensity to be observed
histologically and correlated with particle's mass loss. Furthermore, this allows for visual
observation of erosion behavior of the resulting hydrogel particles. Therefore, Rhodamine B
was introduced as a fluorescent label into the hydrogel structure, shown in Figure 1b-e. As
expected, Figures 2a shows that non-degradable control particles (rectangles) display no
change in size or fluorescent intensity from initial equilibrium measurements (Day 0)
throughout the entire observation period of 9 days. Degradable diacrylate PLA-b-PEG-b-
PLA-based hydrogels (triangles) meanwhile demonstrated histologically measurable
changes in size and fluorescent intensity (Figure 2b-d). The fluorescence intensity from
degradable particles gradually but steadily decreased over time, eventually disappearing
altogether as the hydrogel fluidized. In the first days of degradation, the observed size
increases as particle shape is roughly conserved. Erosion of the cross-linked network in turn
amplifies hydrogel swelling and increases network mesh size as retractile forces are
diminished?8:37:38, Unexpectedly, these biodegradable hydrogels synthesized by SFL
display degradation profiles that deviate sharply from thoroughly documented macroscale
bulk degradable diacrylate PLA-b-PEG-b-PLA-based hydrogels28. As shown in Figure 3 the
size of SFL-fabricated microgel particles initially increases, as anticipated as a more highly
swollen state is achieved. In advanced stages of degradation, however, the particle size
decreases steadily instead of swelling to infinite volume, as one would expect.

These distinct erosion profiles can be seen in Figure 3a and b. A decline of measured
fluorescent intensity is observed for particles of all initial diacrylate PLA-b-PEG-b-PLA
concentrations (Figure 3a). Mass loss is markedly different from the behavior commonly
reported for typical bulk degradable hydrogels, which normally exhibit a sharp decrease in
the mass loss immediately prior to gel dissolution (i.e., the last 20% of mass loss28). The
swelling behavior of degradable microgel particles is also qualitatively different from
macroscale hydrogels (Figure 3b). The increase in side length reaches a maximum and
subsequently decreases, which is quite different from bulk hydrogels, which display
exponential growth in their equilibrium swollen volume over time28. We also measured the
elastic moduli E of individual hydrogel particles via atomic force microscopy (AFM)-
enabled indentation (Figure 3c). As expected of PEG-based hydrogels, E of control particles
(PEGDA 30wt%) was in the kPa-range (E = 11.0 +/- 4 kPa) and did not decrease
significantly with time (P<0.05) over 6 days immersed in PBS. In contrast, E of diacrylate
PLA-b-PEG-b-PLA 20wt% particles decreased by 84%, from E = 7.5 +/- 1.5 kPa (Day 0) to
E = 1.2 +/- 0.7 kPa (Day 6). Beyond Day 6, the stiffness of these degrading hydrogel
particles was statistically lower than that of the control particles (P<0.001) throughout the
degradation process (days 2, 4, and 6). This decreased stiffness of individual degrading
particles quantifies the trends observed in reduced fluorescence intensity over time: Figure
3a indicates approximately 80% reduction in mean fluorescence of these particles at day 6.
This decreased stiffness of individual hydrogel particles is consistent with decreased mass
and/or degree of cross-linking within the hydrogel during bulk degradation of the hydrogel
network?®, These data also demonstrate equivalent behavior with previous reports of
mechanical behavior for eroding bulk PEG-based hydrogels?8.
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We hypothesized that the observed degradation behavior for SFL-fabricated particles arises
from heterogeneous cross-links within the hydrogel macromolecular network. During SFL
in PDMS microchannels and an ambient atmosphere, oxygen is present in solution and
competes with free-radical polymerization3®. This oxygen inhibition effect is critical to the
success of SFL as it serves to create an unpolymerized layer close to each of the PDMS
walls, which lubricate particles allowing them to be conveyed out of the microfluidic
network. Oxygen inhibition dictates that the UV energy dose used for fabrication should be
sufficient to overcome the initial oxygen content in the monomer solution but not so high
that polymerization out-competes the diffusion of oxygen from the PDMS channel walls. As
such, we modulated UV energy dose during particle fabrication to study its effect upon not
only resolution of shape and size, but also degradation behavior.

Figures 4a and b demonstrate that as the UV energy dose increases, the initial particle size
increases slightly while the degradation profile changes dramatically. This evidence supports
the hypothesis that oxygen inhibition effects are not confined to the axis of UV projection,
but are also present in the lateral direction to a more subtle extent. Oxygen diffusion from
the saturated monomer solution beyond the field of exposure establishes a lateral oxygen
gradient that inhibits polymerization at the edges and affects the final particle dimension at
lower UV doses. At higher UV doses, the edge effect can be observed to diminish as the
initial particle size approaches the dimensions of the projected UV cross sectional area (a 58
x 58 x 58 um3 triangle) as shown in Figure 4a. The effect of UV dose is also apparent in the
erosion profile displayed by microhydrogels over time. Figure 4b illustrates the change in
erosion behavior as the UV exposure dose is increased. At a lower dose, particles are
observed to “shrink” over time. As higher UV doses are applied, a transition is observed
above which particles display more classical behavior typical of macroscale bulk eroding
hydrogels. Hydrogel particles formed at high UV doses display erosion behavior that is
independent of particle size and shape (see Figure S1). We suggest that the observed
reduction in particle size is due to a heterogeneous cross-linking density profile across
particles, which arises from oxygen inhibiting polymerization near the mask edges. To
demonstrate this behavior, we used grayscale lithography to fabricate a composite hydrogel
particle with three distinct regions, each of which was polymerized under different UV
exposure conditions using a grayscale photomask. The photomask allowed for the
fabrication of monolithic particles with varying cross-linking density in three different
regions of a slab by spatially attenuating the UV intensity that reached the solution. Figure
4c shows that the measured composite behavior is different from that of each individual
block, which display a range of erosion behavior. The collective erosion profile of the
composite particle is qualitatively similar to those particles fabricated with lower UV doses
reported in Figure 3c. This trend supports our hypothesis that cross-linking density is
dramatically affected by the UV exposure dose, which in turn influences the mass loss
profile.

In addition to our ability to tailor the dimension, shape and erosion profile of degradable
hydrogel microparticles, we demonstrate that these parameters can be tuned independently
(Figure S1). More importantly, SFL allows for the generation of particles with multi-
funtionalities by simply co-flowing multiple streams through a microchannel and patterning
across these diffusion-limited laminar streams1”:18, Furthermore, by controlling each
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stream's flow rate, adjusting the polymerization location and choice of photomask, we can
easily generate a single particle containing several adjacent chemistries with control over
proportion and pattern of each chemistry. Figure 5 illustrates additional demonstrations of
spatial patterning within degradable hydrogel microparticles. Here, degradable bridges
connecting non-degradable blocks and/or multi-degradable blocks erode in a programmable
manner. In one example, the erosion of the center block releases the non-degradable blocks
into two morphologically-distinct elements. In a second demonstration, each block dissolve
in a specific time frame and fluorescently-labeled polymer microspheres are released upon
the erosion of the center block.

Conclusions

We have reported the application of a microfluidic photolithograpy platform to the creation
of degradable PEG-based hydrogel microparticles. Stop-flow lithography has been used to
fabricate particles of independently tunable size, shape and erosion profile. Particles of
varying size and shape have been fabricated and their degradation behavior has been
characterized histologically and mechanically. Additionally, we demonstrate that the applied
UV energy dose is a parameter that can be tuned to affect the time-dependent spatial profile
of mass loss within single hydrogel particles. More importantly, this method allows us to
pattern multiple distinct degradation regions in single hydrogel microparticles with custom
erosion profiles that can be used to directly encapsulate therapeutics for targeted delivery
with great overall design flexibility. These particles are of considerable interest for
fundamental materials science investigations of tunable erosion in hydrogels and applied
studies in tissue engineering and drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic depicting non-spherical microhydrogel synthesis using stop-flow lithography,

chemical structure of the biodegradable diacrylate PLA-b-PEG-b-PLA macromer,
photoinitator, and accelerator (right), and idealized diacrylate PLA-b-PEG-b-PLA hydrogel
network after photopolymerization (left). Particles are formed through three steps: (i) a
prepolymer solution (diacrylate PLA-b-PEG-b-PLA or PEGDA with Irgacure 2959 and
NVP) is flowed through a PDMS channel by a regulated pressure, (ii) the flow is stopped
and particles are polymerized with a desired pulse of UV exposed through a photomask and
microscope objective, (iii) the polymerized particles are flushed out of the channel and
collected. (b-e) Optical images of the resulting hydrogels: (b) non-degradable hydrogels
(rectangules, PEGDA 30 wt %) as the control and (c-e) degradable hydrogels (triangles, (c)
diacrylate PLA-b-PEG-b-PLA 30 wt %, (d) 20 wt %, and (e) 10 wt %). Their thicknesses are
~ 26 um (rectangles, control) and ~25, 22, and 17 ym (triangles, c, d, e respectively) Scale
bars are all 50 pm. An exposure dose of 0.044 J/cm? UV is used for all hydrogel particles
shown here.
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Figure 2.
Development of fluorescent intensities of non- and degradable hydrogel particles during the

incubation in a PBS buffer (7.2 pH) at 37°C: (a) the control (PEGDA 30 wt %), (b)
diacrylate PLA-b-PEG-b-PLA 30 wt %, (c) 20 wt %, and (d) 10 wt % corresponding to the
hydrogels shown in Figure 1b-e, respectively. Scale bars are all 50um. On Day 7 (c) and
Day 5 (d), lines drawn indicate a trace of the hydrogels to as a guide to the eye.
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Figure 3.

Time (days)

(a) Fluorescence intensity, normalized by intensity at Day 0 for each sample, and (b) growth
of the side length of non-degradable (control, rectangles PEGDA 30 wt %) and degradable
(triangles, diacrylate PLA-b-PEG-b-PLA 30 wt %, 20 wt %, and 10 wt %) hydrogel
particles. (c) Elastic modulus E, normalized by E at Day 0 for each sample, for non-
(control, rectangles, PEGDA 30 wt %) and degradable hydrogels (triangles, diacrylate PLA-
b-PEG-b-PLA 20 wt %) using AFM-enabled nanoindentation. The Elastic mduli are E =
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11.0 +/- 4 kPa for the rectangles and from E = 7.5 +/- 1.5 kPa (Day 0) to E = 1.2 +/- 0.7 kPa
(Day 6) for the triangles. The hydrogel particles correspond to those shown in Figure 1(b-e).
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Figure4.
(a) Size dependence of degradable hydrogel formation (20 wt % diacrylate PLA-b-PEG-b-

PLA) on UV exposure dose and swelling behavior of (a) degradable hydrogels (20 wt %
diacrylate PLA-b-PEG-b-PLA) fabricated with increasing UV exposure dose and (c)
degradable hydrogels (diacrylate PLA-b-PEG-b-PLA 30 wt %) with a heterogeneous
crosslinking density profile. (c) Particles are formed using a grayscale photomask (high to
low UV transparency from R1 to R3); top-left and -right images show bright-field and
fluorescent optical images of the particles on day zero, and arrows indicate the total
dimension (TD) and three distinct regions (R1, R2, and R3) with crosslinking density
gradients plotted on the right. Scale bars are all 50 pm. Error bars in (c) are within the
marker size.
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Figure5.
Composite hydrogels: (a) Heterogeneous hydrogel particles formed by SFL spanning three

distinct co-flowing streams: diacrylate PLA-b-PEG-b-PLA 20 wt % in the middle stream
and PEGDA 30 wt % in each side stream. (b) multi-block hydrogels formed by coflowing
three streams of different diacrylate PLA-b-PEG-b-PLA concentrations: from the left on
Day 0, PEG-b-PLA 30, 20, and 10 wt % . In the middle stream, fluorescent beads with a
diameter of 2 pm are encapsulated. Scale bars are all 50 um. Inserts top-left on day zero
show bright-field optical images of the hydrogels.
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