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Abstract

Modular, bioactive, macroporous scaffolds were formed by crosslinking poly(ethylene glycol) (PEG)
microspheres around living cells. Hydrogel microspheres were produced from reactive PEG
derivatives in aqueous sodium sulfate solutions without the use of surfactants or copolymers.
Microspheres were formed following thermally induced phase separation if the gel point was reached
prior to extensive coarsening of the PEG-rich domains. Three types of PEG microspheres with
different functionalities were used to form scaffolds. One type of PEG microsphere provided
mechanical support, the second type provided controlled delivery of the angiogenesis-promoting
molecule, sphingosine 1-phosphate (S1P), and the third type served as a slowly dissolving non-
cytotoxic porogen. Scaffolds were formed by centrifuging microspheres in the presence of HepG2
hepatoma cells, resulting in a homogenous distribution of cells. During overnight incubation at 37°
C, the microspheres reacted with serum proteins in cell culture medium to stabilize the scaffolds.
Within two days in culture, macropores formed due to the dissolution of the porogenic PEG
microspheres, without affecting cell viability. Gradients in porosity were produced by varying the
buoyancy of the porogenic microspheres. Conjugated RGD cell adhesion peptides and delivery of
sphingosine 1-phosphate promoted endothelial cell infiltration through macropores in the scaffolds.
The scaffolds presented here differ from previous hydrogel scaffolds in that: 1) cells are not
encapsulated in hydrogel, 2) macropores form in the presence of cells, and 3) scaffold properties are
controlled by the modular assembly of different microspheres that perform distinct functions.
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Introduction

Hydrogels made from synthetic polymers are promising as scaffolds for tissue engineering
[1,2]. PEG-based scaffolds exhibit a high resistance to non-specific protein adsorption and are
easily modified with peptides and proteins to impart biological functions such as cell adhesion
or cell-initiated degradability [3]. However, bulk PEG hydrogels effectively encapsulate cells
in polymer [3,4], potentially impacting cell survival, proliferation and migration. Porosity at
multiple length scales may thus be desirable, with smaller pores providing a niche for functional
cells and larger pores permitting vascularization [5]. Such multi-scale porous hydrogels can
be formed with a variety of porogens [6-12], but a need exists for porogens that rapidly dissolve
without compromising cell viability. A non-cytotoxic porogen would permit incorporation of
cells at the time of scaffold formation, potentially leading to a more homogenous distribution
of cells compared to cell seeding after scaffold formation.

Modular assembly of different types of microparticles is also desirable to allow versatility in
engineering the properties of the scaffold [13-19]. However, the scalability of many
microparticle production techniques (e.g. micromolding, microfluidics, 3D printing) may be a
concern due to the large number of microparticles required to form scaffolds of sufficient size
for practical applications [16,20-25]. Formation of hydrogel microspheres in solution
addresses the issue of scalability but typically requires the use of organic solvents and
surfactants in a two-phase system. These additives allow fine control over the size of
microspheres but may be difficult to remove later, potentially affecting biocompatibility.
Microspheres can be formed in water by copolymerizing PEG with polymers that exhibit a
lower critical solution temperature (LCST) near physiological temperature, e.g. poly(N-
isopropylacrylamide) [26,27]. However, poly(N-isopropylacrylamide) promotes protein
adsorption at physiological temperature [28], and thus maximizing the concentration of PEG
in the microspheres is desirable [29,30].

The LCST/cloud point of low molecular weight PEG is above the boiling point of water but
is greatly decreased by kosmotropic salts [31-33]. An advantage of using salts for PEG phase
separation is their easy removal by buffer exchange after microsphere formation. Phase
separation above the cloud point initially leads to the formation of small spherical domains
that grow in size over time (i.e. coarsen). Coarsening eventually results in the formation of two
distinct phase-separated layers due to differences in the densities of the phases. Hennink and
colleagues found that polymerization of vigorously mixed emulsions of phase-separated PEG/
magnesium sulfate solutions led to the formation of large aggregates of PEG microspheres,
which was ascribed to the low viscosity of the solution [34]. Here, we report that PEG
microspheres with diverse functionalities can be formed in aqueous solutions without
surfactants by timing the gel point to occur early in the coarsening process in the absence of
mixing (Fig. 1a). The microspheres were assembled into scaffolds possessing characteristics
that together may advance tissue engineering strategies: modularity, biological activity and
porosity at multiple length scales (Fig. 1b). Furthermore, degradable 100% PEG microspheres
are non-cytotoxic, permitting macropore formation in the presence of living cells.

Materials and Methods

PEG derivatives

Unless otherwise noted, all reagents were purchased from Sigma-Aldrich. Eight-arm PEG-OH
(PEGg-OH; mol. wt. 10,000; Shearwater Polymers, Huntsville, AL) was used to synthesize
PEGg-vinylsulfone (PEGg-VS), PEGg-amine, and PEGg-acrylate as previously described
[35,36]. Stock solutions of PEGg-VS, PEGg-amine, PEGg-acrylate, and fatty acid-free bovine
serum albumin (BSA) solutions were prepared at 20%(w/v) in Dulbecco’s phosphate buffered
saline (Pierce) and sterile filtered with 0.22 um syringe filters. For fluorescent labeling, stock
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solutions of PEGg-amine or BSA in PBS were reacted with a 10 mg/mL solution of Dylight-488
or Dylight-633 (Pierce) in dimethylformamide at a 100:1 molar ratio of PEG:dye or BSA:dye
overnight at room temperature. All solutions are reported as weight/volume percent.

Dynamic light scattering (DLS)/Zeta potential

Dynamic light scattering/photon correlation spectroscopy (DLS/PCS; 90Plus Particle Size
Analyzer, Brookhaven Instruments, Holtsville, NY) was performed at a scattering angle of 90°
and wavelength of 658 nm. Calculation of the mean effective diameter (dpcs) and statistical
analysis of the results were performed using Brookhaven Instruments Particle Sizing Software
(version 2.34, Brookhaven Instruments). Zeta potentials of microspheres were measured on
the DLS instrument in 10 mM sodium phosphate at the listed pHs.

Microsphere fabrication — general protocol

PEGg-VS/PEGg-amine microspheres were fabricated from solutions of PEGg-VS and PEGg-
amine pre-reacted below the cloud point at 37°C at a concentration of 20%(w/v) PEG in PBS.
The solutions were reacted to dpcg = 100 nm measured by DLS. Pre-reacted solutions could
be stored at —80°C for at least five months. Pre-reacted solutions were diluted to 2%(w/v) PEG
at room temperature with PBS and PBS + 1.5 M sodium sulfate to achieve a final sodium
sulfate concentration of 0.6 M and volume of 50 uL. The solutions were then heated above the
cloud point to 37°C for 45 min unless otherwise stated. Suspensions of microspheres were
buffer exchanged into PBS 2x to remove the sodium sulfate, diluting the microsphere solution
3:1 with PBS, titurating and centrifuging at 14,100g for 2 min. PEGg-VS /BSA microspheres
were formed by pre-reaction of PEGg-VS and BSA (12%(w/v) BSA + 8%(w/v) PEG in PBS,
37°C, reacted to dpcs = 100 nm), dilution10x at room temperature to obtain PBS + 0.65 M
sodium sulfate and reaction for 25 min at 37°C. The number of reactive amines per BSA was
assumed to be 36 [37]. PEGg-acrylate and PEGg-amine were pre-reacted (20%(w/v) PEG in
PBS, 37°C, reacted to dpcg = 100 nm), diluted 10x at room temperature to obtain PBS + 0.45
M sodium sulfate and reacted for 3—10 min at 95°C. To visualize the porous structure of the
microspheres, larger microspheres were produced as follows. The microspheres were formed
as described above, except in PBS + 0.8 M sodium sulfate to cause phase separation at room
temperature. Samples were held above the cloud point at room temperature for 5 min prior to
reaction at the temperature and time stated above.

Microsphere fabrication for scaffolds

S1P was dissolved in methanol at 0.5 mg/mL and divided into 287 nmol aliquots in Eppendorf
tubes. The methanol solutions were dried under nitrogen. The tubes were filled with 20% (w/
v) BSAiInPBS (1 nmol S1P/mg BSA) and rotated at 37°C until S1P was completely solubilized.
Pre-reacted solutions of PEGg-VS/PEGg-amine (2:1 VS:amine, dpcs = 50 nm, 20%(w/v)
PEG) or PEGg-VS/BSA/S1P (2:1 VS:amine, dpcs = 50 nm, 8.5%(w/v) BSA + 11.5%(w/v)
PEG ) were reacted for 30 min at 37°C with RGD peptide (sequence: GCGYGRGDSPG,
Genscript Corp.) at an RGD concentration of 5.5 mM [37]. Pre-reacted PEGg-VS-RGD/
PEGg-amine solutions (25 pL) were diluted 10x to obtain PBS + 0.6 M sodium sulfate and
heated for 45 min at 37°C. Pre-reacted PEGg-VS-RGD/BSA/S1P solutions (25 pL) were
diluted 10x to obtain PBS + 0.65 mM sodium sulfate. Microspheres were formed by incubation
of this solution for 25 min at 37°C. Pre-reacted PEGg-acrylate/PEGg-amine solutions (1:1
acrylate:amine, dpcg = 100 nm, 20%(w/v) PEG, 25 uL) were diluted 10x to obtain PBS + 0.45
mM sodium sulfate. Microspheres with low, medium, or high densities were formed by
incubation of this solution at 95°C for 3 min, 5 min, or 10 min, respectively. Microsphere
suspensions were buffer exchanged first into PBS and then into endothelial growth medium
(EGM; MCDB 131 medium supplemented with 10 ng/mL epidermal growth factor, 10 mg/
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mL heparin,1.0 mg/mL hydrocortisone, 1% penicillin—streptomycin, 2% FBS, and 12 mg/mL
bovine brain extract; Clonetics).

Scaffold assembly and cell seeding

PEGg-VS/PEGg-amine microspheres, PEGg-VS/BSA microspheres and PEGg-acrylate/
PEGg-amine microspheres (1:1:1 of washed microsphere solutions in EGM) were combined
and briefly mixed by tituration with 5x10° HepG2 cells in EGM in UV/vis cuvettes
(Brookhaven Instruments Corporation) to a final volume of 1 mL. Microspheres and cells were
centrifuged for 10 min at 1000g. Scaffolds were incubated for 48 h at 37°C followed by
replacement of the medium with fresh EGM containing 5x10° endothelial cells. Live/dead
assays were performed by incubating scaffolds for 30 min at 37°C with EGM containing 12
uM fluorescein diacetate (Sigma) and 250 uM ethidium bromide (Pierce).

Confocal microscopy

Rheometry

Statistics

Results

Fluorescence microscopy was performed with a Nikon Eclipse C1/80i confocal microscope.
Suspensions of fluorescently-labeled microspheres were imaged on glass microscope slides
(Corning Inc.) with a 20X objective (0.45 DIC L WD 7.4). Scaffolds were imaged in EGM
and within UV/vis cuvettes with a 10X objective (0.3 DIC L/N1 WD 16.0). Images were
processed and rendered in 3D using EZ-C1 3.70 FreeViewer software (Nikon Instruments Inc.).

Storage (G’) and loss (G”) moduli of bulk hydrogels and scaffolds were measured at room
temperature by oscillatory shear rheometry (25 mm parallel plate) on a rheometer (RFS3,
Rheometric Scientific). Viscoelasticity was measured at 5% strain within a frequency range of
1-100 Hz. Scaffolds (1 mm thickness) were formed from PEGg-VS/PEGg-amine microspheres
(2:1 VS:amine) as above, with centrifugation in silanized (Sigmacote) glass vials (25 mm
diameter). Bulk hydrogels were prepared in situ on the surface of the 25 mm parallel plate by
mixing 200 mg/mL solutions of PEGg-VS (200 pL) and PEGg-amine (200 L) in PBS, pH
10.0 at a 1:1 ratio.

Comparisons were by t-test with a p-value < 0.05 considered significant. Data were mean +
standard deviation.

Microsphere formation conditions

Reaction of PEG derivatives above the cloud point led to microsphere formation only under
specific conditions. To form microspheres at pH 7.4 and 37°C within 45 min, initial reaction
of the PEG macromonomers below the cloud point was required (‘pre-reaction’). We
previously demonstrated that the extent of the crosslinking reaction between eight-arm PEG-
vinylsulfone (PEGg-VS; 10 kDa) and eight-arm PEG-amine (PEGg-amine; 10 kDa) could be
monitored with dynamic light scattering (DLS) [35]. Well before gelation, PEG oligomers/
microgels with hydrodynamic radii >10 nm were observed by DLS and reached a mean
effective diameter (dpcs) of about 180 nm just prior to bulk gelation. To form microspheres,
solutions of 10% eight-arm PEG-vinylsulfone (PEGg-VS; 10 kDa) and 10% PEG-amine
(PEGg-amine; 10 kDa) were pre-reacted for about 6 h at 37°C in PBS (dpcs = 100 nm), diluted
to 2% PEG in PBS + 0.6 M sodium sulfate at room temperature and raised above the cloud
point to 37°C. These conditions allowed mixing of polymer and salt at room temperature and
did not lead to bulk gelation while the solution was heated to the cloud point. After phase
separation, the spherical PEG-rich domains coarsened and crosslinked over the course of 45
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min, resulting in the formation of stable PEG microspheres (Suppl. Movie 1). Following buffer
exchange into PBS, the microspheres had mean diameters of 6.65+1.65 um and a polydispersity
of 1.59 (Fig. 2a(i)). Other conditions critical for microsphere formation are summarized in
Table 1. Pre-reaction was necessary to form microspheres at 37°C within 45 min, but was not
necessary if the solutions were heated to 95°C (Suppl. Fig. 1). Vortexing during phase
separation led to the formation of a bulk gel consisting of microspheres (Suppl. Fig. 2). Too
high of a salt concentration also led to the formation of a bulk gel of microspheres, perhaps
due to the large density differences between the phases and rapid ‘floating’ of the PEG-rich
phase (Table 1).

Having found suitable conditions for stable microsphere formation, we then produced
degradable PEG microspheres for macropore formation. To fabricate degradable microspheres,
eight-arm PEG-acrylate (PEGg-acrylate; 10 kDa) was reacted with PEGg-amine. Hydrolysis
of the ester bonds present in the microspheres due to the acrylate group provided a mechanism
for dissolution of the microspheres [38]. Compared to vinylsulfone, the acrylate group has a
slightly lower reactivity toward amines [39]. The slower kinetics of the reaction were overcome
by pre-reaction for about 7 h (dpcs = 100 nm) and incubation for 5 min at 95°C in PBS + 0.45
M sodium sulfate at 2% PEG (Fig. 2a(ii)).

PEG/BSA microspheres were also produced for the delivery of the bioactive lipid S1P. We
previously demonstrated that controlled release of S1P from PEG/BSA hydrogels enhances
endothelial cell migration [37], and S1P is known to promote angio/vasculogenesis [40,41].
In contrast to the 100% PEG microspheres, production of PEG/BSA microspheres could not
be performed at high temperature due to denaturation of the BSA. Formation of microspheres
at 37°C required pre-reaction of PEGg-VS with amine groups on BSA. PEGg-VS was pre-
reacted with BSA for about 6.5 h (dpcs = 100 nm), followed by incubation for 25 min at 37°
C in PBS + 0.65 M sodium sulfate at 0.8% PEG and 1.2% BSA (Fig. 2a(iii)). A negative zeta
potential was observed for the PEG/BSA microspheres due to the presence of BSA, while
microspheres crosslinked with PEGg-amine were positively charged (Fig. 2b).

To examine the structure of the microspheres, PEGg-amine or BSA were fluorescently labeled
prior to microsphere formation. Larger microspheres were produced to better visualize the
microspheres by using a higher sodium sulfate concentration (0.8 M) to cause phase separation
at room temperature. After mixing, solutions were held at room temperature for 5 min before
raising the temperature to the values listed above. This protocol produced microspheres with
sizes up to about 100 microns in diameter. Microspheres were observed by confocal
microscopy, revealing that all three microsphere types were porous (Fig. 2¢(i-iii)).

Assembly of modular scaffolds

After formation, microspheres were buffer exchanged into PBS or cell culture medium and
reacted to form scaffolds. Unreacted vinylsulfone and amine groups were present on the
surfaces of the microspheres, evidenced by the aggregation and crosslinking of microspheres
overnight in PBS. To increase the availability of reactive groups for scaffold formation,
microspheres were produced with 2:1 or 1:2 ratios of PEGg-VS to PEGg-amine. The 2:1 and
1:2 ratio microspheres were mixed in PBS and compacted by centrifugation in UV/vis cuvettes
to permit in situ visualization by confocal microscopy. Stable scaffolds formed after 200 min
at 2000g, conditions that may not be favorable for cell survival. However, 2:1 ratio
microspheres formed stable scaffolds when centrifuged for 10 min at 1000g in the presence of
cell culture medium containing 2% serum followed by an overnight incubation at 37°C. The
presence of 2% serum was necessary for scaffold formation, indicating that serum proteins
served to crosslink the microspheres via reaction of amines on the proteins with vinylsulfone
groups on the microspheres. Scaffolds supported their own weight in medium (Fig. 3a) and
had storage moduli that were about an order of magnitude lower than bulk hydrogels formed
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from the same reactants (Fig. 3b). The storage moduli of the scaffolds were similar to liver
tissue and higher than Matrigel or collagen gels [42-45].

The distribution of macropores was controlled by the density (i.e. buoyancy) of the porogenic
microspheres relative to the other microsphere types. The density of the PEGg-acrylate/
PEGg-amine microspheres was changed by varying the length of the reaction at 95°C from 3
min to 10 min during their formation. Upon centrifugation, PEGg-acrylate/PEGg-amine
microspheres migrated to different locations relative to PEGg-VS/BSA microspheres,
producing gradients in porogenic microspheres (Fig. 4a). If the densities of the different
microsphere types were matched by selecting appropriate microsphere formation conditions,
scaffolds assembled from PEGg-VS/PEGg-amine microspheres and degradable PEGg-
acrylate/PEGg-amine microspheres demonstrated an even distribution of the two types of
microspheres (Fig. 4b). After incubation at 37°C for 2 days, the PEGg-acrylate microspheres
had completely dissolved, leaving behind a porous scaffold of the PEGg-VS/PEGg-amine
microspheres (Fig. 4c). Some microsphere aggregation prior to scaffold formation was
generally observed, but this had the desirable effect of increasing the size and connectivity of
macropores that eventually formed in the scaffolds. Assembly of all three types of microspheres
with matched densities also led to the formation of scaffolds with evenly distributed pores after
two days at 37°C (Fig. 4d).

Cell interactions with scaffolds

The standard scaffold formation conditions were well-tolerated by living cells (1000g for 10
min in medium with 2% serum followed by incubation at 37°C overnight). To support cell
adhesion, cysteine-containing RGD peptide was conjugated to PEGg-VS during pre-reaction
with PEGg-amine or BSA [36]. Cell-laden scaffolds were formed by mixing the RGD peptide-
derivatized microspheres with degradable microspheres and HepG2 hepatoma cells prior to
centrifugation. HepG2 cells were chosen as a surrogate for hepatocytes to assess the feasibility
of liver tissue engineering with these scaffolds, as in previous studies [15]. A live/dead assay
revealed the viability of HepG2 cells to be minimally impacted by centrifugation in the presence
of the microspheres (93.64 + 3.34% live cells). Dissolution of porogenic microspheres over
the course of two days in culture had no further effect on the survival of the HepG2 cells (91.94
+1.87% live cells), demonstrating that the degradation products of the porogenic microspheres
were not cytotoxic (Fig. 5a). The cells were evenly distributed in the scaffolds and surrounded
by but not encapsulated within microspheres (Fig. 5b). Viability after three weeks in culture
was lower, 43.4+ 9. 7% live cells, with medium changes every two days.

The potential for directed vascularization into the modular scaffolds was assessed by observing
the infiltration of human aortic endothelial cells after dissolution of the porogen. Due to the
formation of a tight seal between the scaffolds and the sides of UV/vis cuvettes, endothelial
cell migration only occurred from the top of the scaffold (Suppl. Figs. 3 & 4). For confocal
microscopy, the cuvettes were turned on their sides to allow imaging along the entire length
of the scaffold to a maximum observable depth of about 300 microns. The influence of
macroporosity on endothelial cell infiltration was investigated by introducing gradients of
porosity into scaffolds, which resulted in a highly porous 250-300 um upper layer and a less
porous lower layer (Fig. 6a). With RGD peptide incorporated in the scaffold, endothelial cells
(red) penetrated throughout the highly porous upper layer within 24 h (Fig. 6a(i)) and continued
to migrate into the less porous lower region by 48 h (Fig. 6a(ii)). No endothelial cell infiltration
was found when the scaffolds were formed without the porogenic microspheres (Fig. 6a(iii)).
With high porosity but no RGD peptide, endothelial cells were found only at the top of the
scaffold, illustrating that settling alone is not sufficient for infilration (Fig. 6a(iv)). To
specifically probe the influence of S1P release, endothelial cell migration rates into scaffolds
with uniform porosity were compared with and without loading of S1P into the PEGg-VS/BSA
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microspheres (Fig. 6b). The rate of endothelial cell migration increased from 2.6 £ 0.8 um/h
to 5.4 + 1.0 um/h when S1P was delivered from PEG/BSA microspheres (p < 1x1079).

Finally, we observed the infiltration of endothelial cells into scaffolds containing HepG2 cells.
The scaffolds formed with HepG2 cells and all three microsphere types were cultured for two
days to allow pore formation by dissolution of the PEGg-acrylate/PEGg-amine microspheres.
Scaffolds were dislodged from the cuvettes to permit endothelial cell infiltration from all sides
of the scaffolds. The HepG2 cells within these scaffolds were labeled with Vybrant DiO (green)
while the endothelial cells were labeled with VVybrant Dil (red). The PEGg-VS/BSA
microspheres were labeled with Dylight 633 (blue). With conjugated RGD peptide, endothelial
cell migration was observed after two days up to the maximum imaging depth of 300 um, with
and without delivery of S1P (Fig. 7).

Discussion

In this study, we introduce a new method of constructing tissue engineering scaffolds from
PEG-based microspheres. The method is highly scalable and amenable to macroporous
scaffold formation in the presence of living cells. Khademhossein et al. recently categorized
different methods of forming hydrogel scaffolds as either “top-down”, i.e. pore formation
followed by cell seeding, or “bottom-up”, i.e. assembly of cell-laden hydrogel modules [13,
19]. The present strategy does not fit either description but combines beneficial aspects of both
top-down and bottom-up strategies. Similar to top-down strategies, macropores for cell
infiltration are produced using a degradable porogen. Unlike the commonly used porogens,
PEGg-acrylate/PEGg-amine microspheres are non-cytotoxic and form macropores in the
presence of cells. Similar to bottom-up strategies, the scaffolds are assembled from smaller
modules. However, the modules may be assembled around cells due to their small size and do
not require encapsulation of cells within crosslinked bulk hydrogel. Assembly of microspheres
around cells may enhance transport of nutrients and facilitate removal of waste products. In
situ macropore formation may further enhance transport, even more so if directed
vascularization of scaffolds could be promoted. Additionally, the ability to produce
microsphere gradients may be useful to introduce gradients in mechanical stiffness or bioactive
factors to influence cellular responses to the scaffolds. Gradients in these properties may have
applications in both the transplantation of cells in vivo and the differentiation of stem cells in
vitro [46-48]. However, an increase in the stiffness/toughness of the current scaffolds would
aid in the handling of the scaffolds and allow engineering of tissue such as bone or cartilage.
Furthermore, the use of serum proteins to crosslink the microspheres may enhance the immune
response in vivo. Alternative strategies to crosslink the microspheres may address both
concerns.

The method of microsphere formation is similar to the coacervation method commonly used
to form gelatin microcapsules for drug encapsulation [49]. Gelatin is usually phase separated
from water using ethanol (solvent-induced) or sodium sulfate (thermally induced). Although
the term coacervation is not typically used with polymers, the processes are thermodynamically
indistinguishable. In the standard protocol for the production of gelatin microspheres, size is
controlled by rapidly stirring the solution in the presence of a stabilizer. Upon cooling, the
gelatin solidifies. The gelatin microspheres are then crosslinked with formaldehyde or other
agents to prevent rapid re-dissolution of the microspheres in water. An important distinction
between the current method and the gelatin method are that the PEG microspheres cannot be
solidified by cooling and must be crosslinked in situ. However, due to the ability to manipulate
the crosslinking kinetics, micron-sized PEG microspheres may be produced in the absence of
mixing or stabilizers. The technique, with modifications, should be applicable to other
crosslinkable polymers that exhibit a thermally induced phase separation.
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The current technique has some similarities to previous methods. Gelatin microspheres formed
by an emulsion process were previously used as porogens by the Mikos group [50]. Recently,
PEG-sebacic acid-diacrylate was used to form hydrogel microspheres by an emulsion process.
These were used as slowly dissolving porogens, but not in the presence of living cells [51].
Irvine and colleagues used saturated sodium chloride solutions to form aqueous emulsions of
PEG-methacrylate with the PEG-based surfactant Pluronic F-68 [52]. Martin & Vermette
reacted mono-activated PEG stirred above the cloud point in sodium sulfate with amine-
containing surfaces to produce low protein-fouling surfaces [53]. In addition to salts, phase
separation of PEG may also be effected by the presence of dextran and used to produce
microspheres or scaffolds in an all-aqueous system. Hennink and colleagues demonstrated that
vigorously mixed, phase separated all-aqueous solutions of PEG and dextran could be
polymerized by free-radical polymerization, resulting in crosslinked dextran or PEG
microspheres [34,54]. Dextran microspheres were produced with charged or hydrophobic
groups, which allowed non-covalent assembly of microspheres into scaffolds upon mixing of
lyophilized microspheres prior to addition of buffered water [55-57]. The sizes and
polydispersities of the microspheres were found to affect the stiffness of the formed scaffolds
[58]. Their results suggest that polydispersity in microsphere sizes may be beneficial, but only
if the smaller microspheres efficiently pack in the gaps between larger microspheres. Another
PEG/dextran strategy has been used to directly form macroporous dextran scaffolds, as
demonstrated by Shoichet and colleagues [10]. It was proposed that the scaffolds consisted of
dextran microspheres gelled together, similar to the bulk gel of microspheres observed under
some conditions here. Comparing the current method to the dextran/PEG method, sodium
sulfate is less expensive and perhaps more easily removed than dextran. Additionally,
formation of microspheres in the absence of mixing may be more challenging with free-radical
polymerization, because although polymerization occurs rapidly, initiation will often be a
heterogeneous process and may occur over a relatively long period of time.

Conclusions

The methods presented here for fabricating PEG microspheres advances the modular approach
to the design of tissue engineering scaffolds. By assembling multiple types of hydrogel
microspheres with diverse properties, we developed a highly scalable platform designed to
enhance biocompatibility while allowing control over bioactivity and porosity. Scalability
resulted from solution-phase synthesis of microspheres, while biocompatibility was enhanced
by the absence of surfactants, organic solvents and other additives. The enhanced
biocompatibility allowed assembly of scaffolds in the presence of cells, resulting in a
homogenous cellular distribution. Bioactivity was introduced via RGD peptide conjugation
and S1P delivery, both of which promoted endothelial cell infiltration. The use of porogenic
microspheres with different densities allowed introduction of gradients in macroporosity,
suggesting the potential to develop highly complex scaffolds. Production of libraries of PEG
microsphere with distinct properties may allow the development of advanced scaffolds with
application-specific architectures, bioactivity, mechanical properties and degradation kinetics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Production of microspheres and their assembly into bioactive modular scaffolds. (a) Eight-arm
PEG-vinylsulfone (PEGg-VS) was reacted with eight-arm PEG-amine (PEGg-amine) in PBS.
The Michael-type reaction was followed by dynamic light scattering to detect the formation
of PEG oligomers/microgels during crosslinking. At a certain mean effective diameter
(dpcs), sodium sulfate was added and the solution was heated above the cloud point. A similar
strategy was followed with eight arm PEG-acrylate (PEGg-acrylate) and PEGg-amine to
produce porogenic microspheres. Microspheres were produced for the delivery of sphingosine
1-phosphate (S1P) to promote endothelial cell migration by reacting PEGg-VS with bovine
serumalbumin (BSA). (b), Microspheres with different functionalities were mixed with HepG2
hepatoma cells in medium containing 2% serum and centrifuged for 10 min at 1000g and
allowed to crosslink overnight at 37°C. Within 48 h, PEGg-acrylate/PEGg-amine microspheres
dissolved to form macroporous scaffolds. Endothelial cells seeded on the scaffolds adhered
via RGD peptide incorporated in the non-degradable microspheres.
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Figure 2.

PEG or PEG/BSA microspheres were formed above the cloud point and then buffer exchanged
into PBS. (a) Phase-contrast photomicrographs with a 20X objective of: (i) PEGg-VS/PEGg-
amine (ii) PEGg-acrylate/PEGg-amine and (iii) PEGg-VS/BSA microspheres. Scale bar =
10um. (b) Zeta potentials of the three types of microspheres. The net charge was positive if
PEGg-amine was used to crosslink the microspheres, while the net charge was negative if BSA
was used as the crosslinker. (c) Confocal microscopy with a 10X objective of: (i) PEGg-VS/
PEGg-amine (ii) PEGg-acrylate/PEGg-amine and (iii) PEGg-VS/BSA microspheres.
Microspheres were formed under conditions that produced larger microspheres to aid in
visualizing their porous structure. Scale bar = 50um.
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Scaffolds may be formed by centrifuging microspheres in the presence of 2% serum. (a)
Photograph of a scaffold composed of PEGg-VS/PEGg-amine microspheres, PEGg-acrylate/
PEGg-amine microspheres and PEGg-VS/BSA microspheres. Microspheres were compacted
by centrifugation at 1000g for 10 min in the presence of HepG2 hepatoma cells and then
incubated for 12 h at 37°C in medium with 2% FBS. (b) Rheometric measurements of storage
(G?) and loss (G”) moduli of modular scaffolds formed from PEGg-VS/PEGg-amine
microspheres compared with bulk hydrogels formed by crosslinking PEGg-VS with PEGg-

amine below the cloud point.
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Figure 4.

Macroporosity was introduced in the presence of cells via dissolution of porogenic
microspheres. Images were obtained by confocal microscopy with a 10X objective. (a)
Scaffolds could be formed with gradients of microspheres by centrifuging PEGg-VS/BSA
microspheres (green) with (i) low, (ii) medium or (iii) high density PEGg-acrylate/PEGg-amine
microspheres (blue). The density of the PEGg-acrylate/PEGg-amine microspheres was varied
by reacting solutions of PEGg-acrylate and PEGg-amine in PBS + 0.45 M sodium sulfate at
95°C for: (i) 3 min, (ii) 5 min or (iii) 10 min. (b) A scaffold formed from PEGg-VS/PEGg-
amine microspheres (green) and PEGg-acrylate/PEGg-amine microspheres (blue) with
matched densities, imaged 12 h after centrifugation in cell culture medium at 37°C. (c) Scaffold
from (b) after 48 h in cell culture medium at 37°C. PEGg-acrylate/PEGg-amine microspheres
(blue) were no longer detectable. (d) Macroporous scaffold composed of PEGg-VS/PEGg-
amine microspheres (green), PEGg-acrylate/PEGg-amine microspheres PEGg-VS/BSA
microspheres (blue), 48 h after formation. Microsphere densities were matched to produce an
even distribution of macropores following dissolution of PEGg-acrylate/PEGg-amine
microspheres.
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Figure 5.

Scaffolds could be formed in the presence of cells. (a) HepG2 cell viability in a scaffold
composed of PEGg-VS/PEGg-amine microspheres, PEGg-acrylate/PEGg-amine microspheres
(blue) and PEGg-VS/BSA microspheres. The PEGg-acrylate/PEGg-amine microspheres were
no longer detectable, demonstrating complete hydrolysis of porogenic microspheres. HepG2
cells were stained with fluorescein diacetate (green; live) and ethidium bromide (red; dead).
(b) HepG2 cell viability in a scaffold similar to (a) but composed of PEGg-VS/PEGg-amine
microspheres, PEGg-VS/BSA microspheres (blue) and PEGg-acrylate/PEGg-amine
microspheres. HepG2 cells were evenly dispersed throughout the macroporous scaffold and
were surrounded by microspheres but not encapsulated in them. Live/dead assays were
performed 48 h after scaffold formation to allow porogen dissolution, revealing cell viability
of 91.9 £ 1.87% (n=3). Cells were imaged by confocal microscopy with a 10X objective.
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Figure 6.

S1P, porosity and RGD peptide affected endothelial cell migration in modular scaffolds. (a)
Migration of VVybrant Dil stained endothelial cells (red) into scaffolds composed of PEGg-VS/
PEGg-amine microspheres (green), PEGg-acrylate/PEGg-amine microspheres and PEGg-VS/
BSA microspheres (blue). Scaffolds were formed with: (i) RGD peptide and a highly porous
250-300 um upper layer, imaged 24 h after cell seeding, (ii) Same location within scaffold
from (i) at 48 h, (iii) RGD peptide but no porogenic microspheres, 24 h, (iv) No RGD peptide
but with porogenic microspheres, 48 h. (b) Migration of endothelial cells (red) into scaffolds
with uniform porosity composed of PEGg-VS/PEGg-amine microspheres, PEGg-acrylate/
PEGg-amine microspheres and PEGg-VS/BSA microspheres (with or without S1P-loaded,
green): (i) 60 h after cell seeding without S1P-loading, (ii) 108 h without S1P-loading, (iii) 60
h with S1P-loading, (iv) 108 h with S1P-loading. The maximum extent of migration of
endothelial cells was recorded at 50 um increments within each scaffold. The average rate of
migration increased from 2.57+0.76 pm/h to 5.4+1.02 um/h when S1P was released from the
PEGg-VS/BSA microspheres.
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Figure 7.

Endothelial migration into scaffolds containing HepG2 cells. Modular scaffolds were formed
from all three types of microspheres in the presence of HepG2 cells stained with Vybrant DiO
(green). After crosslinking with media proteins and hydrolysis of porogenic microspheres for
48 h, endothelial cells (red) were seeded onto all sides of the scaffolds. The scaffolds contained:
(i) S1P-loaded PEGg-VS/BSA microspheres (blue) without RGD peptide, (ii) PEGg-VS/BSA
microspheres (blue) loaded with S1P, with RGD, (iii) PEGg-VS/BSA microspheres (blue) not
loaded with S1P, with RGD. Cells were imaged by confocal microscopy with a 10X objective.
Endothelial cells migrated to the maximum observable distance (300 um) within two days with
or without S1P delivery. Scaffolds were imaged by confocal microscopy with a 10X objective.
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Summary of products resulting from microsphere fabrication methods
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Saltconc. (M sodium

sulfate +PBS; pH Pre-reaction (below the Reaction temperature and

7.4) cloud point) (dpcs)  time (above the cloud point) Result Image
PEGg-vinylsulfone/PEGg-amine

0.6 None 37°C, 45 min No microspheres or gel -

0.6 None 37°C, overnight Bulk gel of microspheres Suppl. Fig. 1a

0.6 None 95°C, 3 min Microspheres Suppl. Fig. 1b

0.6 100 nm 95°C, 3 min Microspheres Suppl. Fig. 1c

0.6 100 nm 37°C, 45 min Microspheres Fig. 2a(i)

0.6 100 nm 37°C, 45 min, with 5 min Bulk gel with irregular structure Suppl. Fig. 2
vortex

15 None 95°C, 5 min Bulk gel of microspheres -

15 100 nm 95°C, 5 min Bulk gel of microspheres -

PEGg-acrylate/PEGg-amine

0.45 100 nm 95°C, 10 min High density microspheres ™ . _Fig. 4a

0.45 100 nm 95°C, 5 min Medium density microsphergs Fig. 2a(ii), 4a

0.45 100 nm 95°C, 3 min Low density microspheres Fig. 4a

PEGg-vinylsulfone/BSA
0.65 100 nm 37°C, 25 min Medium density microspheres Fig.2a(iii)
0.65 100 nm 95°C, 10 min Denatured BSA -

*
Density is relative to PEGg-vinylsulfone/PEGg-amine microspheres (dpCs = 100 nm, 45 min at 37°C in PBS + 0.6 M sodium sulfate)
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