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Abstract

The LCST behavior of poly(ethylene glycol) (PEG) in aqueous sodium sulfate solutions was
exploited to fabricate microspheres without the use of other monomers, polymers, surfactants or
organic solvents. Reactive PEG derivatives underwent thermally induced phase separation to produce
spherical PEG-rich domains that coarsened in size pending gelation, resulting in stable hydrogel
microspheres between =~1-100 microns in size. The time required to reach the gel point during the
coarsening process and the extent of crosslinking after gelation both affected the final microsphere
size and swelling ratio. The gel point could be varied by pre-reaction of the PEG derivatives below
the cloud point, or by controlling pH and temperature above the cloud point. Pre-reaction brought
the PEG derivatives closer to the gel point prior to phase separation, while the pH and temperature
influenced the rate of reaction. Dynamic light scattering indicated a percolation-to-cluster transition
about 3-5 minutes following phase separation. The mean radius of PEG-rich droplets subsequently
increased with time to the 1/4™" power until gelation. PEG microspheres produced by these methods
with controlled sizes and densities may be useful for the production of modular scaffolds for tissue
engineering.
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Introduction

Hydrogel microparticles are useful in a wide variety of applications spanning from
chromatography resins to surface coatings [1,2]. A new and promising application of hydrogel
microparticles is their use as building blocks for the assembly of modular scaffolds [3-5]. A
variety of methods are available to produce hydrogel microspheres for modular scaffolds.
Mechanical methods include micromolding, atomization or microfluidics, which allow precise
control over size but produce microspheres in a serial manner [5-7]. Solution-phase methods
such as precipitation/dispersion or emulsion polymerization are highly scalable but often
require the use of organic solvents, surfactants or other additives that may negatively impact
biocompatibility [8]. Precipitation/dispersion polymerization of PEG-acrylate and N-
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isopropylacrylamide in water at 70°C produces sub-micron microgels that are about 60% PEG
by mass [2]. Emulsion polymerization of phase-separated PEG/dextran in water also results in
microsphere formation [9-11]. Due to the ability of PEG to resist non-specific protein
adsoption [12], it may be desirable to produce PEG microspheres by a solution-phase method
that does not rely on organic solvents, surfactants or other additives, as these may be difficult
to remove later. Hennink and colleagues previously used an emulsion polymerization to
produce PEG microspheres in aqueous magnesium sulfate solutions. The two phase solutions
were vigorously mixed but large aggregates of microspheres formed when crosslinked
following a thermally-induced phase separation [9].

PEG phase separates above a lower critical solution temperature (LCST) that can be lowered
to less than room temperature in the presence of kosmotropic salts [13—15]. Phase separation
occurs by nucleation and growth or by spinodal decomposition, dependent upon if the spinodal
line is crossed. The binodal and spinodal lines are affected by the molecular weight of the PEG,
such that no single LCST may be associated with a PEG solution undergoing crosslinking.
Furthermore, away from the critical concentration, single phase solutions exist between the
LCST and the binodal line. For simplicity, a cloud point temperature corresponding to the
binodal line is often reported rather than an LCST [14]. Following phase separation by
nucleation or spinodal decomposition, phase-separated domains grow in size (coarsen) by
coalescence and/or Ostwald ripening [16,17]. Coalescence results from collision and
subsequent fusion of minority phase-separated domains caused by Brownian motion, fluid flow
or buoyancy effects [18]. Ostwald ripening results from mass transfer from smaller domains
to larger domains by diffusion of minority phase molecules through the majority phase [19].
In both coalescence and Ostwald ripening, the mean sizes of the phase-separated domains
evolve as ro timel/3, where ris a characteristic length scale of the phase-separated domains
[18-20]. Given enough time, coarsening results in the formation of two distinct phase separated
layers due to differences in the densities of the phases.

We demonstrate here that 100% PEG microspheres may be formed in unstirred aqueous salt

solutions. To form microspheres, reactive PEG derivatives were mixed and gelled soon after
a thermally induced phase separation. The sizes of the formed microspheres were affected by
the rate of reaction relative to the rate of coarsening and the extent of reaction both before and
after phase separation. The fabrication method is simple, reproducible, scalable and does not
rely on the use of organic solvents, surfactants, co-monomers or other additives.

2. Materials and Methods

2.1. Pre-reaction of PEG derivatives below the cloud point

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-acrylate and PEGg-amine, which were synthesized as
previously described [21,22]. PEGg-VS and PEGg-amine solutions were prepared at 20% (w/
v) in Dulbecco’s phosphate buffered saline (Pierce) and sterile filtered with 0.22 pum syringe
filters (Millipore). PEGg-VS was ‘pre-reacted’ with PEGg-amine below the cloud point by
combining the solutions at a 1:1 ratio of vinylsulfone to amine groups for a total volume of 1
mL in 1.5 mL centrifuge tubes. Once mixed, these solutions were reacted by incubation at 37°
C with rotation at 40 rpm. The progress of the reactions was followed by dynamic light
scattering (DLS) until the desired mean effective diameter (dpcs) was reached. For gel
permeation chromatography, PEGg-V'S was reacted with PEGg-amine to a dpcg = 50 nm. The
reaction was stopped by incubation with 2-mercaptoethanol for 1 h at 37°C ata
thiol:vinylsulfone ratio of 2:1, which did not change the dpcs. GPC was performed by
PolyAnalytik (London, ON, Canada) using a Viscotek Model 302-050 detector detecting light
scattering, viscosity and refractive index. Samples (0.5 mg PEG) were dissolved in 0.05 M
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sodium nitrate. Three columns were used in series (PolyAnalytik High Resolution Aqueous
Columns: PAA-202.5, exclusion limit 10 kDa; PAA-203, exclusion limit 100 kDa;
PAA-206M, exclusion limit 20 MDa) calibrated with poly(ethylene oxide) standards.

2.2. Cloud point determination

Solutions of PEGg-VS, PEGg-acrylate or PEGg-amine were diluted to 2% (w/v) from the 20%
(w/v) stock solutions with PBS and PBS + 1.5 M sodium sulfate to achieve the desired sodium
sulfate concentration. Cloud points of the polymers were determined by increasing solution
temperatures in a thermal cycler in 2°C steps (PCR Sprint Thermal Cycler, Thermo Electron
Corp.) and visually observing the temperature at which the cloud point was reached.

2.3 Fluorescent labeling of PEG derivatives

A 20% (wi/v) solution of PEGg-VS in PBS was incubated with L-cysteine in a 100:1 ratio of
PEG:cysteine at 37°C for 30 min. A 10 mg/mL solution of Dylight-488 NHS-ester (Pierce) in
dimethylformamide was then added to the solution in a 1:1 ratio of cysteine:Dylight-488 and
incubated overnight at 25°C to produce fluorescent PEGg-VS. To fluorescently label PEGg-
amine, a 10 mg/mL solution of Dylight-488 or Dylight-633 (Pierce) in dimethylformamide
was added to a 20% (w/v) solution of PEGg-amine in a 100:1 ratio of PEG:dye and incubated
overnight at 25°C.

2.4. Microsphere fabrication and characterization

PEGg-VS/PEGg-amine microspheres were fabricated from pre-reacted solutions of PEGg-VS
and PEGg-amine (dpcs = 100 unless otherwise stated). The 20% (w/v) PEG pre-reacted
solutions were diluted to 2% (w/v) PEG with PBS and PBS + 1.5 M sodium sulfate to a final
sodium sulfate concentration of 0.6 M and volume of 50 pL. The PEGg-VS/PEGg-amine
solutions were then incubated above the cloud point at 37°C for 45 min unless otherwise stated.
Suspensions of microspheres were subsequently buffer exchanged into PBS 2x to remove the
sodium sulfate by: (1) diluting the microsphere solution 3:1 with PBS and titurating, (2)
centrifuging at 14,1009 for 2 min, (3) removing the supernatant. Phase contrast
photomicrographs of microspheres at 20x were used to analyze the sizes of >500 microspheres
at each condition from three separately prepared samples. Microspheres were manually
thresholded and quantified with ImageJ software (NIH). Comparisons were made by one-factor
ANOVA with a Scheffe post-hoc test. PEGg-acrylate/PEGg-amine microspheres were
produced as above but in PBS + 0.8 M sodium sulfate incubated 5 min at room temperature
and then 5 min at 95°C.

2.5. Dynamic light scattering (DLS)

Mean effective hydrodynamic diameters (dpcs) of pre-reacted solutions were monitored by
dynamic light scattering/photon correlation spectroscopy (DLS/PCS; 90Plus Particle Size
Analyzer, Brookhaven Instruments, Holtsville, NY) at a scattering angle of 90° and wavelength
of 658 nm. Calculation of dpcg and statistical analysis of the results were performed using
Brookhaven Instruments Particle Sizing Software (version 2.34, Brookhaven Instruments).
Disposable polystyrene cuvettes (Brookhaven Instruments) were cleaned 1x with 95% ethanol
and 2x with D1 water prior to use. The progression of oligomer/microgel growth was monitored
by diluting samples (30 uL) with PBS (3 mL final volume) prior to analysis at 25°C. Coarsening
of PEG-rich phases was also monitored by DLS (3 mL, 1 or 2% (w/v) PEG, PBS + 0.6 M
sodium sulfate). Mean effective diameters of the phase-separated domains were measured as
the temperature of the solutions was raised to 37°C within the instrument.
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2.6. Confocal microscopy

Fluorescence microscopy was performed with a Nikon Eclipse C1/80i confocal microscope.
Suspensions of fluorescently labeled derivatives or microspheres were imaged on glass
microscope slides (Corning Inc.) with a 20x objective (0.45 DIC L WD 7.4). Images were
processed using EZ-C1 3.70 FreeViewer software (Nikon Instruments Inc.).

2.7. Statistics

A p-value < 0.05 was considered significant. Data were mean + standard deviation unless
otherwise indicated.

3. Results

3.1. Microsphere fabrication

Hydrogel microspheres were formed by crosslinking PEG macromonomers above the cloud
point (Fig. 1). Initial reaction of the PEG macromonomers below the cloud point (“pre-
reaction’) was found to influence the reaction time required to obtain stable microspheres.
Below the cloud point, reaction of eight-arm PEG-vinylsulfone (PEGg-VS, 10 kDa) with eight-
arm PEG-amine (PEGg-amine, 10 kDa) in a 1:1 molar ratio at a concentration of 20% (w/v)
PEG in phosphate buffered saline (PBS, pH 7.4) resulted in the formation of a bulk hydrogel
in about 7 h at 37°C. The progress of the pre-reaction toward the gel point was followed by
dynamic light scattering/photon correlation spectroscopy (DLS/PCS), which provided an
intensity-weighted (i.e. z-average) measure of the mean effective diameter (dpcg) of polymers
in the reacting solution. A dpcs of about 10 nm was observed after a few hours of reaction
while a dpcg of about 180 nm was found just prior to gelation. Solutions reacted to a dpcg =
50 nm were characterized by gel permeation chromatography (GPC), which revealed that PEG
microgels with >10 nm hydrodynamic radius constituted 32.6 wt% of the PEG (Fig 2A).
Monomeric (i.e. unreacted) PEG comprised 12.9 wt% of the PEG, with the remainder of
solution being oligomers of PEGg-VS and PEGg-amine. The intensity-weighted signal of right
angle light scattering was much more sensitive to the presence of larger reacted PEG species
(microgels) than monomers and oligomers, as expected (Fig. 2B). Thus, the dpcg from DLS
was a measure of the average size of only the largest PEG oligomers/microgels, but was a
useful metric to monitor the progress of pre-reaction. Solutions pre-reacted to dpcs = 100 nm
were diluted to 2% (w/v) PEG in PBS + 0.6 M sodium sulfate at room temperature. Dilution
was important to slow the rate of the pre-reaction, as a solution with dpcg = 100 nm was about
30 min from the gel point at 20% (w/v) PEG and 37°C. Diluted to 2% (w/v), gelation was not
observed within 24 h, consistent with a 100-fold decrease in the rate of the second order reaction
expected for the 10-fold dilution. The solutions were diluted in PBS + 0.6 M sodium sulfate,
which was below the cloud point of the solution at room temperature. To cause phase
separation, the temperature of the diluted solution was raised to 37°C, producing spherical,
PEG-rich domains. Within 45 min, stable PEGg-VS/PEGg-amine microspheres formed that
were stable following buffer exchange into PBS (Fig. 3A). As the length of the pre-reaction
step was increased, i.e. at larger dpcs values, the sizes of the formed microspheres decreased
(Fig. 3B). Generally, microspheres formed aggregates during production that were easily
dispersed via tituration.

The importance of pre-reacting the components before phase separation may have been due to
the dramatic difference in the cloud point between PEGg-VS and PEGg-amine. The cloud point
of 2% (w/v) PEGg-VS in PBS + 0.6 M sodium sulfate was close to room temperature, while
the cloud point of the cationic PEGg-amine was >100°C (Fig. 4A). Eight-arm PEG-acrylate
(PEGg-acrylate, 10 kDa) was found to phase separate at lower temperatures than PEGg-VS.
DLS was used to investigate the effects of the charged PEGg-amine on the early stages of
coarsening above the cloud point of PEGg-VS (Fig. 4B). A linear relationship was found
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between the mean diameter of the phase-separated domains and time, which is expected in the
early stages of phase separation [23]. A plateau in coarsening was reached 3-5 minutes after
phase separation that may correspond to a percolation-to-cluster transition [23]. Following a
percolation-to-cluster transition, growth is expected to slow from ro time to roc timel/4 or
ro timel/3, where ris the mean radius [20,23,24]. The rate of coarsening of a PEGg-V'S solution
was not greatly affected by the presence of PEGg-amine if the two components were mixed
just prior to raising the temperature above the cloud point. However, pre-reaction of PEGg-VS
with PEGg-amine to a dpcs = 100 nm led to a delay in phase separation and a plateau at 700
nm instead of 1400 nm, indicating that PEGg-amine may have had a stabilizing or emulsifying
effect on the phase-separated PEG.

3.2. Confocal microscopy of microspheres during formation

Coarsening was further investigated by visualizing fluorescently labeled, phase-separated PEG
derivatives via confocal microscopy. To observe Ostwald ripening, solutions of fluorescent
PEGg-VS and fluorescent PEGg-amine were separately raised above their cloud points in PBS
+ 1.2 M sodium sulfate and then mixed (Fig. 5A&B). Without detecting coalescence, the
fluorescent PEG derivatives transferred between the two types of spherical domains over time.
The exchange must have occurred via mass transfer through the majority phase, indicating that
Ostwald ripening may contribute to the coarsening of the PEG domains. Coarsening was also
visualized by confocal microscopy using a salt concentration more typical for microsphere
formation (PBS + 0.6 M sodium sulfate). Fluorescent PEGg-VS and fluorescent PEGg-amine
were pre-reacted to a dpcs = 100 nm and then heated for 15 min at 37°C. The ratio of PEGg-
V'S to PEGg-amine within the spherical domains varied between microspheres, as judged by
the relative fluorescence intensities. Some of these spherical domains were observed to
coalesce, forming larger spheres with an intermediate ratio of the two types of PEG (Fig. 5C).

Over the course of 20 min, coalescence of PEG-rich domains became less frequent and
unlabeled regions began to appear. Both PEG derivatives were fluorescently labeled and thus
the unlabeled region was a water-rich, polymer-poor phase (Fig. 6A). Water-rich domains grew
in size within the PEG-rich spherical domains. Eventually, the water-rich droplets ceased to
grow in size suggesting that the PEG-rich domains had reached the gel point. To better visualize
the structure of the formed microspheres, relatively large fluorescent microspheres (=100 pm
instead of =10 um) were generated by lowering the cloud point to below room temperature
and allowing the solution to coarsen at room temperature for 5 min before raising the
temperature to 37°C for 45 min. The stable, buffer exchanged microspheres were found to be
porous, with a wide range of pore sizes (Fig. 6B(i)). Microspheres were also produced using
a similar methodology from pre-reacted solutions of PEGg-acrylate and PEGg-amine, which
exhibited the same porous structure (Fig. 6B(ii)).

3.3. Effects of length of reaction above the cloud point, pH and temperature on microsphere

size

During buffer exchange into PBS to remove sodium sulfate, microspheres swelled to much
greater sizes (Fig. 7). The swelling ratio (Q, the increase in volume after buffer exchange)
decreased with increasing reaction time above the cloud point (Table 1). Increasing lengths of
reaction above the cloud point resulted in decreasing swollen microsphere sizes, but after 45
min at pH 7.4 or 75 min at pH 6.5, the swollen microsphere sizes did not decrease further (Fig.
8A). Despite the large differences in the sizes of microspheres following buffer exchange into
PBS (‘swollen’), the sizes of the microspheres prior to buffer exchange (‘unswollen’) were
unaffected by the length of time above the cloud point. A lower pH during the crosslinking
reaction increased the sizes of both swollen and unswollen microspheres, which is contrasted
with the length of reaction time that only affected the sizes of swollen microspheres (Table 1;
Fig. 8B). The swelling ratio was not greatly affected by the pH of the reacting solution (Table
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1). Temperature was also observed to impact microsphere size, with higher reaction
temperatures resulting in smaller microspheres (Fig. 9). The polydispersity index of
microspheres was measured as a function of pH and was 3.3 for microspheres formed at pH
7.4 (Fig. 8B, inset). The observed distributions of the microspheres more closely resembled
that expected for coalescence than for Ostwald ripening (Fig. 10).

4. Discussion

Several factors influenced the production of 100% PEG microspheres via thermally induced
phase separation in the absence of surfactants or organic solvents. Microsphere sizes were
affected by the extent of pre-reaction below the cloud point, pH, temperature, and the duration
of the crosslinking reaction above the cloud point. The results suggested that the final swollen
microsphere sizes were determined primarily by two factors: the degree of coarsening of PEG-
rich domains prior to reaching the gel point and the extent of crosslinking within microspheres
beyond the gel point.

Coarsening of the phase-separated PEG-rich domains occurred by a combination of Ostwald
ripening and coalescence. Although the two mechanisms follow the same growth law, r o
time/3, they can be distinguished by the resulting microsphere size distributions [20]. During
coarsening, the sizes of phase-separated domains are polydisperse and the observed
microsphere size distributions likely reflected the polydispersity of the phase-separated
domains at the time of gelation [18-20,25]. The PEG microsphere size distributions displayed
a leftward-shifted mean, indicative of coarsening dominated by coalescence instead of Ostwald
ripening (Fig. 10) [20]. This conclusion was further validated by the frequent observation of
coalescence by confocal microscopy under conditions typical for microsphere formation (Fig.
5).

Coarsening was halted by gelation and thus the length of time required to reach the gel point
was a major determinant of microsphere sizes. The rate of reaction should increase with
increasing temperatures according to the Arrhenius equation, and thus the gel point will be
reached earlier. With less time for coarsening, smaller sized microspheres would be expected,
agreeing with our observation (Fig. 9). In principle, coarsening should also proceed more
quickly at high temperatures leading to larger microspheres, but apparently temperature
affected the reaction rate more than the coarsening rate.

Increased pre-reaction below the cloud point resulted in the formation of smaller microspheres.
Pre-reaction of the PEG-derivatives should simply bring the solution closer to the gel point.
With less time required for gelation, the gel point would occur earlier in coarsening, resulting
in smaller microspheres. The effect of pre-reaction on microsphere size was analyzed via a
power law plot of the data in Figure 3B. The pre-reaction times were expressed as the fraction
of time remaining to reach the gel point, (tye| — tpre-reaction)/tgel- The gel point (tge|) was reached
in 7 h under the standard conditions (pH 7.4, 20% (w/v) PEG, 37°C). The power law plot of
microsphere mean diameters versus the fractional time remaining to reach the gel point led to
a reasonable linearization of the data, with a slope of 0.24 (Figure 11A). This suggested a r o
timel/4 growth law.

Similarly, pH influenced microsphere size, with lower pH resulting in larger microspheres.
The rate of the reaction between the vinylsulfone and amine is decreased at low pH due to a
decrease in the concentration of highly nucleophilic unprotonated amines. The observed rate
constant as a function of pH for the second order reaction is kops = ko/(1+10PKa=PH) \where
k, is the rate constant for reaction of vinylsulfone with the unprotonated amine [26]. The effect
of pH was analyzed by assuming that the mean time to reach the gel point was the major
determinant of microsphere size. The mean time to reach the gel point for this second-order
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reaction should scale with pH as time o 1 + 10PKa~PH (see Supplemental Materials for further
discussion). Thus, a plot of log(mean microsphere diameter) versus log(1 + 10PKa-PH) should
yield a straight line with a slope of 1/3 if the r o timel/3 growth law is followed. Linear
regression supported such a power law relationship, but with a measured slope of 0.24, which
is the same slope observed for the power law plot of mean microsphere diameters versus
fractional time remaining for gelation. Microspheres formed at pH 6 and 6.5 were not included
in the analysis because their swollen sizes were far from asymptotic at 45 min as judged by
the results in Figure 8A and thus should swell to much greater extents than microspheres
produced at higher pHs.

Both power law plots supported an ro timel* growth law instead of a growth law, which is
plausible based on previous results in the literature. Immediately following phase separation,
the PEG-rich domains may be connected in a percolated, network-like structure [27]. Surface
tension drives the flow from the thin, connected web of phase separated polymer into larger
clusters [28]. During this initial flow-driven period, a relatively rapid ro time growth law is
followed [23,27]. Upon reaching the percolation-to-cluster transition, the growth law changes
to ro timel/4, eventually evolving to the classical roc timel/3 growth law [23,24]. Analysis
of the early stages of phase separation by DLS (Figure 4B) supported the roc time growth law
immediately following phase separation. Power law plots of dpcg versus time for the DLS
results revealed exponents in the range of 0.67, 1.0, 0.84 and 1.7 for 1% PEG, 2% PEG,
PEGg-VS/PEGg-amine without pre-reaction, and PEGg-VS/PEGg-amine with pre-reaction,
respectively. After about 4 min, DLS indicated a plateau or asymptote in domain size growth.
These findings are consistent with light scattering studies of polymer solutions following
thermally induced phase separation, in which an initially linear growth regime was followed
by a period of much slower growth [27]. Molecular dynamics simulations suggest a transition
from the ro time growth law to a ro timel/4 growth law [24]. The ro timel/ growth law
observed here may reflect that the gel point is reached during this intermediate period of phase
separation. However, we cannot dismiss the potential effects of the loss of small microspheres
during washing or the inability to observe small microspheres by phase contrast microscopy
at 20x magnification. Smaller microspheres would more likely be excluded from the mean
values of the faster gelling conditions. This may skew the slope of the power law plots
downward due to overestimating the average size of microspheres for the fastest gelling
conditions. Nonetheless, the similar exponents obtained in two separate sets of experiments
suggest that the roc timel/# growth law governs the sizes of microspheres formed under these
conditions.

The length of incubation time above the cloud point also influenced the sizes of microspheres
that formed, but the mechanism was not directly related to the gelation time. While the pH
affected the sizes of both swollen (i.e. buffer exchanged) microspheres and unswollen
microspheres (i.e. still above the cloud point), the length of incubation beyond the gel point
only affected the sizes of the swollen microspheres (Table 1). Coarsening should be halted
after the PEG-rich domains reached the gel point and further reaction should not alter the sizes
of unswollen microspheres. Further reaction beyond the gel point should only increase the
density of crosslinks within the microspheres, affecting the degree of swelling following buffer
exchange. The expected relationship between swelling and crosslink density Q o M3/ is
according to the Flory-Rehner equation, where Q is the swelling ratio and M is the molecular
weight between crosslinks [29]. The molecular weight between crosslinks will decrease as the
reaction proceeds and will be determined by the rate of the second order reaction between
vinylsulfone and amine groups and the combinatorics of the end-group reaction. However,
quantitative analysis is not possible without detailed knowledge of the kinetics of the
crosslinking reaction and the nature of defects in the network structure. Qualitatively, the
decrease in mean diameter found with increasing reaction time was consistent with the expected
decrease in Q with decreasing M.
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The current method produced microspheres that were not only polydisperse but were also
porous. Pore formation has been previously observed in gelatin coacervates, in which vacuoles
developed following a decrease in temperature [30]. In PEG/water biphasic systems, an
increase in molecular weight broadens the binodal curve, increasing the PEG equilibrium
concentration in the PEG-rich domains [14]. Thus, water should be released during crosslinking
to form water-rich domains inside the PEG-rich domain. These water-rich domains coarsen
inside the PEG-rich phase, resulting in pores after gelation if the water-rich domains are unable
to diffuse to the surface of the PEG-rich phase. Additionally, clusters of microspheres
developed over time in solution and likely resulted from the reaction of residual vinylsulfone
and amine groups present within the microspheres. Occasionally, microspheres were observed
that appeared to consist of two or more microspheres that gelled while coalescing. The
polydispersity in microsphere sizes, porosity, and slight aggregation produced by this method
are inherent in the formation mechanism and must be compatible with the end application of
the microspheres.

5. Conclusion

The two major factors that determined microsphere sizes were the extent of coarsening that
occurred prior to gelation and the extent of crosslinking within the microspheres beyond the
gel point. The mean diameter of unswollen microspheres was determined solely by the first
factor. Swelling of microspheres was determined solely by the second factor. The mean
diameter of swollen microspheres was thus dependent on both factors. The microsphere sizes
were polydisperse, which likely reflected the distribution of sizes of phase domains generated
during coarsening. Using the principles outlined here, the size and density of the 100% PEG
microspheres may be engineered with high precision for a variety of end applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Microsphere production from eight-arm PEG-vinylsulfone (PEGg-VS) reacted with eight-arm
PEG-amine (PEGg-amine). The Michael-type reaction was followed by dynamic light
scattering (DLS) to detect the formation of PEG oligomers/microgels during crosslinking prior
to phase separation (“‘pre-reaction’). At a certain mean microgel diameter, the pre-reacted
solution was diluted in PBS + 0.6 M sodium sulfate and then heated above the cloud point to
produce microspheres.
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Figure 2.

Gel permeation chromatography of PEGg-V'S and PEGg-amine pre-reacted to dpcs = 150 nm.
The reaction was halted by capping remaining vinyl sulfone groups with 2-mercaptoethanol.
The absolute molecular weight was determined by detection of light scattering and refractive
index. A) Molecular weight (black) and refractive index (gray) of eluted polymers. The peak
at 27.6 min was confirmed to be monomeric PEGg-VS in a separate run. B) Intensity of right
angle light scattering (black) plotted against hydrodynamic radius. This should correspond well
to the signal recorded by DLS of the pre-reacted samples. Refractive index (gray) is shown for
comparison.
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Figure 3.

Pre-reaction of PEG below the cloud point promoted microsphere formation. A) Phase-contrast
photomicrograph at 20x magnification of PEGg-VS/PEGg-amine microspheres following
buffer exchange into PBS. Scale bar represents 50 um. B) PEGg-VS and PEGg-amine were
pre-reacted below the cloud point to various degrees. Solutions were diluted to 2% (w/v) PEG
in PBS + 0.6 M sodium sulfate, incubated for 45 min at 37°C and buffer exchanged into PBS.
Under these conditions, stable microspheres were only formed using pre-reacted PEG.
Increased pre-reaction (less time to gel point or larger dpcs values) significantly decreased the
sizes of mean microsphere diameters. Data represent n = 500 microspheres. * p < 0.05 versus
all other conditions.
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Figure 4.

A) Cloud points of 2% (w/v) PEGg-VS, PEGg-amine (PEGg-Am) and PEGg-acrylate (PEGg-
Ac) in PBS + sodium sulfate at pH 7.4. Data represent n = 3 and standard deviations were <
1°C for all points. B) DLS of PEG solutions above their cloud points demonstrated that mean
effective droplet diameters (dpcg values) increased linearly with time during early stages of
coarsening, as expected for the early stage of phase separation. Later, an apparent plateau in
coarsening was observed, possibly corresponding to a percolation-to-cluster transition. Mixing
PEGg-VS with PEGg-Am just prior to phase separation had little effect on the early stage of
coarsening. Pre-reaction of these components to dpcs = 100 nm delayed phase separation and
led to a plateau at a much lower mean diameter. Data represent three independent samples
averaged over 10 runs.

Biomaterials. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nichols et al.

A

PEGg-
amine only

4 min after
PEGg-VS added

20 min after
PEGg-VS added

Page 14

Combined PEGg-VS PEGg-amine
Fluorescence

Component Component

Figure 5.

The formation of PEGg-VS/PEGg-amine microspheres was observed by confocal microscopy
using fluorescently labeled PEG derivatives. A) PEGg-VS (green) and PEGg-amine (blue) were
separately added to PBS + 1.2 M sodium sulfate to cause phase separation at room temperature.
The phase separated solutions were then mixed. Mass transfer occurred between the droplets
without coalescence, indicating that Ostwald ripening may contribute to coarsening. B) Mass
transfer was also directly observed under the same conditions between adjacent PEG-rich
droplets without coalescence. C) Using conditions more typical of microsphere formation,
PEG-rich droplets are shown before (i) and after (ii) coalescence. PEGg-VS (green) was pre-
reacted with PEGg-amine (blue) to dpcs = 100 nm and then crosslinked above the cloud point
for 15 min at 37°C in PBS + 0.6 M sodium sulfate.
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Figure 6.

Microspheres formed above the cloud point are porous. A) Development of water-rich droplets
was observed within forming PEGg-VS/PEGg-amine microspheres by confocal microscopy.
Fluorescently labeled PEGg-VS (green) was mixed with PEGg-amine (blue) in PBS + 0.6 M
sodium sulfate and heated at 37°C for 15 min: (i—iii) progression of coarsening of water-rich
domains within PEG-rich droplets over 15 min. B) To visualize the porous structure, larger
microspheres were produced by pre-reacting all samples to dpcg = 100 nm and diluting in PBS
+ 0.8 M sodium sulfate, followed by reaction for 5 min above the cloud point at 25°C prior to
further reaction as follows: (i) PEGg-VS/PEGg-amine (green), 37°C for 45 min (ii) PEGg-
acrylate/PEGg-amine (blue), 95°C for 5 min.
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Figure 7.

Representative phase-contrast photomicrographs demonstrating swelling of PEGg-VS/PEGg-
amine microspheres following buffer exchange into PBS. All microspheres were formed from
pre-reacted solutions (dpcg = 100 nm) diluted to 2% (w/v) in PBS + 0.6 M sodium sulfate and
incubated at 37°C for: (i) 15 min at pH 6.5 without buffer exchange, (ii) 15 min at pH 6.5 with
buffer exchange, (iii) 15 min at pH 7.4 without buffer exchange, (iv) 15 min at pH 7.4 with
buffer exchange, (v) 105 min at pH 6.5 without buffer exchange, (vi) 105 min at pH 6.5 with
buffer exchange, (vii) 75 min at pH 7.4 without buffer exchange, and (viii) 75 min at pH 7.4
with buffer exchange. Scale bars represent 25 pum.
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Figure 8.

Swollen microsphere sizes were affected by the reaction duration and pH. Unless otherwise
stated, microspheres were formed from pre-reacted solutions of PEGg-VS and PEGg-amine
(dpcs = 100 nm) diluted to 2% (w/v) in PBS + 0.6 M sodium sulfate, incubated at 37°C for
45 min, and buffer exchanged into PBS. A) Microsphere diameters decreased with increasing
incubation time above the cloud point, with pH 6.5 microspheres approaching but not matching
pH 7.4 sizes even at extended times. For pH 6.5 reactions, PEG solutions were pre-reacted to

dpcs = 150 nm to allow multiple observations prior to microsphere aggregation/bulk gel

formation. Data represent n = 500 microspheres at each timepoint. * p < 0.05 versus the 105
min timepoint for pH 6.5 and # p < 0.05 versus the 75 min timepoint for pH 7.4. No significant

changes in size were observed after 75 min at pH 6.5 or after 45 min at pH 7.4. B) Microsphe
diameters and polydispersity indices (PDIs) were observed to decrease with increasing pH.

re

Data represent n = 500 microspheres at each pH. * p < 0.05 versus all other pHs and # p < 0.05

versus pH 6.0 -7.4.
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Figure 9.

Temperature effect on swollen microsphere sizes. Phase-contrast photomicrographs of
microspheres produced from pre-reacted solutions of PEGg-VS and PEGg-amine (dpcg = 100
nm) diluted to 2% (w/v) in PBS + 0.6 M sodium sulfate and incubated at pH 7.4 for: (i) 45 min
at 37°C (ii) 10 min at 65°C (iii) 5 min at 95°C. Scale bars represent 25 pm.
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Distributions of formed microspheres were similar to those expected for coalescence. A)
Theoretical size distributions expected to result from Ostwald ripening or coalescence. B and
C) Observed distributions of PEGg-VS/PEGg-amine microspheres formed from pre-reacted
solutions of PEGg-VS and PEGg-amine (dpcs = 100 nm) diluted to 2% (w/v) in PBS + 0.6 M
sodium sulfate and incubated at 37°C for 45 min at: (B) 7.4 (C) 8.5. Histograms were
constructed using 100 bins for 500 randomly selected microspheres for each pH.
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Microsphere size as a function of characteristic time to the gel point revealed similar growth
laws during coarsening. Power law plots of mean microsphere diameter versus: (A) normalized
time remaining to the gel point based on the degree of pre-reaction using the data in Fig. 2B.
(B) the pH-dependent amine reactivity using the data from Fig. 8B. Linear regression yielded
slopes equal to 0.24 for both plots. The expected value for coarsening by Ostwald ripening
and/or coalescence is 1/3, corresponding to an R o timel/3 growth law, where R is the mean
radius of the phase-separated domains. Standard deviations were calculated by propagation of

error.
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Table 1

Swelling ratios of microspheres in Fig 7. Q was the ratio of the unswollen mean volume to the swollen mean volume,

with volumes calculated from mean diameters.

pH 6.5 pH 7.4
Incubation time (min) 15 105 15 75
Mean unswollen diameter (mm) 8.78+3.83 8.37+3.65 5.51+1.91 4.90+1.66
Mean swollen diameter (mm) 32.41+14.92 16.10+8.99 21.44+9.65 9.36+5.29
Q (swelling ratio) 50.32 7.13 58.98 6.99

Note: differences in mean microsphere diameters were statistically significant except for unswollen microspheres at pH 6.5 (15 vs. 105 min) and pH 7.4

(15 vs. 75 min).
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