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Synthesis and functionalization of monodisperse poly(ethylene glycol)
hydrogel microspheres within polyelectrolyte multilayer microcapsulest
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Polyelectrolyte multilayer microcapsules were used as templates
to prepare monodisperse poly(ethylene glycol) (PEG) hydrogel
microspheres, which can react with amine-bearing molecules.

Poly(ethylene glycol) (PEG) is a widely used and accepted
biomaterial.! It is highly soluble in water and soluble in most
organic solvents. PEG is nontoxic, and has a rapid clearance from
the body. The most important properties of PEG are that it can
resist not only cell and protein adhesion but also recognition from
the immune system, which allows its use in applications as
scaffolds for tissue engineering, as drug delivery carriers, in the
prevention of thrombosis, in postoperative tissue repair, in
molecular imprinting, and as coatings for biosensors.>> Covalent
bonding of PEG to other molecules may enhance the properties of
other molecules rendering them nonimmunogenic, water-soluble,
and protein-rejecting.* These PEGylated molecules not only
exhibit many of the properties of PEG, but also retain their
biological activity.’ Because of the high mobility of PEG,
molecules that are tethered to it exhibit activity similar to that of
a freely soluble molecule. The proteins that are tethered to PEG
are not denatured, and because their total size is increased, their
rate of clearance through the body is often increased.® For
practical applications, PEG was usually crosslinked and made into
hydrogels because hydrogels are useful in biomedical and
pharmaceutical applications.” The crosslinking or gelation of
PEG can be performed under mild conditions like photopolymer-
ization or enzyme crosslinking, which allows the hydrogel to be
generated in vitro or in vivo from a low viscosity solution of
monomer, oligomer, or macromer in a minimally invasive
manner.® Chemical crosslinking results in hydrogels that possess
high water content yet exhibit mechanical properties similar to
those of soft tissues. Another advantage of hydrogels is their high
permeability for oxygen, nutrients, and other water-soluble
metabolites, making them particularly attractive as tissue engineer-
ing scaffolds. Bio-active molecules can be immobilized on the
surface of the polymer gel or incorporated into the network. The
focus of this research was to fabricate monodisperse PEG hydrogel
microspheres based on polyelectrolyte multilayer microcapsule
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templates, which could be potentially used for applications like
implantable biosensors, specific drug delivery/targeting, and
contrast agents for imaging.

A brief procedure for the synthesis and functionalization of
PEG microspheres within polyelectrolyte microcapsules is shown
in Scheme 1. Monodisperse MnCOs microparticles (~5 pm) were
synthesized as described in our previous work,” and were coated
with eight bilayers of sodium poly(styrene sulfonate)/poly(allyl-
amine hydrochloride) ({PSS/PAH}). The MnCOj cores were then
removed by HCI-EDTA treatment. 25 pL of PEG acrylate
monomer (acrl-PEG, Aldrich), 25 pL of photoinitiator (Irgacure
184, 20 mg mL~' in DMF, obtained from Ciba), and 20 pL
of the microcapsules were mixed with 430 pL of DI water
in a microcentrifuge tube. The mixture was exposed to UV
light for 10 min with stirring. The resulting highly viscous
product was rinsed with DI water, and then centrifuged
three times. For functionalization of PEG microspheres, 20 mg
of acrl-PEG-NHS (Nektar), with 10 pL acrl-PEG were used in the
photopolymerization.

Since polyelectrolyte multilayer walls contain tiny pores of
nanoscale dimension, they allow penetration of molecules with a
certain molecular weight. Changing of assembly conditions or
post-treatment of the multilayer films, e.g. crosslinking, could
possibly change the pore size in multilayer films. As a result, the
molecular weight of molecules that can pass through the film will
change accordingly. This important property of polyelectrolyte
multilayer films has been widely studied for the purpose of
diffusion control.'” It is easy for monomers to penetrate into
microcapsules, while it is difficult for polymer to diffuse out.!!
The polymerized PEG monomer forms a hydrogel inside

Scheme 1 Polymerization of PEG monomers in polyelectrolyte micro-
capsules and PEG-NHS conjugation to amine-bearing molecules.
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Fig. 1 Confocal microscopy images of (a) {PSS/FITC-PAH}gs microcapsules, (b) PEG hydrogel microspheres, PEG-NHS conjugated to
fluoresceinamine, (c) and (d) PEG hydrogel microspheres, PEG-NHS conjugated to RITC-dextran amine. Inset: intensity line scan of single microsphere.
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Fig. 2 SEM images of air-dried (a) {PSS/PAH } microcapsules, (b) PEG microspheres with {PSS/PAH } microcapsules, (c) PEG hydrogel microspheres,

PEG-NHS conjugated to dextran amine.

microcapsules, and their functionalized end groups could easily
react with other amine-bearing molecules.

FTIR analysis was performed to determine the existence of
PEG in {PAH/PSS}g microcapsules. The most significant peak in
the IR spectrum (~ 1100 cm "), attributed to ether bonds, verified
the formation of PEG in microcapsules (figure shown in ESI¥).
Both PEG microspheres and empty microcapsules were placed in
0.25 M NacCl solution to perform osmotic pressure experiments.
Under confocal microscopy, it was observed that the empty
microcapsule collapsed immediately upon addition of the salt
solution, while most of the PEG microspheres remained spherical
because of the existence of the hydrogel matrix (figure shown in
ESIY).

Confocal microscopy was used to image the {PSS/PAH}g
microcapsules and the PEG microspheres functionalized with
fluoresceinamine and rhodamine isothiocyanate (RITC, Aldrich)-
labeled dextran amine (Fig. 1). The microcapsules fabricated from
MnCO; cores remain spherical and highly monodisperse when wet
(Fig. la), and are therefore useful as templates to produce
monodisperse PEG microspheres. Acrl-PEG-NHS monomer was
used for the functionalization of PEG microspheres, where the
NHS ester group could easily hydrolyze and react with amine-
bearing molecules either before polymerization (fluoresceinamine,
Fig. 1b) or after polymerization and rinsing (RITC-dextran
amine), Fig. lc, d). The line-scan of fluorescence intensity in
Fig. 1d indicates that the dextran amine was uniformly distributed
in the PEG microspheres, though it showed higher concentration
in the polyelectrolyte multilayer walls. Most importantly,

the polymerized and functionalized PEG microspheres remain
monodisperse.

The microcapsules and microspheres were air-dried and
investigated with SEM. As shown in Fig. 2a, the {PSS/PAH}g
multilayer microcapsules collapsed to thin films when dried. As in
our previous work,” it was shown that the MnCOj; was completely
removed and not detectable by elemental analysis using energy
dispersive X-ray spectroscopy after treatment of HCI-EDTA,
which is an attractive feature since clean microcapsules are crucial
for bio-related applications. It is interesting to note that the
polymerized PEG hydrogel apparently comes out of the micro-
capsules and forms tiny microspheres after the air drying process
(Fig. 2b). This may indicate that the molecular weight cut off of
the capsule wall is not low enough to hold the PEG hydrogel in the
microcapsules. As a result, control of polymerization for the
balance between solubility and molecular weight is crucial to this
technique. An alternative may be further crosslinking of the
hydrogel after polymerization and rinsing. The chemical conjuga-
tion of amine-containing material to PEG will increase the
crosslinking degree and stability of PEG microspheres, which is
verified by SEM investigation. As shown in Fig. 2c, the dextran
amine-functionalized PEG was restricted within the multilayer
microcapsules. As a result, the functionalized PEG microspheres
show great potential for applications such as biosensors and drug
delivery/targeting.

In conclusion, monodisperse PEG hydrogel microspheres
were synthesized within polyelectrolyte multilayer microcapsules.
The PEG microspheres could be functionalized to react with
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amine-bearing molecules. The PEG microspheres prepared in this
efficient manner should prove to be promising candidates for
biomedical and other applications.
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(RO1 EB00739-01) and the National Science Foundation (NIRT
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