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Abstract

Hydrogel tubes of poly(2-hydroxyethyl methacrylate-co-methyl methacrylate) (p(HEMA-co-MMA)) made by liquid-liquid
centrifugal casting are being investigated as potential nerve guidance channels in the central nervous system. An important criterion
for the nerve guidance channel is that its mechanical properties are similar to those of the spinal cord, where it will be implanted. The
formulated p(HEMA-co-MMA) tubes are soft and flexible, consisting of a gel-like outer layer, and an interconnected macroporous,
inner layer. The relative thickness of the gel phase to macroporous phase is controlled by the formulation chemistry, and specifically
by the ratio of co-monomers, HEMA and MMA. By varying the surface chemistry of the mold within which the tubes are
synthesized, tubes were prepared with either a “cracked” or a smooth outer morphology. Tubes with the cracked outer morphology
had periodic channels that traversed the wall of the tube, which resulted in a lower modulus than smooth outer morphology tubes,
yet likely greater diffusive permeability. For tubes (and not rods) to be formed, phase separation must precede gelation as is detailed
in a formulation phase diagram for HEMA, MMA and water. The tensile elastic modulus of p(HEMA-co-MMA) tubes reflected the
formulation chemistry, with greater moduli (up to 400 kPa) recorded for tubes having 10wt% MMA. The p(HEMA-co-MMA)
tubes therefore had similar mechanical properties to those of the spinal cord, which has a reported elastic modulus range between
200 and 600 kPa. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydrogels are used in numerous soft tissue biomedi-
cal devices [1-3], yet their use as nerve guidance channels
has been limited, perhaps because there are few methods
available to form tubular shapes from crosslinked
polymers [4,5]. We are pursuing an entubulation
strategy for nerve regeneration where either end of a
severed spinal cord is inserted into either end of a
mechanically similar hydrogel guidance channel, which
then provides a pathway for regeneration after injury.
Such an entubulation strategy is popular in peripheral
nerve regeneration studies, where regeneration in auto-
logous nerve grafts and tubes have comparable out-
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comes over short gaps [6,7]. By using tubes with an
elastic modulus similar to the spinal cord, we hope to
generate an environment that is favorable for axonal
regeneration in vivo. Further in vivo experiments can
then determine the efficacy of molecular, cellular or
tissue engineering therapies in regeneration.

The entire spinal cord, including the pia, has an elastic
modulus ranging between 230 and 600 kPa, depending
on the species, the measuring system used, and the time
after death [8—11]. A mechanical measurement of the
spinal cord is difficult as even short times following
death significantly increase the modulus. Chang et al.
[11] conducted a comprehensive study on the mechanical
properties of the spinal cord in the feline model and
approximated the elastic modulus of the cat spinal cord
to be 230 kPa.

Synthetic tubular materials that have been previously
implanted in the nervous system include poly(acrylo-
nitrile-co-vinyl chloride) [12-15], polycarbonate [16],
poly(ethylene-co-vinyl acetate) [17] and collagen [18,19].
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Despite a wealth of knowledge on compliance mismatch
resulting in failure of other implants, such as vascular
grafts and bone [20-22], previously used nerve guidance
channels, with the exception of collagen, are consider-
ably more rigid than soft spinal cord tissue. Such a
mechanical mismatch may compromise the efficacy of
any regenerative therapy within the guidance channel.
Hydrogels may be more promising candidates for use as
nerve guidance channels in the spinal cord as they have
similar mechanical properties [23] and proven biocom-
patibility in neural tissue applications [23-25].

We recently reported a new process, termed liquid—
liquid centrifugal casting that creates concentric, water
swollen poly(2-hydroxyethyl methacrylate) (pHEMA)
tubes [26]. An initiated homogeneous monomer mixture
is injected into a cylindrical mold, displacing all of the
air inside, and then the cylinder is spun around its long
axis (Fig. la). Liquid-liquid phase separation occurs
when the propagating polymer radical becomes insolu-
ble in the solvent (water). Under centrifugal forces, the
denser, phase-separated monomer/polymer phase sedi-
ments at the periphery (Fig. 1b). Gelation of the phase-
separated particles results in a hydrated tubular
structure and water in the center of the mold. The
chemistry of phase-separated pHEMA has been pre-
viously described in detail as a static process for
manufacturing cell-invasive scaffolds [27-31].

Homopolymeric pHEMA tubes made using liquid—
liquid centrifugal casting have highly porous walls and
were considered too soft for implantation into the spinal
cord [32] or the peripheral nervous system [33].

glass mold <SS -

-
-

axis of rotation

drill chuck
(a) homogeneous mixture

(b) phase separating mixture

hydrogel tube

Fig. 1. Liquid-liquid phase separation is induced in a tubular mold
during rotation: (a) the experimental setup and (b) a tube is formed
within the glass mold.

Incorporating a hydrophobic monomer, such as methyl
methacrylate (MMA), into the monomer solution
accelerates phase separation and results in considerably
different wall morphologies than observed for homo-
polymeric tubes. By varying the concentration of MMA
in the formulation, both the wall morphology and the
tube modulus were affected, as is described in detail
herein. The focus of this paper is on the synthesis of
p(HEMA-co-MMA) tubes having elastic moduli ap-
proaching a target modulus of 230 kPa, which is similar
to that of the spinal cord.

2. Materials and methods
2.1. Materials

All chemicals were purchased from Aldrich Chemical
Co. (Milwaukee, WI) and were used as received. Water
was distilled and deionized using Millipore Milli-RO 10
Plus at 18 MQ resistance. Aqueous solutions (10 wt%)
of ammonium persulfate (APS) and sodium metabisul-
fite (SMBS) were used together as initiators and were
made prior to every use.

2.2. Polymerization

The monomer mixture is comprised of monomers
(HEMA, MMA), crosslinking agent (ethylene dimetha-
crylate, EDMA), and solvent (water). The formulations
used are detailed in Table 1 with 25 and 30wt%
monomer mixtures having MMA concentrations ran-
ging from 0 to 10wt%. These monomer mixtures are
initiated by APS and SMBS. For all reactions, EDMA,
APS and SMBS concentrations were 0.1, 0.5 and
0.4wt% of the total monomer, respectively. Polymer-
ization occurred at room temperature and all percen-
tages, unless otherwise stated, are expressed as weight
percentages.

2.3. Formulation diagram

A HEMA-MMA-water formulation diagram was
created to gain insight into the effect of MMA on the
hydrogel microstructure similar to previous formulation
phase diagrams for HEMA—ethylene glycol-water [29]
and HEMA-EDMA-water [34]. The immiscible bound-
ary in the cast MMA-HEMA-water formulation
diagram was determined by adding MMA to a series
of HEMA /water mixtures until a monophasic system
became immiscible. Immiscibility was defined for a
solution that remained biphasic for at least 30 min. The
equilibrium water content (EWC) was determined by
bulk polymerization of different MMA/HEMA ratios
with 1% AIBN at 70°C, followed by swelling in
deionized water for 2 weeks, with daily water exchanges.
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Table 1
Monomer mixture formulations

Formulation code Monomer/water

(Wt% ratio)

HEMA/MMA
(Wt% ratio)

Formulation of monomer mixture (wt%)

HEMA MMA H,0
25-0 2575 100/0 25.00 0 75
25-1 25/75 99/1 24.75 0.25 75
25-3 25/75 97/3 24.25 0.75 75
25-5 25/75 95/5 23.75 1.25 75
25-7 2575 93/7 2325 1.75 75
25-8 25/75 92/8 23.00 2.00 75
25-9 25/75 91/9 22.75 2.25 75
25-10 25/75 90/10 22.50 2.50 75
30-0 30/70 100/0 30.0 0 70
30-1 30/70 99/1 29.7 0.3 70
30-3 30/70 97/3 29.1 0.9 70
30-5 30/70 95/5 28.5 L5 70
30-7 30/70 93/7 27.9 2.1 70
30-8 30/70 92/8 27.6 2.4 70
30-9 30/70 91/9 27.3 2.7 70
30-10 30/70 90/10 27.0 3.0 70

After dehydrating at 50°C, the EWC was calculated
according to the following equation:

EWC = 22— W0 100% 1)

Wh

where wy, is the hydrated, and wy the dry mass of the
tubes. The boundary between macroporous and micro-
porous pHEMA was determined using scanning elec-
tron microscopy of freeze-dried samples.

2.4. Synthesis of p(HEMA-co-MMA) tubes

P(HEMA-co-MMA) tubes were fabricated in custom-
built disposable glass molds with an inside diameter (ID)
of 2.4 mm, defining the outer diameter of the tube. The
relevant quantities of HEMA, MMA, water and APS
were added to an amber-colored glass vial, sonicated for
5min and degassed by purging with helium. The SMBS
solution was added and the mixture agitated by swirling
for 30s. The monomer mixture was injected through a
0.45um PTFE filter into the polymerization molds,
displacing all of the air within the mold. The mold was
plugged and placed in the chuck of a horizontally
mounted, variable-speed stirring drill with compressed
air cooling the glass tube to reduce any heat generated
during polymerization. Polymerization proceeded in the
rotating molds for a minimum of 5h at 2500 revolutions
per minute (rpm), which was accurately measured with a
digital photo tachometer (Model 461893, Extech Instru-
ments, Waltham, MA).

2.5. Phase separation

Phase separation of cast formulations using turbidity
measurements at 550nm was conducted with an
Ultraspec 4000 spectrometer (Pharmacia Biotech, Ca-
nada) as previously described [31,35]. The absorbance of
initiated formulations was monitored and the phase
separation time determined when a rapid increase in
absorbance occurred. Timing began with the addition of
SMBS and triplicate time-scans were performed for each
formulation.

2.6. Wall morphology

Environmental scanning electron microscopy (ESEM)
was used to examine tube wall morphology, allowing the
electron imaging of hydrated, uncoated samples
[32,33,36]. Cross-sections of hydrated tubes were placed
flat on the sample stage of the ESEM (Model E-2020,
Electroscan Corporation, USA). Operating conditions
include using a vapor pressure of 5-6 Pa, an accelerating
voltage of 20kV, a working distance of 5-7mm and
maintaining the sample temperature at 1+0.2°C with a
Peltier-cooled sample stage. Representative images of
the wall morphology are reported.

2.7. Surface modification and characterization

The inner surface of the glass mold was silane-
modified by applying Sigmacote and air-drying for
30min. Contact angles of similarly modified and
unmodified glass slides were determined in water with
a K12 process tensiometer (Kriiss, USA) using an
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immersion depth of 2mm for the Wilhelmy plate
method (n = 5; average +standard deviation reported).

2.8. Mechanical properties and dimensional analysis

Hydrogel tubes were removed from the glass molds
and placed in water for at least 1 day before measure-
ment. The elastic (Young’s) modulus of 20 mm length
sections was determined in triplicate using a micro-
mechanical tester (Dynatek Dalta) by pulling in tension
at a rate of 0.5%/s. The elastic modulus was calculated
from the following equation:

P~ ()

where ¢ is 9.81 ms~2, L is the length of tube between
grips, and Am/AL is the linear slope determined from
the micromechanical tester and A is the area of the tube
cross-section calculated as shown in Eq. (3). The outside
diameter (OD) and ID were measured at two 90° cross-
sections per tube with a stereomicroscope (Leica MZ-6)
and the area of the cross-section was calculated from the
following equation:

() -(2)]

To create contrast for optical microscopy, the tubes
were stained with 0.4% Giemsa methanol stain, then
immediately washed in water.

_ (AmglL)

T (AAL) &

A=mn (3)
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3. Results

Hydrogel tubes were synthesized by liquid-liquid
centrifugal casting, as summarized pictorially in Figs. la
and b. Fig. 2a shows the ternary formulation diagram
for cast monomer mixtures of MMA-HEMA-water.
The respective hydrogels from these monophasic mix-
tures are either transparent gels, microporous gels, or
macroporous cell invasive scaffolds [37]. In the fourth,
immiscible region, MMA-HEMA-water hydrogels are
heterogeneous due to differences in density. When
pHEMA is obtained by polymerization in water in
amounts exceeding the EWC, phase separation results in
translucent or opaque polymers. The boundary line
between transparent and microporous hydrogels is
approximated by the EWC of the bulk-polymerized
hydrogels, which diminishes with increased amounts of
the hydrophobic co-monomer, MMA.

The phase diagram in Fig. 2b demonstrates the
importance of phase separation occurring before gela-
tion for the formation of hydrogel tubes by liquid-liquid
centrifugal casting, where open circles represent tubes
and closed circles represent rods. The boundary line
between macroporous and microporous hydrogels
approximately separates the monomer systems where
phase separation precedes gelation, and vice versa. For
those samples well within the microporous region
(i.e., 30-0 to 30-3 and 25-0), rods resulted. For those
samples within or bordering upon the macroporous
region, tubes resulted. The dimensions of all p(HEMA-
co-MMA) tubes were constant after being equilibrated
in water, indicating that tubes were formed in a swollen
state.
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Fig. 2. (a) A formulation diagram of the ternary HEMA-MMA-water system showing the classes of pHEMA-MMA resulting from polymerization
at these concentrations and (b) an expanded view of the microporous and macroporous boundary with the hydrogel tube formulations overlaid. Both
tubes (O) and rods (@) are formed with codes that are the monomer concentration and MMA percentage of the monomer. The percentages of all
components in these formulations are listed in Table 1 under the respective sample codes.
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Fig. 3. Electron micrographs of cast (a) macroporous and (b) microporous pHEMA.

For macroporous structures to form, the monomer
phase must separate prior to gelation to form a
structure that is cell-invasive (Fig. 3a). When gelation
precedes phase separation, microporous pHEMA gels
form that have few (if any) interconnecting pores and
are not cell-invasive (Fig. 3b). The resulting morphology
is considerably different between microporous and
macroporous pHEMA hydrogels as shown in Fig. 3.
Similar SEM images were decisive in determining the
boundary between microporous and macroporous
hydrogels.

MMA accelerates the onset of phase separation in
HEMA /water formulations. As shown in Fig. 4, as
MMA concentration increases from 0% to 10%, the
time to phase separate decreases, from ~400 to 105 s for
the formulation with 30% monomer and from 310 to
140s for a formulation with 25% monomer. Micropor-
ous formulations (i.e. 25-0, 30-0 and 30-3 compositions)
gel before phase separating and thus require longer
times for phase separation than macroporous formula-
tions, which phase separate first.

Fig. 5 shows micrographs of tubes prepared with
formulations containing 25% monomer, of which the
MMA concentration ranged from 5% to 10%, the
remainder of which is HEMA. As shown in Fig. 5a, a
tube prepared from 5% MMA has a two-layered wall
morphology that appears to have some radial orienta-
tion when observed with a stereomicroscope. ESEM
imaging of the wall shows that the outer layer is a gel
with closed cell pores and the inner layer is comprised of
phase-separated particles, or polymer droplets. For 7%
MMA (Fig. 5b), the tube wall is predominantly gel-like
with very few pores and a relatively thin inner porous
layer. Tubes made with 10% MMA have less gel, and
consist predominantly of phase-separated particles
(Fig. 5¢). There also appears to be some radial orienta-
tion within the porous component of the tube wall,
though this has not been quantified. The polymer
particles in the inner phase of the tube appear to
decrease in size approaching the lumen.

—&— 25% monomer
400 —0O— 30% monomer

300 1

200 1

100 1

Time for phase separation (sec)

0 2 4 6 8 10
MMA concentration (wit%)

Fig. 4. Graph of phase separation time with respect to MMA
concentration of cast formulations. Phase separation was determined
by absorbance at 550 nm in triplicate (mean +standard deviations are
plotted).

Fig. 6 shows the morphology of a tube made with
30% monomer, 10% of which is MMA. Fig. 6a shows
the concentric tube in cross-section by light microscopy,
which is more easily observed expanded in Fig. 6b by
SEM, where radial cracks can be seen but are only
continuous through the wall at some points. The outer
surface of the tube shows a spotted or cracked
appearance that is best depicted in Fig. 6c. When the
inside surface of the glass mold is silane-modified to be
hydrophobic, the outer morphology is plain and the wall
morphology of the 30% monomer formulation (Fig. 6d)
resembles that of the 25% monomer formulation
(Fig. 5b). The dynamic advancing and receding water
contact angles of unmodified and modified glass slides
were found to be 45+3/12+2° and 47+1/44+1°,
respectively.

As shown in Fig. 7, the elastic (or Young’s) modulus
of the tubes increased with MMA concentration,
reflecting the importance of the gel phase to the overall
mechanical properties of the tube. The increased
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Fig. 5. Representative optical and ESEM micrographs of tubes made with 25% monomer of which (a) 5% is MMA, (b) 7% is MMA and (c) 10% is
MMA.

Fig. 6. Representative optical and ESEM micrographs of tubes made with 30% HEMA, 10% of which is MMA cut (a) in cross-section and (b) in
cross-section using ESEM and (c) in longitudinal view. A tube synthesized with the same formulation as in (c), but spun in a silane-treated glass mold
is shown in (d).
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Fig. 7. Graph of the hydrogel tubes elastic modulus with respect to
MMA concentration. The target modulus of 230 kPa for spinal cord
tissue is superimposed.

modulus also reflects the reduced swelling of the
hydrogel with higher concentrations of the hydrophobic
MMA co-monomer incorporated within the polymer
chain. Interestingly, the average elastic modulus of tubes
made with 30% monomer is lower than that of 25%
tubes, likely because of the discontinuous gel phase, as
was shown in Figs. 6b and c.

4. Discussion

As we previously demonstrated with homopolymeric
pHEMA tubes, phase separation must occur prior to
gelation for p(HEMA-co-MMA) tubes to form [26].
This is demonstrated in Fig. 2b, where microporous
formulations close to the boundary resulted in rods,
whereas tubes were predominantly formed when a
macroporous formulation was used. If the polymerizing
mixture forms a gel before phase separation, the
hydrogel fills the entire mold, resulting in a rod. This
phenomenon was observed for tubes having 30%
monomer with low MMA (<3%); these correspond to
a formulation for microporous gels, where gelation
precedes phase separation (Fig.2b). Increasing the
MMA concentration affects the solubility of the
propagating radical in the monomer mixture and
promotes phase separation over gelation. Indeed, phase
separation times were shown to decrease with increasing
MMA concentration (Fig. 4). With fast phase separa-
tion times, the separated phase displays liquid-like
behavior, consisting of monomer enriched with short
propagating radical chains and water equivalent to
EWC,; this liquid character is required for coalescence of
the separated droplets into the gel phase.

The distinct wall morphology of p(HEMA-co-MMA)
tubes, with a gel-like outer layer and a porous inner
layer, reflects the changes in viscoelastic properties of
the phase-separated particles throughout polymeriza-

tion. The first particles to be phase separated are
predominantly liquid-like, and coalesce together to form
the continuous gel phase on the outer part of the wall.
Particles that phase separate towards the latter stages of
polymerization do not coalesce, likely due to the
increased elastic nature of the particles. This results in
a porous, or spongy, inner layer that is seen with all
hydrogel tubes manufactured in this process. As was
implied by Fig. 5c for 25% monomer tubes, the particle
droplet size within the wall appears to decrease towards
the lumen. This may result from solubility changes
during conversion, as HEMA serves both as a co-
monomer during polymerization and a solvent for the
propagating radical. Previous studies have shown that
phase-separated pHEMA droplets diminish in size with
increased water concentration in the monomer mixture
[29]. Near full conversion, when the majority of the
polymer has phase separated, the center of the mold is
enriched with water and thus the separating phase likely
becomes insoluble as smaller droplets. For 25% mono-
mer tubes, a maximum relative thickness of the gel phase
in the wall structure is reached at 7% MMA content.
This also correlates with the middle of the macroporous
region in the formulation diagram, between the micro-
porous and immiscible regions (Fig. 2b). This suggests
that there may be an optimum solubility for the
monomers and solvent within the macroporous region,
resulting in tubes that are almost fully gel-like,
compared to those of either 5% or 10% MMA content
tubes.

Fig. 7 demonstrates that both 25% and 30% mono-
mer tubes with MMA concentrations approaching 10%
have an elastic modulus approaching the target value of
230kPa. However, as we previously demonstrated, the
wall morphology and transport properties of similar
pHEMA-MMA tubes formed by liquid—liquid centri-
fugal casting are vastly different [38], with diffusive
permeability varying between 10”7 and 10~° cm?/s. The
rigidity of the tubes increases with MMA concentration,
as would be expected from incorporating a hydrophobic
monomer into a hydrophilic polymer network. While
one might have expected the higher monomer concen-
tration to result in a stronger tube, this was not true due
to the morphology seen in the 30% monomer formula-
tions. As was shown in Fig. 6¢, the outer surface of the
tube is cracked and cross-sections reveal a highly porous
wall morphology. The liquid-like phase-separated
monomer appears to bead on the inner surface of the
glass mold where its structure is fixed by gelation. With
high MMA concentrations, the separated polymer-
swollen monomer is relatively hydrophobic and liquid-
like, allowing it to form a droplet on the hydrophilic
glass mold surface. We tested this beading hypothesis by
coating the inner surface of the glass mold with a silane-
coupling agent (Sigmacote), thereby changing the
wettability of the glass mold from hydrophilic to
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hydrophobic. On hydrophobic surfaces, monomer
beading is reduced and spreading permitted, thereby
producing a smooth outer surface and a wall morphol-
ogy (Fig. 6d) that resembles that of the 25% monomer
formulation (Fig. 5b). Varying the surface chemistry of
the mold can therefore affect the wall morphology, and
mechanical properties as shown herein.

5. Conclusions

Liquid-liquid centrifugal casting of poly(HEMA-co-
MMA) results in tubes with diverse morphologies, wall
thicknesses and mechanical properties that are similar to
that of the spinal cord. The manufacturing process
involves a balance of centrifugal forces, solubility,
polymer kinetics and density differences. By controlling
the formulation chemistry and surface chemistry of the
mold, hydrogel tubes result with a range of wall
morphologies and mechanical properties.

We envision using these tubes as a component of a
tissue-engineered device for spinal cord injury repair.
The elastic modulus of the spinal cord can be
approximated with p(HEMA-co-MMA) nerve guides
and their biocompatibility in the central and peripheral
nervous systems is currently being assessed. Preliminary
results indicate the promise of these hydrogel tubes in
such applications [32,33].
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