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A novel method to fabricate bioabsorbable
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An emulsion freeze-drying method for processing porous biodegradable copolymers of polylactic and
polyglycolic acid (PLGA) scaffolds was developed. Scaffold porosity and pore sizes were measured using
mercury porosimetry. Foams with porosity in the range 91 -95%. median pore diameters ranging from 13
10 35 um (with larger pore diameters greater than 200 um), and specific pore area in the range 58-102m*g !
were made by varying processing parameters such as water volume fraction, polymer weight percentage
and polymer molecular weight. These scaffolds may find applications as structures that facilitate either
tissue regeneration or repair during reconstructive operations.
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INTRODUCTION

Materials that serve as analogues for the native extra-
cellular matrix (ECM) can be used in medicine and
dentistry to aid in either the reconstruction or regeneration
of damaged tissue and organs. Polymer matrices have
been used for regeneration of bone, cartilage, liver, skin
and other tissues! '°. Polylactic acid (PLA), polyglycolic
acid (PGA) and their copolymers (PLGA) are attractive
materials for ECM analogues because they degrade by
random hydrolysis when implanted, and their degradation
products are ultimately expelled from the body as carbon
dioxide and water'!., An ideal matrix should have
sufficient porosity for diffusion of nutrients and clearance
of wastes, and have adequate mechanical stability to
support and transfer loads. Other important factors in
determining successful regeneration of tissue and organs
are material surface chemistry, porosity, micro- and
macrostructure of the pores, and shape of the scaffolds®#-12,
The surface chemistry of the material must allow cell
adhesion and active cell-substratum events so that the
cells express their normal phenotype’*. Furthermore, the
porosity, pore sizes, and the interconnections between
the pores of the substrate affect tissue ingrowth into
implants™!2. The effect of implant pore size on tissue
regeneration is emphasized by experiments demonstrating
optimum pore sizes of 20 um for fibroblast ingrowth's,
between 20 and 125um for regeneration of adult
mammalian skin'® and 100-250 um for regeneration of

*To whom correspondence should be addressed at the first address
given

bone'*1¢. Thus, a major goal in fabricating scaffolds for
tissue regeneration is the accurate control of pore size
and porosity.

Macroporous, biodegradable polymer scaffolds have
been prepared by numerous techniques including solvent
casting/salt leaching®®, phase separation'’, solvent
evaporation'®, and fibre bonding to form a polymer
mesh? 7. Solvent casting/salt leaching involves mixing
solid impurities, such as sieved sodium chloride particles,
into a polymer solvent solution, and casting the dispersion
to produce a membrane of polymer and salt particles.
The salt particles are then leached out with water to yield
a porous membrane. Porosity (87-91%) and pore size
(100-500 um in diameter) have been shown to be
dependent on salt weight fraction and particle size*®.
Phase separation involves dissolving a polymer in a
suitable solvent, placing it in a mould, then cooling the
mould rapidly until the solvent is frozen. The solvent is
removed by freeze-drying, leaving behind the polymer as
a foam with pore sizes of 1-20 ym in diameter!”.

An initial goal of this research programme was to
develop a novel processing technique to fabricate highly
porous implantable PLGA scaffolds, with the restriction
that the technique must ultimately be amenable to
eventual incorporation of protein-based growth and
differentiation factors for subsequent controlled delivery.
More specifically, this involves fabricating scaffolds with
porosity greater than 90% and the ability to control pore
sizes ranging between 20 and 200um. The afore-
mentioned methods are unsuitable owing to either the
inability to incorporate protein-based growth factors
(solvent casting/salt leaching, polymer mesh} or the
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inability to form large pores. re. M 200 pm (phase
separation, solvent evaporation). This paper addresses a
novel method of fabricating bioabsorbable scaffolds with
variable porosity and pore sizes. Quantitative evaluation
of fabrication parameters that control porosity. pore sizes
and characterization of the physical properties of these
materials is the subject of another report.

The method proposed in this work consists of creating
an cemulsion by homogenization of a polymer solvent
solution and water. rapidly cooling the emulsion to lock
in the liquid-state structure, and removing the solvent
and water by freeze-drying. Thus. knowledge of the
theory of emulsions allows processing variables to be
identificd that affect the liquid-state structurc of the
emulsion and hence the macro- and microporous struc-
ture of the solid scaffolds. However, not all the assump-
tions hotd firmly. so the following theories are only
applicable in guiding choices of processing parameters
to be investigated.

To create an emulsion from two immiscible phases.
where the continuous phase contains the polymer-rich
solvent and the dispersed phase is water. the control of
various processing factors is very important, e.g. volume
fraction of the dispersed phase, ¢. Furthermore, the effect
of emulsion stability on scaffold pore structure also has
to be considered since emulsions are usually not
thermodynamically stable systems and artifacts like
creaming, flocculation and coalescence can be introduced
which cause poorly dispersed pores. Physical properties
and forces involved in emulsion stability include the
interfacial free energy'”. the relative viscosity increment*".
gravity?'. the diffusion coefficient of the dispersed
particles, the height of the free-energy barrier preventing
coagulation®* and the electrical repulsive force between
particles as defined via the Deryagin Landau -Verwey
Overbeek (DLVO) theory?=.

It is clear that emulsions present a large interfacial area,
and any reduction in interfacial free energy will reduce
the driving force towards coalescence, promoting stability.
The presence of an emulsifier should reduce the interfacial
free cnergy and thereby stabilize the emulsion'®. In this
work, the polymer acts as an emulsifier even though it
was not specifically chosen for that purpose. By varying
the polymer wt% and M, (weight-average molecular
weight). the effectiveness of this polumer as an emulsifier
and hence the stability of the emulsion can be affected,
that is. by increasing the polymer wt% and M, the
stability of the emulsion should increase.

The relative viscosity iIncrement, y,, may be an
important factor in emulsion stability when shear stress
is applied during homogenization, since it affects the
relative motion and interaction of the dispersed colloidal
particles. (The relative viscosity increment is analogous
to the specific viscosity, but the use of the latter term is
discouraged by the TUPAC?°) The relative viscosity
increment is described by Einstein’s expression for specific
viscosity of rigid spheres in a solvent system=".

N =250 +6207 +kp>+ .. (1)

where k is a constant determined empirically?°. Although
this equation was originally derived for colloidal suspen-
sions, 1t may be applicable as a qualitative guide for
identifying processing parameters in emulsion systems
that contain emulsifiers. The system used in this paper
contains a polymer in solution which acts as an emulsifier.
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hence this equation may be used i dentifving @ as a
processing parameter that affects the emulsion structure
and stability. In this equation, i, 15 shown to he dircetly
related (o ¢ since increasing ¢ allows larger aggregates
and increases 1;°". Thus 4, affects the easc with which
dispersed particles will interact with each other=" and
may also be related to the viscosity of the emulsion, which
in turn affects emulsion stability?'.

The stability of emulsions 15 also affected by the rate
of creaming due to gravitational effects on the difference
in density of the dispersed and continuous phases. This
rate of creaming in the emulsion is approximated by
Stoke's Law (equation (201

= e (2)
di 9y
where x 1s an arbitrary coordinate system, ¢ is the
gravitational constant, r is the radius of the dispersed
phase particle and # the viscosity of the emulsion. This
equation was originally derived with the assumption that
the dispersed phase consists of rigid, spherical. non-
interacting particles, which is not the case for systems
addressed in this paper, so equation (2) can only be used
as a guide to select parameters that may help stabilize
the emulsion?!. In equation (2). the terminal velocity of
a particle (dispersed phase), dx/dt, determined by the
gravitational force on the dispersed phase with density
pg (water) and resisted by the viscous force of the
continuous phase with density p, (polymer solution), is
the rate at which creaming may take place due to
gravitational effects. This rate is directly proportional to
the difference in densities between the two phases and
inversely proportional to the viscosity of the emulsion*".
Thus r. p,. p. and 5 should influence the stability of the
emulsion via gravitational effects and hence the macro-
porous structure*’. In this work. r is not a controllable
parameter and p, is fixed, but p_ and y can be varied by
varying polymer wt%., ¢ and polymer M. Note that as
M, increases the viscosity of the polymer solution
increases due to an increase in inherent viscosity. 1,232
Emulsion stability is also affected by the rate of
flocculation and coalescence. determined by three com-
ponents: the height of the free-energy barrier preventing
coagulation (V,,,,), the electrical repulsive force between
particles®? and the diffusion coefficient of the dispersed
particles’®. These components are summarized in equation
(3), which was modified by Everett?? from the original
work by Smoluchowski (1918) and Miiller (1926). to
describe the inhibition of coagulation of particles due to
the height of the free-energy barrier and the electrical
repulsive force between particles (equation (5))**. Assuming
that the dispersed particles in this work are spheres, the
Stokes—Einstein expression for the diffusion coeflicient
can be used (equation (40",

dy . .
-~ = —8aRDv-W 3
dt
kT
D=— 4)
3mn R
e L b ;
= — X —_— R
KR P kT) (

Here v is the concentration of single particles (i.e. in
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dispersed phase), dv/dt is the rate at which they disappear,
R is the diameter of the particles, D is the Stokes—Einstein
expression for the diffusion coefficient for spheres, k is
Boltzmann’s constant, T is absolute temperature, #, is
the viscosity of the continuous phase (note that this
nomenclature is not in the reference cited but is used
here to reduce any confusion between the viscosities of
the emulsion and the continuous phase), W is a parameter
describing the decrease in the coagulation rate, 1/x is the
Debye length, and V,,, is the height of the free-energy
barrier preventing coagulation??. Equations (3)~5) show
that the rate of flocculation and coagulation is inversely
proportional to the viscosity of the continuous phase.
V.. and the electrical repulsive force between two
charged dispersed particles approximated by xR**. The
choice of polymer, which acts as an emulsifier, and the
dispersed phase material may affect V., and xR, but
these are set parameters in the method presented here.
However, 5., V.., and xR can be varied by varying
polymer wt% and polymer M,,. Increasing polymer wt%
and M, should increase #.. An increase in M, also
increases kR and ¥, since the longer chain of the
emulsifier increases the thickness of the double layer
between two particles in suspension??. These effects can
be used to reduce the rate of flocculation.

In short, the emulsion structure can be stabilized by
altering polymer wt%, M,, and ¢, to control ;. p.. 1.
V. kKR and n_. thus altering the interaction of the
dispersed particles and allowing sufficient time to freeze
the emulsion and lock in the macroporous structure prior
to extensive creaming, flocculation or coagulation of the
dispersed phase.

MATERIALS AND METHODS

Materials

DL-lactide/glycolide copolymers of 85:15 (lactide
glycolide} mole ratio, and #;,, of 025, 0.51 and
0.79dlg™' were obtained from Birmingham Polymers
Inc. (Birmingham, AL). Methylene chloride (MC) was
obtained from Baxter Diagnostics Inc. (McGraw Park,
TL) and was used as received.

Fabrication of scaffolds

A schematic diagram of the fabrication process is
shown in Figure 1. The polymer was first dissolved in
MC such that it would have the desired wt% to the
total volume (5 ml) of emulsion. Appropriate volumes of
the polymer-MC solution and ultrapure water (ASTM
grade 1, 18 Mohm) were added together in a glass test-
tube so that the desired value of ¢ was achieved. The
Hinn and ¢ values of the polymer and polymer wt% used
in each sample are listed in Tuble /. The immiscible layers
were homogenized, using a handheld homogenizer (Omni
Int,, Waterbury, CT), then poured into a cylindrical
copper mould (internal diameter =2.54 cm; height = 3 cm),
and quenched by quickly placing the mould into a copper
container that was maintained near liquid nitrogen
temperature (~ — 196 'C). When all the samples were
quenched, they were freeze-dried (Virtis Co. Inc.. Gardiner,
NY)at a pressure of 30 mTorr and temperature of —355 C.
Samples were placed in a vacuum desiccator at room
temperature for at least 7 days to remove any residual
solvent.

Homogenizer

Polymer D.1. Water

-

Fmulsion —

D.I Water

PLGA in MC

Liquid Liquid
Nitrogen Nitrogen Copper Mold

-196° C

_1060
196° C L‘— Copper Container

Freeze-Dryer
-55°C 30 mTorr

]

Vacuum
Desiccator

/

Placed in vacuum dessicator
at room temp. for a week

PLGA Scaffold

Figure 1 Schematic representation of the emulsion freeze-drying
method o fabricate PLGA scaffolds. The polymer was dissolved in
MC. (o which ultrapure water was added. {orming two immiscible
layers. Thesce layers were homogenized to form an emulsion with water
as the dispersed phase and the polymer solvent as the continuous phase
(water-in-oil). The emulsion was poured into a copper mould and
quenched by placing into a copper container that was maintained near
liquid nitrogen temperature ( ~ — 196-C). Once frozen, the samples were
frecze-dried

Table 1 Processing variables for scaffolds

b Polymer

Sample (dlg™ ") @ (wt®)
1 .79 0.4 10.0
2 0,51 0.5 7.5

0,51 04 7.5

Scanning electron microscopy (SEMY} analysis

After a week in the vacuum desiccator. the samples
were cut in half using a sharp razor blade. a thin piece
was sheared from the centre. sputtered with gold (SCD
040 sputtering machine, Balzers, CT). and observed using
SEM.

Mercury porosimetry analvsis

Samples were analysed by mercury porosimetry using
an AutoPore II 9220 (Micromeritics, Norcross, VA) to
determine pore size distributions, specific pore area.
median pore diameter and porosity. A solid penetrometer
volume ranging from 6.7 to 7.3 ml and samples weighing
about 0.1 g were used. Mercury was filled from a filling
pressure of 3.4 kPa (0.5 psia) and intruded to a maximum
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pressure of 414 MPa (60000 psia). The relationship
between the filling pressure and pore radius is given by
the Washburn equation*®:

r=—=2v¢os(t) P (4

where - is the surface tension of mercury (~480dyne
cm ') and € is the contact angle between mercury and
the polymer surface’®. Equation (4) gives the corre-
sponding radius of a cylindrical pore®”. The sessile drop
contact angle between mercury and the solvent-cast
PLGA film was measured with a customized micrometer
microscope fitted with a goniometer eyepiece (Gaertner.
Chicago, IL) at ambient temperature-®. The three-phase
contact angle between the liquid (mercury), vapour and
the surface (polymer) was 137 +1 (n=4), and was used
to calculate the pore diameter from the intrusion pressure.

RESULTS

SEM analysis

Scanning electron micrographs of three different
scaffolds are shown in Figures 2a—c. Even though there is
a large distribution in pore size for a given sample, clear
differences in the average pore size are evident, with
sample 1 having the largest pores and sample 3 having
the smallest. All samples were highly porous with good
interconnections between pores, and they were physically
stable and manageable.

Mercury porosimetry analvsis

Mercury porosimetry analysis demonstrates the ability
of the fabrication technique to create scaffolds with high
porosity and varying pore size. These samples gave
average porosities ranging from 91 to 95%, median pore
sizes ranging from 15 to 35 um, and specific pore areas
ranging from 58 to 102m?g ! (Tuble 2). However. the
largest pores were greater than 200 gm in all the samples.
as 1s evident in Figure 3, which shows the plots of the
log differential intrusion versus pore diameter of the
scaffolds. This distribution of pore sizes was also depicted
in the SEM micrographs in Figure 2. There is also a clear
distinction of two types of pores: those larger than about
I im and those much smaller, < 0.01 ym. The pores larger
than | um are mostly due to the emulsion while the much
smaller pores are probably due to the inherent porosity
of the polymer itself from the evaporation of the solvent,
similar to those found in phase-separated foams. The
porosimetry and SEM results verify the influence that
varving processing variables have on scaffold properties.
1.¢. porosity, pore size distribution and specific pore area.

These results must be examined within the context that
there are artefacts in mercury porosimetry measurements
that distort the data to give low values for pore size.
First. samples are compressed from the high pressures

Table 2 Mercury porosimetry results

Specitic

Median
Porosity pore size pore arca
Sample %) (ym) mig ")
| 91 RE} 58
2 95 22 102

93 15

99
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Figure 2 SEM mucrographs of PLGA seaflolds e svng i
emulsion frecze-drying process. ful Sample | hus a0 porostiy of 9
median pore size of 33 um and specilic pore area ot T L e
processing variables are. up,, ~0.79dlg o= 0d and Bt thy
Sample 2 has a porosity of 95 median pore size of 22w and spectlic
pore arca of 102m~g¢ ' The processing variables ave g, 051 dle

¢ 05 and T3 wtte.¢) Sample 2 has o porosity of 23, median pore
size of 13 m and specific pore area of 99m-p [he processing
variables arer iy, =05 dlg T 04 and TR w

used to make measurements. Second, to access a certain
pore. the mercury may need to penetrate the surface
through a series of smaller pores, in which case the volume
of that larger pore will be accredited to pores with smaller
diameters®®. These artifacts are most pronounced when
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Sample #1

Sample #2

1
' -
B Sample #3
'
1

Log Ditferential Intrusion (ml/g)

T
Ak 100 H | 0.1 001 0.003
Diametor (um)

Figure 3 Pore size distributions. The ordinate represents the logarithm
of the derivative of intrusion volume with respect to diameter, and the
abscissa the diameter of the pore for that specific intrusion pressure as
calculated using the Washburn equation assuming a sessile drop contact
angle of 137 . Mercury was intruded from a filling pressure of 0.5 to
60000 psia. The largest pores are greater than 200 um in all three
samples and a clear distinction of two types of pores was seen (d> | ym
and d < 0.1 um). A broad distribution of pores is also evident in this
graph as well as three distinet peaks signifying differing median pore
sizes

the pore size distribution is broad and from the SEM
micrographs in Figures 2a—c, it is evident that there are
many smaller pores that would create this type of artefact.
For these reasons, the median pore sizes presented are
lower estimates than the actual values and should be
interpreted with the accuracy of the technique in mind.

DISCUSSION

A novel scaffold fabrication method was developed and
it was shown that porosity, pore size and specific pore
area can be varied by changing processing factors such
as ¢, polymer wt% and polymer #;,, (i.e. polymer M ).
Emulsions have been used in industry to create porous
foams, but the foams have been made by either
polymerizing monomers in the emulsion, or extracting
out the disperse phase using a wash/soak process and
then drying?®. These may be acceptable processes for
non-health-care industries, but the use of crosslinkers
such as divinylbenzene and surfactants are in most cases
unacceptable for implantable devices. The emulsion
freeze-drying process reduces most of the toxic chemicals
and many of the processing steps cited above. Freeze-
drying extracts the dispersed water and polymer solvents,
climinating the need for several wash/soak steps. Further-
more, the use of polymers instead of monomers alleviates
the need for crosslinkers, and in this system surfactants
(other than the polymer) are not necessary.

Qualitative comparison of the processing parameters
in Tables | and 2 shows that ¢ directly affects median
pore size and indirectly affects porosity. Foams of good
quality (i.e. porosity >80%) were not achieved when ¢
was less than 0.4. Sample 2 with 1,,, =0.51dlg™ !, ¢=0.5
and wt% =7.5 gave the highest porosity and specific
pore area. Sample 3 with n,,=051dlg !, $=04 and

wt% = 7.5 gave the lowest median pore size. A decrease
in ¢ from 0.5 to 0.4 decreased the median pore size from
22 to 15um, but kept the porosity, 95-93%. and the
specific pore area, 102-99m?g~ ', relatively constant.
Examination of Figure 3 clearly shows the difference in
the distributions of mercury intrusion volume with
respect to pore diameter for samples 2 and 3.

Median pore size also seems to be directly affected by
the viscosity of the polymer solution, with sample | being
most viscous due to a high ., and polymer wt%, having
the greatest median pore size. This relationship may
actually be more accurately described in terms of a
relationship with polymer #,,,, because a higher M, will
give the emulsion structure more stability. allowing larger
pores 1o be formed. In other words, an increase in M,
decreases the rate of creaming, according to equation (2),
by increasing p, and », and decreases the rate of
flocculation, according to equations (3)(5). by increasing
Voae KR and n,.

This technique was shown to be capable of producing
scaffolds of PLGA with porosity greater than 90%,
median pore sizes ranging from 15 to 35 um in diameter
with the largest pores greater than 200 um, specific pore
areas ranging from 58 to 102m?g™ ', and good inter-
connections between the pores. These scatfolds have good
physical properties and can be easily handled. The
porosity and pore sizes are comparable to other materials
used in cell transplantation and reconstructive surgery>®,
but are somewhat smaller than those observed for
fibre-bonded structures’-”. Though the median pore sizes
appear small, it must be noted that the specific pore area
is tremendously high. approximately two orders of
magnitude greater than previously reported values>. This
ability to control and produce such large specific pore
areas may prove to be very important in the controlled
delivery of drugs and tissue regeneration. The scaffolds
made with this method are not membranes and can be
made thick (>1cm) compared with those made via a
solvent casting,salt leaching method?”. These scaffolds
should prove useful in applications for tissue regeneration
or reconstruction.

CONCLUSIONS

An emulsion freeze-drying technique was developed to
fabricate PLGA polymer scaffolds with porosity, pore
sizes and specific pore area depending on the processing
parameters. Scaffolds with porosity greater than 90%,
median pore sizes ranging from 15 to 35 um with larger
pores greater than 200 um, and highly interconnected
pores necessary for tissue ingrowth and regeneration were
fabricated. Increases in ¢ and #,,, increased the median
pore size.
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