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ABSTRACT: Rubbery polymer scaffolds for tissue engi-
neering were produced using templates of the pore struc-
ture. The last step in the fabrication process consists of dis-
solving the template using a solvent that, at the same time,
swells the scaffolding matrix that was a polymer network.
Sometimes the polymer matrix is stretched so strongly that
when the solvent is eliminated, i.e., the network is dried, it
shrinks and is not able to recover its original shape and,
consequently, the porous structure collapses. In this work
we prepared, using the same fabrication process (the same
template and the same solvent), a series of polymer scaf-
folds that results in collapsed or noncollapsed porous struc-
tures, depending on the polymer network composition. We

explain the collapse process as a consequence of the huge
volume increase in the swelling process during the tem-
plate extraction due to the large distance between cross-
linking points in the scaffolding matrix. By systematically
increasing the crosslinking density the porous structure
remains after network drying and the final interconnected
pores were observed. It is shown that this problem does
not take place when the scaffolding matrix consists of a
glassy polymer network. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 104: 1475–1481, 2007
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INTRODUCTION

Polymer scaffolds play an important role in the re-
generation of damaged tissues and organs as sup-
porting structures for cell attachment, proliferation,
and guidance of new tissue formation, i.e., they con-
stitute a synthetic extracellular matrix. Scaffolds
should be designed so as to show adequate proper-
ties that satisfy the specific biological, mechanical,
and geometrical requirements.1–4 These structures
must be porous and permeable to permit the ingress
of cells and nutrients and should exhibit the appro-
priate surface chemistry for cell attachment and pro-
liferation.5–7 It is important to prepare scaffolds with
controlled architecture, total porosity, as well as pore
size, since these factors are associated with supply-
ing nutrients to transplanted and regenerated cells,
and thus are critical factors in tissue regeneration.3,8

Adequate pore size is normally in the range of 50mm
to permit the ingrowth of cells, vascularization, and
regeneration of the tissue.9,10

Several methods have been proposed for the prep-
aration of polymer scaffolds such as phase separation,3

emulsion freeze-drying,11 gas foaming,12 fiber tem-
plates,13 porogen leaching,14,15 and solid free fabrica-
tion (SFF)-rapid prototyping (RP), techniques that
involve building 3D objects using layered manufac-
turing methods.16 The method we employed in this
work is based on the use of templates for generating
the porous structure. It consists of forming a bonded
microsphere template that it is dissolved (using the
appropriate solvent) after the polymerization pro-
cess, getting the scaffolding structure polymerized
between the free space of the template. This techni-
que allows controlling the interconnectivity between
pores and their size without requiring special
machines.17,18 Nevertheless, under some circumstan-
ces it is found that the interconnected pore structure
is collapsed after the final fabrication process, espe-
cially when the scaffolding matrix is in a rubber-like
state. Even though this is a problem cited in the
literature for several polymer structures,19–21 this is,
to our knowledge, the first time that the pore collapse
of macroporous structures fabricated by means of
templates was investigated systematically.

The objective of this work is to study the pore
collapse in different rubber-like polymer scaffolds
with interconnected spherical pores during the drying
process after template extraction by means of a good
solvent, both for the template and the scaffolding net-
work. We have used hydrophobic acrylates with good
response in cell culture.22–24 We identify the swelling
degree of the polymer network that constitutes the
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scaffolds walls as the key factor to be controlled in
order to achieve the desired noncollapsed structure.

EXPERIMENTAL

Materials

Commercial poly(methyl methacrylate) microspheres
of different diameters: 35 6 10 mm (PMMA, Colacryl
TS1881), 90 6 10 mm, (PMMA, Colacryl dp 300), and
PMMA obtained by classical suspension polymeriza-
tion with diameter 250 6 10 mm or 550 6 50 mm were
used as porogen templates. Ethyl acrylate (EA), ethyl
methacrylate (EMA), and buthyl acrylate (BA) (Aldrich,
Milwaukee, WI, 99% pure) were used as monomers,
benzoin (Scharlau, Barcelona, Spain, 98% pure) as pho-
toinitiator. Two crosslinkers were employed: ethylene-
glycol dimethacrylate (EGDMA) and triethyleneglycol
dimethacrylate (TEGDMA) (Aldrich, 99% pure).

Preparation of the scaffolds

The preparation of the scaffolds was done as des-
cribed elsewhere.17,18 Briefly, PMMA microspheres
were introduced between two plates (of a self-built
device) whose distance can be controlled by adjusting
the step of a coupled screw and heated at 1808C for
30 min to obtain the first template. To obtain scaffolds
with controlled porosity, the thickness of the obtained
disk was first measured, then the disk was replaced
in the mold and compressed at 1808C for 30 min.
After cooling the template at room temperature, a
monomer solution was introduced in the empty space
between the PMMA spheres. The solution consisted of
the monomer (in this work we employed EA and mix-
tures of the comonomers EMA and BA), the molecular
crosslinker (we used either TEGDMA or EGDMA),
and 0.2 wt % of benzoin as a photoinitiator. The poly-
merization was carried out up to limiting conversion
under UV radiation at room temperature. After poly-
merization took place the PMMA matrix was removed
by soxhlet extraction with dicloromethane for 48 h. At
this stage the PMMA porogen template was com-
pletely removed. The porous sample was kept 24 h
more in a soxhlet with ethanol in order to extract low
molecular weight substances. Samples were dried in
vacuo to constant weight before characterization.

Characterization of the scaffolds

The volume fraction of pores in the scaffold, the po-
rosity, was determined gravimetrically by swelling
the sample in water using a vacuum accessory. The
porosity P is defined as:

P ¼ Vpore

Vpore þ Vpolymer
; (1)

where Vpore is the part of the volume occupied by
pores and Vpolymer is the volume occupied by the
polymer. Let msw

s be the mass of the scaffold swollen
in water and md

s the mass of the dry scaffold. Since
the matrix material of the scaffold is hydrophobic,
we neglect the small amount of water that is
absorbed in immersion (� 0.7 wt %). The mass of
water located in pores m

pores
w is:

mpores
w ¼ msw

s �md
s : (2)

Taking into account the density of water, rw, the
amount of water located in pores gives their volume:

Vpore ¼ msw
s �md

s

rw
: (3)

On the other hand, the volume of the scaffold occu-
pied by the polymer can be obtained by measuring
the density of the corresponding bulk material, rb:

Vpolymer ¼ md
s

rb
: (4)

rb was determined by weighting each of the samples
both in air and immersed in n-octane at 258C
(Table I). A Mettler (Columbus, OH) AE240 balance
(sensitivity 0.01 mg) with density accessory Mettler
ME3360 was employed. Porosity measurements were
done in at least three samples of each of the compo-
sitions; porosity values were reproducible up to 3%.

Scanning electron micrography (SEM) was per-
formed with a Hitachi (Tokyo, Japan) S-3200N device.
Transversal and longitudinal slices of the dry samples
were coated with gold before observation at 15 kV.

Dynamic mechanical spectroscopy was performed
with a Seiko (Tokyo, Japan) DMS 210 apparatus at
a frequency of 1 Hz in the tension mode. The tem-
perature dependence of the storage modulus E0 and
the loss angle were measured in a temperature
range from �150 to 1808C at a rate of 28C/min. The
samples for these experiments were prismatic (�10
� 4.5 � 0.9 mm3).

TABLE I
Bulk Density and Glass Transition Temperature

of the Different Networks

Polymer network
Bulk density

(g/cm3) Tg (8C)

EA/EGDMA (98/2) 1.130 �12.0
EA/TEGDMA (98/2) 1.126 �14.4
EA/TEGDMA (95/5) 1.132 �12.9
EA/TEGDMA (90/10) 1.140 �11.1
EA/TEGDMA (80/20) 1.154 �5.1
EA/TEGDMA (70/30) 1.160 4.3
(EMA/BA)/EGDMA ((79/19)/2) 1.125 48.5
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The sorption of dichloromethane by the bulk sam-
ples in immersion was determined by soaking the dry
samples in the solvent for 3 days at 258C and measure-
ment of their weight after gentle drying of the surface.

RESULTS AND DISCUSSION

Figure 1 shows the SEM micrographs of several
collapsed structures obtained after removing the
PMMA template with dichloromethane (the theoreti-
cal porosity attained, i.e., the volume fraction of
PMMA in the template, should have been � 70%).
The matrix consists of a polymer network of poly-
ethyl acrylate (PEA) crosslinked with 2 wt %
EGDMA. The structure collapses for any pore size
ranging from 35 mm. During the solution process of
the PMMA template the scaffolding matrix network
is stretched so strongly that when the dichlorome-
thane is changed to ethanol the network shrinks and
is not able to recover its initial shape (Table I shows
the glass transition temperature for this network).
The difference in the pore structure between the
swollen and the dry states has shown in the litera-
ture25,26 for systems with much smaller pores. In

addition, the influence of the type of the solvent
used has also been reported.27–42 Polymer porous
structures dried from bad solvents show maximum
porosity that is close to the porosity in the swollen
state.35 The drying process of polymers swollen in
good solvents may lead to a partial or total collapse
of the pores.39,40 These experimental findings indi-
cate that the porosity attained in the swollen state
can be preserved in the dry state if the interactions
between the polymer and the solvent are decreased
before the drying process. Conversely, since the
swelling of a polymer network by a solvent depends
also on the network parameters, i.e., the number of
elastically active chains, we decided to increase the
crosslinking degree of the network so as to reduce
the swelling degree and, consequently, prevent the
collapse of the structure after solving the template
and drying the network.

According to the theory of rubber elasticity, the
molar concentration of elastically active, or effective,
chains nc/V is related to the rubber modulus by:43

Figure 1 SEM micrographs of the collapsed structure obtained in the fabrication process of PEA/EGDMA (98/2) scaf-
folds. The same total porosity (75%) and four different pore sizes: (a) 35 mm, (b) 90 mm, (c) 250 mm, and (d) 500–600 mm.

E0 ¼ nc
V2

3RT ¼ d2
Mc

3RT: (5)
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Where R is the universal gas constant, T is the abso-
lute temperature, E0 is the modulus in the elastomeric
region at T, Mc is the molecular weight between
crosslinks, and d2 is the network density. We meas-
ured the densities of our networks at room tempera-
ture (� 298 K), then Mc can be calculated with the
experimental E0 values in the rubbery region calcu-
lated from the dynamic mechanical measurements
shown in Figure 2. The rubbery modulus increases as
the crosslinking density does [Fig. 2(a)] and, at the
same time, the main mechanical relaxation moves to
higher temperatures [Fig. (2b)]. The data employed

for the calculations are given in Table II. We used the
molecular crosslinker TEGDMA (instead of EGDMA)
because TEGDMA is a more flexible molecule than
EGDMA and it allows higher crosslinking density
without the presence of internal stresses in the poly-
mer network that might lead to the formation of
microcracks during the polymerization process. nc/V2

increases as the amount of TEGDMA in the system
does and, consequently, the molecular weight Mc

between crosslinks decreases (Table II).
The Flory-Rehner equation43 relates the swelling

degree to the polymer–solvent interaction and the

Figure 2 (a) Dynamic mechanical storage modulus. (b) Tangent of the dynamic mechanical loss angle versus the temper-
ature at 1 Hz for the polymer networks. (&) PEA crosslinked with 2%TEGDMA, (^) 5%TEGDMA, (!) 10%TEGDMA,
(*) 20%TEGDMA, (~) 30%TEGDMA, (n) PEA crosslinked with 2%EGDMA, (~) P(EMA-co-BA) copolymer crosslinked
with 2%EGDMA.

TABLE II
Properties of the Polymer Networks

Polymer network E0 (MPa) nc/V2 (mol/cm3) Mc (g/mol) w f1 w12
EA/EGDMA (98/2) 0.857 1.135E-10 9992.7 8.88 0.91 0.13
EA/TEGDMA (98/2) 1.074 1.423E-10 7914.5 6.97 0.89 0.27
EA/TEGDMA (95/5) 1.601 2.120E-10 5340.4 4.74 0.85 0.25
EA/TEGDMA (90/10) 3.342 4.426E-10 2575.6 2.90 0.77 0.26
EA/TEGDMA (80/20) 6.745 8.933E-10 1291.8 1.67 0.66 0.32
EA/TEGDMA (70/30) 11.527 1.527E-09 759.9 1.23 0.58 0.28
(EMA/BA)/EGDMA ((79/19)/2) 0.551 7.299E-11 5928.9 4.79 0.85 0.27

E0 ¼ measured storage modulus at 1008C; nc/V2 ¼ density of elastically active chains; Mc ¼ molecular mass between
crosslinks; w ¼ dichloromethane sorption capacity of the materials (mass of solvent per unit mass of the dry network);
f1 ¼ equilibrium volume fraction of solvent in the network; w12 ¼ apparent interaction parameter.
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topological parameters of the network:

0 ¼ lnf1 þ 1� f1 þ w12ð1� f1Þ2 þ v1
nc
V2

ð1� f1Þ
1
3:

(6)

In this equation, f1 is the equilibrium volume fraction
of the solvent in the gel, v1 is the molar volume of
the solvent (64.26 cm3/mol for the dichloromethane),
w12 is the apparent interaction parameter, and nc/V2

is the volume density of elastically active chains in the
network. We decided to increase nc/V by changing
the crosslinker/monomer ratio during the polymer-
ization process that leads to the network formation. f1

was calculated from the gravimetrically measurement
of the quantity w, the ratio of the mass of dichlorome-
thane absorbed to the mass of the dry polymer before
immersion, and the polymer density d2

f1 ¼
w

wþ d1
d2

: (7)

f1 decreases as the crosslinking density increases, while
w12, as calculated from Eq. 1, remains almost constant
(Table II). The low value (below 0.5) of the interaction

Figure 3 SEM micrographs of PEA scaffolds with varying crosslinking density, constant porosity 75%, and pore size
(90 mm); (a) 2%TEGDMA, (b) 5%TEGDMA, (c) 20%TEGDMA, and (d) 30%TEGDMA.

Figure 4 Volume increment as a consequence of the swel-
ling process in dichloromethane process relative to the vol-
ume of the dry network V2. The square represents the vol-
ume increment for the EA/EGDMA (98/2) polymer network
and the triangle the volume increment for the (EMA/BA)/
EGDMA copolymer network.
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parameter indicates that dichloromethane is a good
solvent both for PEA and the crosslinker TEGDMA.
The effect of increasing the TEGDMA content in the
system does not influence the nature of the polymer–
solvent interaction and, consequently, the steady
decrease in the equilibrium solvent content can only
be explained by the increase in the density of elasti-
cally active chains nc/V2 in the system; i.e., the
decrease of the molecular weight Mc between cross-
links.

Figure 3 shows four micrographs of scaffolds pre-
pared with the same pore size (90 mm) and the total
theoretical porosity according to the fabrication pro-
cess (�75%).18 Pores are collapsed for low crosslink-
ing density, but the open structure of the intercon-
nected spherical pores is reached as the amount of
TEGDMA increases. Figure 4 shows the volume
increase in the swollen network relative to the vol-
ume of the dry one as calculated from Table II:

DV
V2

¼ d2
d1

w: (8)

Higher crosslinking densities reduce the volume
augmentation during the swelling process, which
prevents the collapse of the scaffolding structure af-
ter removing the PMMA template. The pore collapse
can be quantified by measuring the sample thickness
before and after the PMMA template extraction.
Table III shows the corresponding thickness reduc-
tion. Up to 10 wt % TEGDMA the pore collapse is
almost complete. The thickness reduction decreases
up to � 10 % for TEGDMA contents higher than
30 wt %, in which the interconnected open structure
is nicely depicted in Figure 3(d). Then the composi-
tion 70/30 EA/TEGDMA allows one to keep the
interconnected open structure after eliminating the
PMMA template and drying the network. Several
polymer scaffolds have been fabricated successfully
by using this composition with different pore sizes
and in a broad porosity range.18

The pore collapse is not such a critical problem
when the scaffolding matrix is in the glassy state
after the drying process. We fabricated similar inter-
connected spherical structures by using a copolymer
of EA/BA 80/20 wt % with 1 wt % EGDMA. The
glass transition temperature as measured by DSC is
� 488C (Table I). The resulting scaffold of total po-
rosity (� 75%) shows interconnected spherical pores
of 90 mm (Fig. 5). The equilibrium volume fraction of
solvent in the network is 0.85. Such a high solvent con-
tent is reached because of the good polymer–solvent
interaction parameter (w12 ¼ 0.27) and low density of
elastically active chains (nc/V2¼ 7.299� 10�11 mol/cm3)
(see Table II). This network increases its volume
almost six times (see Fig. 2) during the PMMA tem-
plate extraction due to the swelling process. How-
ever, as the copolymer is dried the glass transition
temperature increases above room temperature and

TABLE III
Thickness of the Polymer Scaffold before and after

the Extraction of the PMMA Template

Polymer network

Initial
thickness
(mm)

Final
thickness
(mm)

Reduction
(%)

EA/TEGDMA (98/2) 2.5 1.1 54
EA/TEGDMA (95/5) 2.7 1.3 52
EA/TEGDMA (90/10) 2.7 1.8 33
EA/TEGDMA (80/20) 2.6 2.1 19
EA/TEGDMA (70/30) 2.6 2.4 10

The thickness reduction quantifies the collapse of the
structure.

Figure 5 SEM micrographs of glassy polymer scaffolds. The matrix consists of a copolymer P(EMA-co-BA) crosslinked
using EGDMA 1 wt %.
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the glassy-like state prevents the pore collapse that
would take place if the matrix were a rubber-like
network, as previously (Fig. 5).

CONCLUSIONS

The pore collapse during the fabrication process of
rubber-like polymer scaffolds was systematically stud-
ied. The enormous increase in the volume network as
a consequence of the swelling process during the tem-
plate extraction produces the shrinking of the porous
structure when the system is dried. It has been shown
that as the amount of crosslinking density in the scaf-
folding network increases (keeping the polymer–sol-
vent interaction parameter) the open-interconnected
structure is reached, preventing its collapse.

The pore collapse does not take place in glassy
scaffolds even if the network swelling reaches high
values and the polymer chains are equally highly
stretched during the template extraction. The in-
crease of Tg above room temperature as the network
is dried explains this behavior.
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J. L.; Cáceres, E.; Monllau J. C. Biomaterials 2006, 27, 1003.
23. Bartolo de, L.; Morelli, S.; Bader A.; Drioli, E. Biomaterials

2002, 23, 2485.
24. Bruinsma, G. M.; Van Der Mei, H. C.; Busscher, H. J. Biomate-

rials 2001, 22, 3217.
25. Erbay, E.; Okay, O. J Appl Polym Sci 1999, 71, 1055.
26. Haeupke, H.; Pientka, V. J Chromatogr 1974, 102, 117.
27. Hilgen, H.; DeJong, G. J.; Sederel, W. L. J Appl Polym Sci

1975, 19, 2647.
28. Galina, H.; Kolarz, B. N. Polym Bull 1980, 2, 235.
29. Baldrian, J.; Kolarz, B. N.; Galina, H. Coll Czech Chem Com-

mun 1981, 46, 1675.
30. Kolarz, B. N.; Wieczorek, P. P.; Wojczynska, M. Angew Makro-

mol Chem 1981, 96, 193.
31. Wieczorek, P. P.; Ilavsky, M.; Kolarz, B. N.; Dusek, K. J Appl

Polym Sci 1982, 27, 277.
32. Wieczorek, P. P.; Kolarz, B. N.; Galina, H. Angew Makromol

Chem 1984, 126, 39.
33. Galina, H.; Kolarz, B. N.; Wieczorek, P. P.; Wojczynska, M.

Br Polym J 1985, 17, 215.
34. Okay, O.; Balkas, T. I. J Appl Polym Sci 1986, 31, 1785.
35. Okay, O. J Appl Polym Sci 1986, 32, 5533.
36. Poinescu, I.; Vlad, C.; Carpov, A.; Ionid, A. Angew Makromol

Chem 1988, 156, 105.
37. Cheng, C. M.; Vanderhoff, J. W.; El-Aasser, M. S. J Polym Sci

Pol Chem Ed 1992, 30, 245.
38. Okay, O. Angew Makromol Chem 1986, 143, 209.
39. Okay, O. Angew Makromol Chem 1987, 153, 125.
40. Okay, O. Angew Makromol Chem 1988, 157, 15.
41. Takeda, K.; Akiyama, M.; Yamamizu, T. Angew Makromol

Chem 1988, 157, 123.
42. Jun, Y.; Rongnan, X.; Juntan, Y. J Appl Polym Sci 1989, 38, 45.
43. Flory, P. J. Principles of Polymer Chemistry; Cornell Univesity

Press: Ithaca, NY, 1953.

PORE COLLAPSE OF POLYMER SCAFFOLDS 1481

Journal of Applied Polymer Science DOI 10.1002/app


