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Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, v.v.i., Heyrovský Sq. 2, 162 06 Prague 6, Czech Republic
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Superporous poly(2-hydroxyethyl methacrylate) (PHEMA) scaffolds with pore size from 101 to 102 mm
range were prepared by radical polymerization of 2-hydroxyethyl methacrylate (HEMA) with 2 wt.%
ethylene dimethacrylate (EDMA) with the aim to obtain a support for cell cultivation. Superpores
were formed by salt-leaching technique using NaCl or (NH4)2SO4 as a porogen. Addition of liquid porogen
(cyclohexanol/dodecan-1-ol (CyOH/DOH)¼ 9/1 w/w) to the polymerization mixture did not substantially
affect the formation of meso- and macropores. The prepared slabs were characterized by several methods
including water and cyclohexane regain by centrifugation, water regain by suction, scanning electron
microscopy (SEM), mercury porosimetry and dynamic desorption of nitrogen. High-vacuum scanning
electron microscopy (HVSEM) confirmed permeability of hydrogel slabs to 8-mm microspheres, whereas
low-vacuum scanning electron microscopy (LVSEM) at cryo-conditions showed the undeformed struc-
ture of the frozen slabs. Interconnection of pores in the PHEMA slabs was proved. Water regain estimated
by centrifugation method did not include volume of large superpores (imprints of porogen crystals), in
contrast to water regain by suction method. The porosities of the slabs ranging from 81 to 91% were
proportional to the volume of porogen in the feed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer scaffolds have received much attention as microenvi-
ronment for cell adhesion, proliferation, migration and differentia-
tion in tissue engineering and regenerative medicine. The
three-dimensional scaffold structure provides support for high
level of tissue organization and remodelling. Regeneration of differ-
ent tissues, such as bone [1], cartilage [2], skin [3], nerves [4], or
blood vessels [5], is investigated using such supports. An ideal poly-
mer scaffold should thus mimic the living tissue, i.e. possess a high
water content, which could possibly incorporate bioactive mole-
cules allowing a better control of cell differentiation. At the same
time it requires a range of properties including biocompatibility
and/or biodegradability, highly porous structure with communicat-
ing pores allowing high cell adhesion and tissue in-growth. The
material should be sterilizable and also possess good mechanical
strength. Both natural and synthetic scaffolds are being developed.
The advantage of synthetic polymer matrices consists in their easy
r Chemistry, Academy of Sci-
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processability, tunable physical and chemical properties, suscepti-
bility to modifications and possibly controlled degradation.

Many techniques have been developed to fabricate highly
porous scaffolds for tissue engineering. They include for instance
solvent casting [6], gas foaming [7] and/or salt-leaching [8],
freeze–thaw procedure [9,10], supercritical fluid technology [11]
(disks exposed to CO2 at high pressure) and electrospinning (for
nanofibre matrices) [12]. A wide range of polymers were suggested
for scaffolds. In addition to natural materials, such as collagen, gel-
atin, dextran [13], chitosan [14], phosphorylcholine [15], alginic
[16] and hyaluronic acids, it includes also synthetic polymers, e.g.,
poly(vinyl alcohol) [17], poly(lactic acid) [1,18], polycaprolactone
[19], poly(ethylene glycol) [20], polyacrylamide [21], polyphospha-
zenes [22], as well as polyurethane [23].

Among various kinds of materials being used in biomedical and
pharmaceutical applications, hydrogels composed of hydrophilic
polymers or copolymers find a unique place. They have a highly wa-
ter-swollen rubbery three-dimensional structure which is similar
to natural tissue [24,25]. In this paper, poly(2-hydroxyethyl meth-
acrylate) (PHEMA) was selected as the hydrogel for a potential scaf-
fold intended for cell cultivation. The presence of hydroxy and
carboxy groups makes this polymer compatible with water,
whereas the hydrophobic methyl groups and backbone impart
hydrolytic stability to the polymer and support the mechanical
strength of the matrix [26]. PHEMA hydrogels are known for their
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resistance to high temperatures, acid and alkaline hydrolysis and
low reactivity with amines [27]. Previously, porous structure in
PHEMA slabs was obtained by phase separation using a low-molec-
ular weight or polymeric porogen, or by the salt-leaching method.
The material was used as a mouse embryonic stem cell support
[8,28,29]. The aim of this paper is to demonstrate conditions under
which communicating pores are formed enabling high permeabil-
ity of PHEMA scaffolds which is crucial for future cell seeding.

2. Experimental

2.1. Reagents

2-Hydroxyethyl methacrylate (HEMA, Röhm GmbH, Germany)
and ethylene dimethacrylate (EDMA, Ugilor S.A., France) were pu-
rified by distillation. 2,20-Azobisisobutyronitrile (AIBN, Fluka) was
crystallized from ethanol and used as initiator. Sodium chloride
G.R. (Lach-Ner, s.r.o. Neratovice, Czech Republic) was classified, par-
ticle size 250–500 mm and ammonium sulfate needles (100�
600 mm, Lachema, Neratovice, Czech Republic) were used as poro-
gens. Cyclohexanol (CyOH, Lachema, Neratovice, Czech Republic)
was distilled; dodecan-1-ol (DOH) and all other solvents and re-
agents were obtained from Aldrich and used without purification.
Ammonolyzed PGMA microspheres (2 mm) were obtained by the
previously described procedure [30]. Sulfonated polystyrene (PSt)
microspheres (8 mm) Ostion LG KS 0803 were purchased from
Spolek pro chemickou a hutnı́ výrobu, Ústı́ n. L., Czech Republic.
Polyaniline hydrochloride microspheres (PANI, 200–400 nm) were
prepared according to literature [31].

2.2. Slab preparation

Crosslinked hydrogel slabs were prepared by the bulk radical
polymerization of a reaction mixture containing monomer
(HEMA), crosslinking agent (EDMA), initiator (AIBN) and NaCl
and/or liquid diluent as a porogen (CyOH/DOH¼ 9/1 w/w). The
compositions of polymerization mixtures are summarized in Table
1. The amount of crosslinker (2 wt.%) and AIBN (1 wt.%) in
monomers was the same in all experiments, while the amount of
an inorganic salt in the polymerization feed, such as NaCl used as
a porogen, was varied from 35.9 to 41.4 vol.%. Optionally, needle-
like (NH4)2SO4 crystals (42.3 vol.%) together with saturated
(NH4)2SO4 solution were used as a porogen instead of NaCl crystals.
The needle-like shape of crystals was convenient for the prepara-
tion of slabs with communicating pores (Run 9, Table 1). For the
sake of comparison, a copolymer was prepared with a mixture of
solid (NaCl) and liquid low-molecular weight porogen (diluent)
Table 1
Preparation of PHEMA slabs, conditions and propertiesa

Run NaCl (vol.%) Water regain (ml/g) CX regaind (ml/g) Cumulative pore
volumef (ml/g)

1 41.4 0.84d 7.52e 0.13 0.35
2 40.8 0.88d 7.40e 0.23 0.47
3 40.0 1.04d 5.34e 0.56 1.03
4 39.1 0.81d 4.05e 0.33 1.24
5 37.9 0.78d 4.04e 0.21 1.60
6 37.0 0.79d 3.64e 0.34 1.83
7 35.9 0.75d 3.32e 0.32 1.70
8b 37.9 0.89d 4.30e 0.45 1.65
9 42.3c 0.84d 2.11e 0.08 0.08

a Crosslinked with 2 wt.% EDMA, 1 wt.% AIBN, NaCl in vol.% relative to polymeri-
zation mixture (HEMAþ EDMAþNaCl).

b One half of the HEMA/EDMA feed was replaced by CyOH/DOH¼ 9/1 w/w.
c (NH4)2SO4.
d Centrifugation method.
e Suction method.
f Mercury porosimetry.
(Run 8). The content of liquid porogen (diluent) amounted to 50%
of the polymerization feed. The thickness of the slab was adjusted
with a 3-mm thick silicone rubber spacer between the Teflon plates
(10�10 cm), which were greased with a silicone oil and covered
with Cellophane to facilitate removal of the sheet after polymeriza-
tion. The reaction mixture was transferred onto a plate and covered
with a second plate. The two plates were clamped and heated in
a bath at 70 �C for 8 h. After polymerization, the slabs obtained
with NaCl or (NH4)2SO4 as a porogen were soaked in water and
washed until the reaction of chloride or sulfate ions disappeared.
The slabs prepared in the presence of a liquid diluent were washed
with ethanol/water mixtures (98/2, 70/30, 40/60, 10/90 v/v) and
water to remove the diluent, unreacted monomers and initiator
residues. The washing water was then changed every day for 2
weeks.

2.3. Methods

2.3.1. Microscopy
Low-vacuum scanning electron microscopy (LVSEM) was per-

formed with a microscope Quanta 200 FEG (FEI, Czech Republic).
Neat hydrated hydrogel slabs were cut with a razor blade into
w5-mm cubes, flash-frozen in liquid nitrogen and placed on the
sample stage cooled to �10 �C. Before microscopic observation,
the top of a frozen sample was cut off using a sharp blade. During
the observation, the conditions in the microscope (�10 �C, 100 Pa)
caused slow sublimation of ice from the sample surface and, subse-
quently, from the pores. This made it possible to visualize three-
dimensional morphology of the frozen sample. All samples were
observed with a low-vacuum secondary electron detector, using
the accelerating voltage 30 kV. Lyophilized PHEMA slabs (Runs 3
and 8) filled with microspheres were also investigated by LVSEM;
however, the microspheres were washed out of the pores during
freezing and, consequently, they were scarcely observed on the
micrographs.

High-vacuum scanning electron microscopy (HVSEM) was carried
out with an electron microscope Vega TS 51355 (Tescan, Czech Re-
public). Permeability of the water-imbibed slabs (Runs 7 and 9) was
determined by the flow of water suspension of the polymer micro-
spheres. Before observation, the wet hydrogel slab was placed on
a wet filtration paper and a droplet of a suspension of 8-mm PSt
microspheres in water was put on the top. The sample was dried
at ambient temperature and cut with a sharp blade in the direction
of the microsphere flow. Samples showing the top, bottom and
cross-sections of flowed-through slabs were sputtered with a 8-
nm layer of platinum using a vacuum sputter coater (Baltec SCD
050), fixed with a conductive paste to a brass support and observed
in a scanning electron microscope in high vacuum (10�3 Pa), using
the acceleration voltage 30 kV and a secondary-electrons detector.
This technique made it possible to observe both microspheres and
pores of the hydrogel.

2.3.2. Solvent regain
The solvent (water or cyclohexane – CX) regain was determined

in 1�2 cm sponge slabs kept for 1 week in deionized water, which
was exchanged daily. Water regain was measured by two methods:
(i) centrifugation [32] (WRc) and (ii) suction (WRs). In centrifuga-
tion method, solvent-swollen samples with imbibed solvent in
glass columns with fritted disc were centrifuged at 980 g for
10 min and immediately weighed (ww – weight of hydrated sam-
ple), then vacuum-dried at 80 �C for 7 h and again weighed (wd –
weight of dry sample). In the second method, excessive water
was removed from swelled slab by suction and the slab weighted
to determine ww. Weight of the dry sample wd was determined
as above. Water regains WRc or WRs (ml/g) were calculated accord-
ing to the equation:
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WRcðWRsÞ[
wwLwd

wd
(1)

The results are average values of two measurements for each slab.
To measure cyclohexane regain (CXR) by centrifugation, equilib-
rium water-swollen slabs were successively washed with ethanol,
acetone and finally cyclohexane. Using the solvent-exchange
method, a thermodynamically good (swelling) solvent in the
swollen gel was replaced by a thermodynamically poor solvent
(non-solvent). Porosity of the slabs ( p) was calculated from the wa-
ter and cyclohexane regains (Table 1) and PHEMA density (r¼ 1.3 g/
ml) according to the equation:

p [
R3100

RDð1=rÞð%Þ (2)

where R¼WRc, WRs, or CXR (ml/g).

2.3.3. Mercury porosimetry
Pore structure of freeze-dried PHEMA slabs was characterized

on a mercury porosimeter Pascal 140 and 440 (Thermo Finigan,
Rodano, Italy). It works in two pressure intervals, 0–400 kPa and
1–400 MPa, allowing determination of meso- (2–50 nm), macro-
(50–1000 nm) and small superpores (1–116 mm). The pore volume
and most frequent pore diameter were calculated under the as-
sumption of a cylindrical pore model by the Pascal program using
Washburn’s equation describing capillary flow in porous materials
[33]. The volumes of bottle and spherical pores were evaluated as
the difference between the end values on the volume/pressure
curve. Porosity was calculated according to Eq. (2), where cumula-
tive pore volume (meso-, macro- and small superpores) from mer-
cury porosimetry was used for R.
3. Results and discussion

3.1. Morphology of hydrogel slabs

The prepared PHEMA slabs had always an opaque appearance
indicating a permanent porous structure. Pores are generally
divided into micro-, meso-, macropore and small and large super-
pores. Morphology of water-swollen PHEMA slabs was investigated
by LVSEM as shown in Fig. 1. Large 200–500 mm superpores were
developed as imprints of NaCl crystals, which were subsequently
washed out from the slab; the interstitial space between the pores
was filled with the polymer. At the same time, ice crystals filling
soft polymer net were clearly visible in the centre of the slab
(Run 1, Table 1) prepared at the highest content of NaCl
(41.4 vol.%) in the feed (Fig. 1a). The internal surface area was too
small to be determined. Fig. 1b and c shows slabs from Runs 3
and 5 (40 and 37.9 vol.% NaCl), respectively, documenting their
more compact structure accompanied by thicker walls between
large superpores as compared with the slab from Run 1 (Fig. 1a).
Fig. 1. LVSEM micrographs showing frozen cross-section of PHEMA slabs prepared with (a)
PHEMA crosslinked with 2 wt.% EDMA (relative to monomers).
According to LVSEM, ca. 8-mm pores were observed in the walls be-
tween the large superpores, the presence of which was confirmed
by mercury porosimetry (volume about 1 ml/g). Longitudinal
cracks in the material structure (Fig. 1b and c) were obviously
caused by sample handling and fast freezing in liquid nitrogen.
Nevertheless, the LVSEM micrographs displayed only cross-sections
of hydrogel slabs and it was not clear whether the hydrogel pores
are interconnected.

Interconnection of pores is of vital importance for cell ingrowths
in future applications to tissue regeneration. Pore interconnection
was tested by the permeability of the whole slabs for different kinds
of microspheres under two microscopic observations. Cross-
sections of the frozen slabs filled with microspheres were first
observed in LVSEM. The water-swollen slabs were also flowed
through by a suspension of microspheres in water and their dried
cross-sections were followed in HVSEM.

Slabs observed by LVSEM were immersed into water or a water
suspension of the microspheres and frozen in liquid nitrogen. This
preserved their water-swollen morphology. PHEMA (Run 3) pre-
pared with neat NaCl (Fig. 2a) was compared with Run 8 obtained
in the presence of NaCl together with a mixture of CyOH/DOH
(Fig. 2d). Addition of liquid porogens did not change the morphol-
ogy; however, it increased the pore volume (from 0.21 to 0.45 ml
CX/g, Table 1) and softness of the slab. As a result, the slab had a ten-
dency to disintegrate during the washing procedure. LVSEM micro-
graphs of both PHEMA slabs filled with 2-mm ammonolyzed PGMA
and 200–400 nm PANI microspheres is illustrated in Fig. 2b and e
and Fig. 2c and f, respectively. The micrographs showed undistorted
morphology of the frozen hydrogels, but just a few microspheres
and/or their agglomerates. This was attributed to the fact that
most of them were washed out during preparation of the sample
for LVSEM.

Morphology of the PHEMA slabs flowed through by a suspension
of microspheres was observed by HVSEM. Fig. 3 shows HVSEM mi-
crographs of cross-sections of the top and bottom part of the slabs
from Runs 3, 5 and 8 flowed through by a suspension of 8-mm
sulfonated PSt microspheres in water. While the microspheres
flowed through the slab from Run 3, they did not penetrate the
slabs from Runs 5 and 8 prepared in the presence of a rather low
content of NaCl (37.9 vol.%). At the same time, surface and inner
structure of the slabs slightly differed. Fig. 4 shows HVSEM of the
cross-section of the PHEMA slab obtained with cubic NaCl crystals
as a porogen (Run 7). While Fig. 4a shows the bulk, panels b–d show
detailed sections. Again, small superpores with an average size of
about 13 mm were in the walls between the large superpores, form-
ing small channels through which water flowed. To prove or
exclude the interconnection of at least some pores, a suspension
of 8-mm sulfonated polystyrene (PSt) microspheres in water was
poured on the centre of the top side of the gel. While water flowed
through the hydrogel bulk, the microspheres were retained on the
surface of the hydrogel or penetrated only superficial layers due to
41.4 vol.% – Run 1, (b) 40 vol.% – Run 3, and (c) 37.9 vol.% NaCl (250–500 mm) – Run 5.



Fig. 2. LVSEM micrographs showing frozen cross-section of PHEMA slabs; (a–c) – Run 3; (d–f) – Run 8; (a and d) neat and filled with (b and e) 2-mm ammonolyzed PGMA and (c and
f) 200–400 nm PANI microspheres.

Fig. 3. HVSEM micrographs of PHEMA slabs; (a and d) – Run 3, (b and e) – Run 5 and (c and f) – Run 8 showing top (a–c) and bottom (d–f) of the hydrogels after the flow of
a suspension of 8-mm sulfonated PSt microspheres in water.
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the surface cracks (Fig. 4a and b). This confirmed that the pores of
PHEMA slabs obtained with a low content of NaCl porogen
(35.9 vol.%) did not communicate. In contrast, Fig. 5 presents
cross-section of the PHEMA hydrogel from Run 9 (both bulk and de-
tailed) obtained with needle-like (NH4)2SO4 crystals as a porogen.
This porogen allowed the formation of connected pores which is
explained by the needle-like structure of ammonium sulfate
crystals that are linked to the gel structure. At the same time, the
crystals grew to large structures due to the presence of saturated
(NH4)2SO4 solution in the feed. As a result, long interconnected
large superpores – channels – were formed. This is documented
in Fig. 5a–d by the fact that suspension of 8-mm sulfonated PSt mi-
crospheres in water deposited in the centre of the top side of the
hydrogel flowed through. The captured microspheres are well vis-
ible in Fig. 5b–d. They accumulated at the places of pore narrowing;
their majority, however, was found on the bottom part of the
hydrogel. In such a way, the flow of water suspension of micro-
spheres in the hydrogel was traced.

Mechanical properties of the porous hydrogels were sensitive to
the concentration of porogen in the feed. Slabs with lower contents
of NaCl and therefore higher proportion of PHEMA had thicker
walls between the pores and were more compact allowing in-
creased swelling of polymer chains in water. Two PHEMA slabs
with the highest contents of NaCl in the feed (41.4 vol.% – Run 1
and 40.8 vol.% – Run 2) possessing thin polymer walls between
large superpores easily disintegrated.



Fig. 4. Selected HVSEM micrographs showing cross-section of PHEMA slab 3 mm thick (Run 7) obtained with NaCl (250–500 mm) as a porogen after passing of a suspension of 8-mm
sulfonated PSt microspheres in water (in the direction of the dotted line). (a) The whole cross-section through the slab and selected details from (b) top, (c) centre and (d) bottom.
PSt microspheres are denoted with white arrows.
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3.2. Characterization of porosity by solvent regain

Dependences of porosity of PHEMA slabs calculated from wa-
ter or cyclohexane regain and also from mercury porosimetry on
NaCl content in the polymerization feed showed similar behav-
iour (Fig. 6). Porosities of 81–91% for water regain were obtained
by suction, 49–57% for water regain by centrifugation, 14–42% for
cyclohexane regain and 31–70% for mercury porosimetry. The
porosity determined by centrifugation of samples soaked with
water and cyclohexane (solvents with different affinities to polar
methacrylate chain) consists of two contributions: filling of the
pores and swelling (solvation) of PHEMA chains. The uptake of
cyclohexane, a thermodynamically poor solvent which cannot
swell the polymer, is a result of the former contribution only,
reflecting thus the pore volume. The porosities calculated from
water regain and determined by centrifugation were therefore
always higher than those from cyclohexane regain demonstrating
thus swelling of polymer chains with water (Table 1). Solvent
regains were affected by the concentration of NaCl porogen in
the polymerization feed. Porosities according to both water and



Fig. 5. Selected HVSEM micrographs showing cross-section of PHEMA slab 3 mm thick (Run 9) obtained with (NH4)2SO4 (100� 600 mm) as a porogen after passing of a suspension
of 8-mm sulfonated PSt microspheres in water (in the direction of the dotted line). (a) The whole cross-section through the slab and selected details from (b) top, (c) centre and (d)
bottom. PSt microspheres are denoted with white arrows.

D. Horák et al. / Polymer 49 (2008) 2046–2054 2051
cyclohexane regains determined by centrifugation slightly in-
creased with increasing volume of NaCl porogen in the polymer-
ization feed from 35.9 to 40 vol.% and then decreased with
a further NaCl increase up to 41.4 vol.% (Fig. 6). In the latter range
of NaCl, the porosity determined by mercury porosimetry
exhibited an analogous dependence. This decrease in solvent
and mercury regains can be explained by thin polymer walls be-
tween large superpores inducing collapse of the porous structure.
In the concentration range of 35.9–40 vol.% NaCl in the feed, mer-
cury porosimetry provided higher porosities than those obtained
from water regain because centrifugation at 980 g obviously did
not retain water in large superpores. Retained water reflected
thus only small superpores, closed pores and solvation of the
polymer in water similarly as observed earlier for macroporous
PHEMA slabs [34]. Water regain was determined also by the suc-
tion method (Table 1) which gave the values several times higher
(3.3–7.5 ml/g) than those determined by centrifugation because,
in the former technique, water filled all the pores in the polymer
structure, including large superpores, in contrast to the latter one.
As expected, porosity determined by water regain by the suction
method increased with increasing volume of NaCl porogen in the
polymerization feed.



36 38 40 42

20

40

60

80

P
o

r
o

s
i
t
y
,
 
%

NaCl, vol.%

Fig. 6. Dependence of porosity of PHEMA slabs determined from cyclohexane (-) and
water regain measured by centrifugation (C) or suction (;) and mercury porosimetry
(:) on the content of NaCl (250–500 mm) porogen in the polymerization feed.

36 38 40 42
2

4

6

8

10

12

NaCl, vol.%

M
o

s
t
 
f
r
e
q

u
e
n

t
 
p

o
r
e
 
s
i
z
e
,
 
n

m

0.00

0.03

0.06

0.09

0.12
P

o
r
e
 
v
o

l
u

m
e
,
 
m

l
/
g

Fig. 7. Dependence of pore volume (:) and most frequent mesopore size (-) of
PHEMA slabs on the content of NaCl (250–500 mm) porogen in the polymerization
feed according to mercury porosimetry.

36 38 40 42
0

20

40

60

80

NaCl, vol.%

0.0

0.5

1.0

1.5

2.0

P
o

r
e
 
v
o

l
u

m
e
,
 
m

l
/
g

M
o

s
t
 
f
r
e
q

u
e
n

t
 
p

o
r
e
 
s
i
z
e
,
 
 

m

Fig. 8. Dependence of pore volume (;) and most frequent small superpore size (-) of
PHEMA slabs on the content of NaCl (250–500 mm) porogen in the polymerization feed
according to mercury porosimetry.

D. Horák et al. / Polymer 49 (2008) 2046–20542052
The slab from Run 8 formed in the presence of NaCl and CyOH/
DOH porogen showed higher solvent regains and mercury penetra-
tion than the comparable slab from Run 5 obtained with the same
content of neat NaCl (Table 1). This can be explained by the higher
total amount of porogen in the former slab. In contrast, the slab
from Run 9 prepared with needle-like (NH4)2SO4 crystals as a poro-
gen had the lowest solvent and mercury regains of all the samples.
The exception was water regain by centrifugation which was iden-
tical with that of sample (Run 1, Table 1) having a similar content of
the NaCl porogen in the feed. This can imply that only large contin-
uous superpores were present in this slab and small superpores,
macro- and mesopores were almost absent as evidenced by the
low values of solvent and mercury regains.

3.3. Characterization of porosity by mercury porosimetry

The advantage of mercury porosimetry consists in that it pro-
vides not only pore volumes, but also pore size distribution not
available by other techniques. The method measures samples dried
by lyophilization, which does not distort the pore structure. As al-
ready mentioned, porosities determined by mercury porosimetry
were lower than those obtained from water regain by the suction
method which included large superpores. The porosities were sys-
tematically higher than those from water and cyclohexane regains
detected by centrifugation. This was due to better filling of the com-
pact xerogel structures obtained at lower contents of NaCl in the
feed with mercury under a high pressure than with water or cyclo-
hexane under atmospheric pressure. Fig. 7 shows the dependence
of most frequent mesopore size of PHEMA slabs and their pore vol-
umes on the NaCl porogen content in the polymerization feed. Pre-
dominantly, 4–5 nm mesopores were detected with their volume
increasing from 0.03 to 0.1 ml/g with increasing NaCl content in
the polymerization feed. Macropores were absent and very low
values of specific surface areas (<0.1 m2/g) were found. The pres-
ence of CyOH/DOH porogen (Run 8) did not substantially affect
the formation of meso- and macropores (volume 0.022 ml/g), be-
cause the amount of crosslinker in the polymerization feed was
limited to only 2 wt.%. The separation of the polymer from the
porogen phase could not thus occur and porous structure was not
formed. Both in hydrophobic styrene–divinylbenzene [35,36] and
polar methacrylate copolymers [37] prepared in the presence of liq-
uid porogens, phase separation and formation of macroporous
structure occurred at crosslinker contents higher than 10 wt.%.

Fig. 8 represents the dependence of most frequent small super-
pore size of PHEMA slabs and their pore volume on the content of
NaCl porogen in the polymerization feed. Pore size increased up to
28–69 mm with increasing NaCl volume. This was pronounced in
the range 40–41.4 vol.% NaCl probably due to the aggregation of
NaCl crystals in the mixture at their high contents. All the investi-
gated samples contained small superpores, the volume of which
was about 20 times higher than that of mesopores. The volume of
small superpores continuously decreased from 1.8 to 0.2 ml/g
with increasing NaCl amount in the feed. This could be explained
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by collapse of the pore structure and destruction of last two slabs
with the highest content of NaCl porogen (Runs 1 and 2) under
high pressure as mentioned above. The size of small superpores
according to mercury porosimetry was by an order of magnitude
smaller than the particle size of the used NaCl porogen (250–
500 mm) because the method was able to detect the superpores
only in the size range 1–116 mm (Fig. 9). Large superpores (imprints
of NaCl crystals) were detected by LVSEM. Fig. 9 exemplifies a typi-
cal cumulative pore volume and a derivative pore size distribution
curve of PHEMA (Run 4) with a decisive contribution of small
superpores of 25 mm in size.
4. Conclusions

Superporous PHEMA slabs were prepared by bulk radical copo-
lymerization of HEMA and EDMA in the presence of NaCl or
(NH4)2SO4 crystals. Morphology of the prepared slabs was charac-
terized by several methods including scanning electron microscopy
both in swollen (LVSEM) and dry (HVSEM) states, solvent (water
and cyclohexane) regains, high- and low-pressure mercury poros-
imetry of lyophilized samples and dynamic desorption of nitrogen.
Morphology and porous structure of the slabs were preferentially
affected by the character and amount of the used porogen – NaCl
or (NH4)2SO4. After washing out of the salts from PHEMA, three
types of pores were detected by microscopic and mercury porosim-
etry methods, including large superpores (hundreds of microme-
ters) as imprints of salt crystals. The slabs can be divided into two
groups, with disconnected and interconnected pores. The latter
allowed the passage of suspension of microspheres in water, which
was observed only for the sample with ammonium sulfate crystals
used as a porogen and the samples with the highest content of
NaCl in the feed. Interconnected pores are crucial for potential
application of the slabs as living cell supports. LVSEM showed the
undistorted (frozen) structure of the hydrogels, but only few
flowed-through microspheres could be observed as they tended
to escape from the pores during sample preparation. HVSEM
seemed to be the best microscopic technique especially for the ob-
servation of permeability of hydrogel slabs to 8-mm microspheres.
Slabs were initially flowed through by the microspheres in their
natural wet state, but the specimens were dried before SEM
observation. The microspheres could be traced both on the up-
per/lower parts of the slabs and on the cross-sections.

Mercury porosimetry provided detailed description of morphol-
ogy of PHEMA slabs with pore sizes from units of nanometers to
tens of micrometers. The drawback of the method is that the slabs
are not measured in the swollen, but dry state, as xerogels. But
comparison of the data in both wet and dry states showed that lyo-
philization did not change the pore structure. The mesopores and
small superpores detected by mercury porosimetry cannot be
formed by the imprinting mechanism. While mesopores present
only in very small amounts may be formed by phase separation,
small superpores arise by polymer contraction in the walls of large
superpores. Small 28–69 mm superpores were mainly present in the
porous structure apart from the large superpores (imprints of solid
porogen crystals), the volume of which was several times higher
than that of other pores, as confirmed by water regain obtained
by the suction method.
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[28] Horák D, Dvořák P, Hampl A, Šlouf M. Poly(2-hydroxyethyl methacrylate-co-
ethylene dimethacrylate) as a mouse embryonic stem cell support. J Appl
Polym Sci 2003;87:425–32.
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