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Summary: This paper reports on two straightforward and versatile routes
to functional doubly porous polymeric materials based on cross-linked
poly(2-hydroxyethyl methacrylate) (PHEMA) via novel porogen templating method-
ologies. The quantitative removal of either CaCO; particles or poly(methyl
methacrylate) beads as macroporogens, in conjunction with either hydroxyapatite
nanoparticles or a solvent as nanoporogens, led to the generation of macropores
with dimensions in the 100 um range, while the second porosity lied within the 1 um
order of magnitude, as evidenced by mercury intrusion porosimetry and scanning
electron microscopy. The successful functionalization of such doubly porous
PHEMA-based frameworks was implemented through a straightforward two-step
chemical modification involving an activation stage, followed by the coupling of
propargylamine as a model compound. Raman spectroscopy clearly indicated the
occurrence of alkyne functionality within the biporous materials.

Keywords: doubly porous materials; macroporogen; nanoporogen; poly(2-hydroxyethyl

methacrylate); surface functionalization

Introduction

Porous materials — either organic or
inorganic'~have been the subject of in-
tense research for many years, mainly
because of their wide range of applications.
Polymer-based porous materials have par-
ticularly attracted much interest from the
research community,[z] as they possess
some undeniable advantages over their
inorganic counterparts. First, they display
tunable mechanical properties in a useful
range. Second, they can easily be function-
alized by simple organic reactions. Last
but not least, they can be engineered by
processes with very low production costs.
Among the plethora of porous polymeric
materials, those based on biocompatible
polymers, such as poly(lactic acid) or poly-
(lactic ~acid-co-glycolic acid) (PLGA),>™!
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poly(e-caprolactone),'*® and poly(2-hydroxy-
ethyl methacrylate) (PHEMA)®'? have
demonstrated some potential or promising
results in the development of devices for drug
deliverym] or scaffolds for tissue engineering
applications.[m They have notably been used
for the encapsulation and controlled release
of several drugs/proteins, such as heparin,[lsl
bovine serum albumin (BSA),'! metronid-
azole antibiotic,'”) and many more.['®!
Over the last decade, the preparation of
doubly porous materials has particularly
attracted the focus of researchers for the
design of biocompatible scaffolds meant for
biomedical applications.["”’ A hierarchical
double porosity may constitute a real
benefit in the area of tissue engineering
as the first porosity with pore sizes higher
than 100 wm may enable the seeding and
proliferation of suitable cell lines within the
material, while the second porosity with
pore diameters lower than 1um should
permit to improve the nutrient and waste
flow though the material when the macro-
pores are clogged at the last stage of
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the cell culture. In this context, different
methodologies have hitherto been devel-
oped for the design and synthesis of such
materials displaying a double porosity.
Temperature-induced phase separation
(TIPS) in combination with particle leach-
ing has recently been reported for the
design of poly(L-lactic acid) (PLLA),?!
gelatin®!l or PLGA?? scaffolds. In these
studies, poly(ethyl methacrylate), paraffin,
and sucrose spheres (with different dia-
meter ranges) were used as the macro-
porogens, while dioxane, ethanol/water or
chloroform allowed for the formation of
small pores during the TIPS process. Gas
foaming combined with particle leaching
also seems to be appropriate for the
preparation of doubly porous PLLA- and
PLGA-based frameworks when using
dioxane/water as a porogenic solvent mix-
ture and sodium bicarbonate particles.*’)
The design of doubly porous materials was
also investigated by a double porogen
approach. In this case, PLLA scaffolds were
prepared by using a macromolecular poro-
gen, i.e. poly(ethylene glycol), in combina-
tion with NaCl particles.[24] On the other
hand, superporous PHEMA scaffolds were
produced through the use of NaCl or
(NH,4),SO, macroporogens in conjunction
with cyclohexanol/dodecan-1-ol as a poro-
genic solvent mixture.” In addition, High
Internal Phase Emulsion (HIPE) templating
has allowed for the generation of PHEMA-
based materials presenting a hierarchically-
structured porosity.?*28

In order to develop more robust and
versatile approaches to biocompatible dou-
bly porous PHEMA-based materials, we
propose novel synthetic strategies through
the use of two distinct types of porogens,
namely a macroporogen in combination
with a nanoporogen. To generate the
macroporosity, either sieved CaCOj; par-
ticles in the 125-160 wm range or 200-
250 pm sieved PMMA beads are used,
while the second porosity is obtained by
using either hydroxyapatite (HA) nano-
particles (200nm) or a porogenic solvent,
such as ethanol. Such straightforward
methodologies based upon porogen remov-
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al allow for the preparation of relatively
well-defined doubly porous PHEMA-based
materials. The porosity of the as-obtained
porous frameworks is characterized by
means of mercury intrusion porosimetry
(MIP) and scanning electron microscopy
(SEM). Finally, the possibility to further
functionalize such materials is investigated
through an activation of hydroxyl groups,
and subsequent coupling with a model
amine, ie. propargylamine. The achieve-
ment of the functionalization is confirmed
by Raman spectroscopy.

Experimental Part

Materials

2-hydroxyethyl methacrylate (HEMA, 97%),
ethylene glycol dimethacrylate (EGDMA,
98%), hydroxyapatite (HA, average particle
size equal to 200nm) and 1,1’-carbonyl
diimidazole (CDI, >97%) were purchased
from Aldrich. 2,2'-Azobis(2-methylpropioni-
trile) (AIBN, 98%, Aldrich) was recrystal-
lized from methanol (MeOH) prior to use.
2-Acrylamido-2-methylpropane sulfonic acid
tetrabutylammonium salt (AMPS-TBA) was
prepared by a classical ion-exchange reaction
from 2-acrylamido-2-methylpropane sulfonic
acid (AMPS, 98%, Fluka). Calcium carbon-
ate (CaCO;, Mikhart 130, particle size
ranging from 60 to 400 um) was kindly
provided by Provengale SA, France, and
sieved (125-160 pm), prior to PHEMA-
based material synthesis. Poly(methyl meth-
acrylate) (PMMA) beads (200 wm average
diameter, » =3.0) were obtained from Poly-
sciences, Inc., and sieved (200-250 p.m), prior
to PHEMA-based material synthesis. Abso-
lute ethanol (EtOH, 99%, SDS), MeOH
(99%, SDS), dichloromethane (CH,Cl,,
99.9%, Carlo Erba), tetrahydrofurane
(THF, 99.9%, SDS) were used without any
further purification procedure. Hydrochloric
acid (HCI, 37wt %, Normapur) was diluted
to prepare a 3M aqueous solution.

Preparation of Biporous PHEMA-Based
Material using CaCO; and HA as Porogens
CaCOs; particles and HA nanoparticles were
mixed in glass vials with a polymerization
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mixture constituted of HEMA (09g,
6.92mmol), EGDMA (0.152¢g, 0.77 mmol,
HEMA/EGDMA molar ratio: 90/10),
AMPS-TBA (35mg, 1mol % with respect
to comonomers), and AIBN (42mg, 2wt %
with respect to comonomers). The final
comonomers/CaCOsz/HA mass ratio was
equal to 4/1/1. The vials were first placed
in a UV oven for 1h at 365nm for pre-
polymerization, and then they were trans-
ferred to an oil bath at 70°C for 4 h in order
to complete the polymerization. After poly-
merization, the materials were subjected to
an acidic hydrolysis by immersing them in a
3 M HCI solution at room temperature for a
1 week period. The hydrolysis solution was
changed every 2 days. After hydrolysis,
the samples were abundantly washed with
deionized water, and dried at room temper-
ature under vacuum.

Preparation of Biporous PHEMA-Based
Material Using CaCO; and Ethanol as
Porogens

A mixture of HEMA (0.9g, 6.92mmol),
EGDMA (0.152g, 0.77mmol, HEMA/
EGDMA molar ratio: 90/10), and AMPS-
TBA (35mg, 1mol % with respect to
comonomers) were homogeneously mixed
at room temperature with AIBN 2wt %
with respect to comonomers) and absolute
ethanol (0.343mL) as a porogenic solvent.
The mixture was then poured into a cylinder-
shaped vial with calcium carbonate particles,
put into a UV oven for 1h irradiating at
365nm, and finally heated to 70°C for 4h.
The final comonomers/CaCQOs/ethanol mass
ratio was equal to 4/1/1. After polymeriza-
tion, a 3M HCI solution was used to
hydrolyze calcium carbonate particles, the
hydrolysis solution being renewed every
2 days for 1 week. The samples were washed
abundantly with deionized water, filtered off,
and finally dried under vacuum at room
temperature overnight.

Preparation of Biporous PHEMA-Based
Material using PMMA Beads as
Macroporogens

First of all, PMMA beads were introduced
into vials and sintered in a vacuum oven at
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140°C for 19 h. The polymerization mixture
that consisted of HEMA (0.9 g, 6.92 mmol),
EGDMA (0.152g, 0.77mmol, HEMA/
EGDMA molar ratio: 90/10), AMPS-
TBA (35mg, 1mol % with respect to
comonomers), and AIBN (42mg, 2wt %)
was added to the as-obtained PMMA
continuous phase, and the polymerization
was conducted at 70°C for 4h. The final
comonomers/PMMA beads mass ratio was
equal to 1/2. The PMMA beads were
removed by extraction with a suitable
solvent (THF or CH,Cl,) at room temper-
ature for approximately 3 days. The
extracting solvent was changed twice a
day in order for the porogen extraction to
proceed faster. After this step, the samples
were washed abundantly with the extract-
ing solvent, and dried at room temperature
under vacuum.

Functionalization of Doubly Porous
PHEMA-Based Material

114 mg of porous PHEMA-based material
(~1mmol of hydroxyl groups) was sus-
pended in 3 mL of acetone. 324 mg of CDI
(2 equiv. with respect to the total hydroxyl
groups) was added, and the reaction was
gently stirred on an orbital shaking plate
overnight. The solid was filtered off and
abundantly washed with acetone. After
resuspension in 3 mL of acetone, propargyl-
amine (275 mg, 5 equiv. with respect to the
initial hydroxyl groups) was added, and the
solution was gently shaken for 24 h at room
temperature. After abundant washing with
acetone and methanol, the resulting alkyne-
functionalized biporous PHEMA material
was recovered, and analyzed by Raman
spectroscopy.

Instrumentation

Sintering of PMMA beads was realized in a
Solvis LAB VC-20 vacuum oven from
Penggli coupled with a CIT Alcatel pump
type 2002A. The photoinitiated free-radical
copolymerization was performed in a
Spectrolinker XL-1500 UV oven from
Spectronics equipped with six 15W lamps
irradiating at 365nm. 'H NMR analyses
were realized on a Bruker Avance II
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spectrometer operating at a resonance
frequency of 400 MHz at room temperature
using MeOD as the deuterated solvent.
Infrared spectra were recorded using a
Bruker Tensor 27 DTGS spectrometer in
attenuated total reflection (ATR) mode
between 4000 and 450 cm ! with an average
of 32 consecutive scans and a resolution of
4 cm~'. Raman characterization of the
functional materials was carried out using a
LabRAM HR spectrometer from Horiba
JobinYvon equipped with a laser emitting
at 633nm. SEM investigations of the
materials were performed with a LEO
1530 microscope equipped with InLens
and SE2 detectors using a low accelerating
tension (2 kV) with a diaphragm aperture of
30 wm. Prior to analyses, the samples were
cryo-fractured and coated with a 4-nm layer
of palladium/platinum alloy in a Cressing-
ton 208 HR sputter-coater. The porosity
ratio, pore volume, and pore size distribu-
tion of the materials were determined by
MIP using an AutoPore IV 9500 poros-
imeter from Micromeritics. The determina-
tion of this porosity features was based on
the Washburn equation between the ap-
plied pressure (from 1.03 to 206.8 MPa) and
the pore diameter into which mercury
intrudes.

Results and Discussion

In order to develop biocompatible doubly
porous materials, 2-hydroxyethyl methac-
rylate (HEMA) was chosen as the mono-
mer of reference, as it has been so far
mainly devoted to the preparation of
scaffolds for tissue engineering or the
production of drug delivery devices.
PHEMA-based materials have notably
been used as hydrogels to develop soft
contact and intraocular lenses, implants,
wound dressings, drug delivery systems,
and carriers for immobilization of enzymes,
antibodies, or cells.?”! On the other hand,
hydroxyl groups in such materials are
available for further modifications to pro-
mote cell attachment, proliferation, differ-
entiation, and migration in biomedical
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applications.’*=?! Ethylene glycol dime-
thacrylate (EGDMA) was chosen as the
cross-linking agent as its use in combination
with HEMA has been well reported. In
addition, tiny quantities (1 mol % with
respect to monomer and cross-linker) of a
charged co-monomer, ie. 2-acrylamido-2-
methylpropane sulfonic acid tetrabutylam-
monium salt (AMPS-TBA), were used as it
would allow for the decoration of the pore
surface with charges for potential further
functionalization or even for the generation
of an electro-osmotic flow (EOF) through
the polymeric frameworks, which could
be of interest for the design of specific
bioreactors.*>34

Use of CaCO, for Macropore Generation

In a first attempt to design materials with
double porosity, CaCOj particles with size
ranging from 125 to 160 wm were used to
generate the macroporosity as they have
recently been demonstrated to allow for the
formation of porous hydrogels through
particle templating.®>! In addition, HA
nanoparticles, with an average diameter
of 200 nm, were selected as nanoporogenic
agents for the first time, because they can
easily be removed under the same hydro-
lytic conditions as those used for CaCOs;
removal. A mixture of HEMA, EGDMA,
and AMPS-TBA was copolymerized via
AIBN-induced free-radical polymerization
in presence of the pair of porogens, i.e.
CaCO;5; and HA. After polymerization at
70°C for 4h, the resulting materials were
subjected to a hydrolysis in a 3M HCI
aqueous solution for 1 week. The complete
removal of the porogenic templates was
verified by FTIR spectroscopy through the
total disappearance of the characteristic
bands of HA at ~1020 cm™! and CaCO; at
~1400 cm !, respectively (Figure 1).

In addition, FTIR confirmed that the
hydrolysis, carried out in rather harsh acidic
conditions, did not affect the material
structure. Indeed, the C=O stretching band
intensity at 1720 cm™! from the PHEMA
network did not show any significant
decrease after porogen removal. The po-
rosity was characterized by MIP and SEM
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Figure 1.

ATR-FTIR spectra of PHEMA-based material before (a) and after (b) hydrolysis of the porogenic agents (CaCO, and

HA).

(Figure 2). MIP evidenced the presence of a
bimodal porosity, the macroporosity being
centered around 100 wm, while the smaller
porosity was found to be centered around
1.5pm. It was thus assumed that the
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Figure 2.

porosity centered on 1.5 um, arising from
the hydrolysis of the 200nm HA particles,
was due to HA cluster formation during the
polymerization process, giving rise to a
higher average pore size than that expected.

MIP profile (a) and SEM images (b,c,d) of doubly porous PHEMA-based material obtained upon hydrolysis of

CaCO; and HA by aqueous HCl solution.
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Moreover, MIP analysis may suggest a
collapse of the macroporosity during the
measurements, as evidenced in the porosity
profile of the PHEMA-based material by a
couple of peaks between 30 and 200 pm.

SEM observation of this porous material
corroborated MIP analysis. Indeed, macro-
pores with an average diameter around
120 wm were observed along with a smaller
porosity centered around 1.05 pm.

In order to circumvent the HA cluster
formation, and thus to obtain smaller pores,
another porogen system, still based on the
use of CaCOj particles as a macroporogenic
agent, was investigated. In this case, a
porogenic solvent, i.e. ethanol, was used
instead of HA nanoparticles. As previously
described, monomers, cross-linker, poro-
genic agents, and free-radical initiator were
mixed together in glass vials, and the
polymerization was triggered by UV irradi-
ation for 1h at 365 nm, and then heating at
70°C for 4h. The acidic treatment of the
materials enabled the generation of porous
PHEMA frameworks. Again, FTIR con-
firmed the complete hydrolysis of CaCOs5
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Figure 3.

particles and the total removal of ethanol,
while the integrity of the chemical structure
of the materials was not altered in such
harsh conditions (data not shown). A nicely
well-defined bimodal porous distribution
was evidenced by MIP analysis (Figure 3),
thus demonstrating the possibility to easily
generate such biporous materials. The
obtained material displayed a porosity ratio
of 61% with an equal amount of macro-
pores and nanopores, which was consistent
with the 1/1 macroporogen/nanoporogen
ratio in the precursory network.

SEM observation of the as-obtained
PHEMA-based scaffolds demonstrated the
generation of a bimodal porous profile with
a macroporosity centered around 170 pm
and a nanoporosity on 440nm (Figure 3).
Further, complementary measurements per-
formed by helium pycnometry strongly
suggested that the newly generated biporous
materials were characterized by open pore
structures with interconnected channels
through which a fluid (helium) could flow.
Indeed, the true density value at 25°C
associated with a typical biporous network

MIP profile (a) and SEM images (b,c,d) of doubly porous PHEMA-based material obtained upon removal of CaCO,

and ethanol.
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(1.165 g.cm™?) was very close to that of the
corresponding non-porous network as a
reference system (1.170 g.cm ™).

Use of PMMA Beads for Macropore
Generation

The second strategy developed to generate
doubly porous polymeric scaffolds was
adapted from a previously published work
from LaNasa et al,®® in which PMMA
beads were used to generate an intercon-
nected macroporous network within
PHEMA hydrogels, after extraction. The
main difference from this previous work
relied on the generation of nanoporosity
within the same material.

Prior to the formation of the PHEMA
network, PMMA beads, displaying an
average diameter of 200 um, were first
sieved because of their broad particle size
distribution (» =3.0). Depending on the
bead average diameter, different fractions
were isolated, and the fraction comprising
beads with diameters ranging from 200 to
250 um was used for further experiments.
PMMA beads (@ =200-250 wm) were then
sintered for 19h at 140°C, i.e. a tempera-
ture higher than their glass transition
temperature (7, =105°C). The formation
of the PMMA beads template was moni-
tored by SEM (Figure 4).

As expected, a coalescence of PMMA
spheres was observed, giving rise to a
continuous phase that should further lead
to interconnected pores after cross-linked
PHEMA synthesis, followed by PMMA
beads extraction. The vial containing the

Figure 4.

PMMA beads template was filled with the
polymerization feed. The free-radical copo-
lymerization of HEMA, EGDMA, and
AMPS-TBA was carried out at 70°C for
4h. After subsequent extraction of PMMA
beads which were soluble in a suitable
solvent, the complete extraction of the
macroporogenic agent was confirmed by
gravimetry. The resulting porous materials
were characterized by MIP and SEM
(Figure 5). It was immediately noticed that
the use of highly polar solvents was detri-
mental to the robustness of PHEMA-based
materials, likely due to an important swelling
that physically destroyed the structure of the
as-obtained materials. However, the use of
dichloromethane or THF as extracting sol-
vents for PMMA beads allowed for the
preparation of much more stable materials.
Surprisingly, both SEM observation and MIP
analysis of the materials revealed the pres-
ence of two porosity levels, even though no
specific nanoporogen was used in the precur-
sory networks. MIP analysis of these materi-
als showed a well-defined interconnected
macroporosity centered around 90 wm, while
a second level of porosity was found around
20nm, and was probably generated during
the macroporogen extraction step due to
the possible microporogen role played by the
extracting solvent. It is noteworthy that the
corresponding PHEMA-based material be-
fore extraction of PMMA beads did not show
one such level of nanoporosity.

These original biporous PHEMA-based
materials presented a 60% porosity, and an
equal amount of macropores and nanopores.

SEM micrographs of PMMA beads obtained after sintering (white arrows highlight the coalescence of PMMA

beads).
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Figure 5.

MIP profile (a) and SEM micrographs (b) of porous PHEMA-based material obtained upon extraction of PMMA

beads with THF.

The SEM observation confirmed the pres-
ence of a bimodal porosity (Figure 5).
Macropores with an average diameter of
about 195 pm and interconnecting voids of
about 65um were observed, while nano-
pores in the 360nm range were found. It
should be stressed that the significant differ-
ence between the results obtained from the
two characterization techniques might be
attributable to the pression applied on these
soft materials (due to Hg penetration under
high pressure) that could lead to partial
collapse of the porosity, and thus to
underestimation and inaccuracy in the de-
termination of pore size distributions.®”! In
addition, the true density value at 25°C
associated with a typical biporous material
(1.161 g.cm ™) was comparable with that of
the corresponding non-porous network
(1.170 g.cm>), thus confirming the intercon-
nection of the pores.

Functionalization of Doubly Porous
PHEMA-Based Material

The availability of the hydroxyl functions at
the pore surface, and thus the possibility to

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tether interesting biological molecules, such
as growth factors or peptides, onto the
pores was assessed by a two-step chemical
modification involving activation of hydrox-
yl groups with carbonyl diimidazole (CDI),
followed by subsequent coupling with a
model compound, ie. propargylamine
(Figure 6).

A biporous PHEMA-based material was
gently stirred in acetone at room tempera-
ture before the addition of CDI. Upon
stirring overnight at room temperature, the
material was washed abundantly with
acetone and resuspended in the same
solvent. The successive addition of prop-
argylamine and stirring for 24h afforded
the alkyne-modified material. A blank
experiment, in which no CDI activation
was carried out before the coupling step,
was also realized.

Raman spectroscopy confirmed that the
covalent attachment of propargylamine was
only achieved during the two-step reaction.
Indeed, Raman spectra showed a charac-
teristic intense band at 2100 cm™!
sponding to the terminal alkyne stretching

corre-
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Figure 6.

Synthetic pathway adopted for the functionalization of porous PHEMA networks.
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Figure 7.

Raman spectra of PHEMA network in the presence of propargylamine without CDI activation -blank

experiment- (a) and alkyne-modified PHEMA (b).

band (vc=c.u) (Figure 7b), whereas it was
not present either in the product resulting
from the blank experiment (Figure 7a) or in
the starting PHEMA-based material (data
not shown).

Conclusion

This paper illustrates the effectiveness and
versatility of original porogen templating
approaches as straightforward routes to
doubly porous PHEMA-based materials.
Such biporous materials could successfully
be engineered through the use of either
CaCOj particles or PMMA beads as
macroporogens, in conjunction with HA
nanoparticles or a solvent as nanoporogens.
Upon removal of the porogenic agents,
such doubly porous polymeric frameworks
were indeed obtained, and the dual porosity
was confirmed by MIP and SEM character-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ization. Further, the possibility to function-
alize them with a model compound was
attested via a straightforward two-step
chemical modification that allows for fur-
ther thiol-yne “click” chemistry conjugation
with molecules of biological interest, for
instance.

The two levels of porosity could make
these materials suitable for miscellaneous
applications in the biomedical area. These
porous materials could thus constitute
attractive scaffolds for tissue engineering
applications as long as bioactive molecules,
such as growth factors, are grafted at the
pore surface. Finally, the possibility to
generate an electro-osmotic flow through
the (nano)porosity will be investigated in
order to demonstrate that the charges
brought by the AMPS-TBA co-monomer
are incorporated at the pore surface, and
that the resulting materials may be used as
potential bioreactors.
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