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Methacrylate-Based Polymer Foams with Controllable Pore
Sizes and Controllable Polydispersities via Foamed

Emulsion Templating

Miriam Lucia Dabrowski and Cosima Stubenrauch*

This study reports on a novel templating route, which uses foamed emulsions as
templates for porous polymers. The concept is based on the generation of a
monomet-in-water emulsion, which is subsequently foamed via microfluidics.
The monomer of choice is 1,4-butanediol dimethacrylate (1,4-BDDMA). After
polymerization of the foamed emulsion, one obtains open-cell polymer foams
with porous pore walls. Foamed emulsions and polymer foams are generated.
It is shown that foamed emulsion templating in combination with microfluidics is
well-suited to synthesize 1) monodisperse poly(1,4-BBDMA) foams with con-
trollable pore sizes and 2) their polydisperse counterparts with controllable
polydispersities. Monodisperse templates with different bubble sizes and thus
polymer foams with different pore sizes ranging from about 100-400 pm in
diameter are synthesized. Microfluidics is also used for the generation of
polydisperse poly(1,4-BDDMA) foams with polydispersities between 18% and
27% but the same mean pore sizes as the monodisperse ones, i.e., we have
access to polymer foams that only differ in their polydispersity.

of polymer foams via templating routes
have been increasingly focused on. The
principle is based on the generation and
solidification of a liquid template to control
the polymer foam's morphology. The
liquid templates are either high internal
phase emulsions (HIPEs) with an internal
phase volume of >74vol% or foams with
liquid fractions, e.g., 0.06-0.11.27! Most
HIPEs in literature are water-in-monomer
emulsions with the mixture of styrene and
divinylbenzene (DVB) being the most
prominent example of the continuous
phase.>*7'” Further hydrophobic mono-
mers that were studied are ethyleneg-
lycol  dimethacrylate  (EGDMA),['®1
propylene fumarate (PF) and propylene
fumarate diacrylate (PFDA),*”! propylene
fumarate dimethacrylate (PFDMA)!'*21-2]
and 1,4-butanediol dimethacrylate

1. Introduction

The synthesis routes of polymer foams are numerous. The most
obvious way is the foaming of a precursor solution during
polymerization. A well-known example of this method is polyure-
thane, which is foamed by a blowing agent during the polyaddi-
tion of isocyanate and polyol.”"! In recent literature, the synthesis
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(1,4-BDDMA).[23261 5o far, only a few

studies exist where the hydrophilic phase
is the continuous phase, namely aqueous solutions of acrylic
acid,’?”! vinylated gelatin,** 2.hydroxyethyl methacrylate,*"
alginate,®?  furfuryl alcohol,?®! chitosan,****! or dextran-
methacrylatel®® emulsified with toluene,”’%% decane,**~**!
or cyclohexanel®?®! as dispersed phase. There are, however,
two far-reaching disadvantages of emulsion templating. First,
the pore size is limited by the accessible droplet size.
Typically, pore sizes of poly-HIPEs range from 1 to 100 pm.!""]
Second, the dispersed phase must be removed after the solidifi-
cation of the continuous phase. To overcome these problems,
foam templates can be used.’) Here, an aqueous polymer
solution is foamed and the polymer is subsequently cross-
linked."*! For example, gelatin,*’** polyvinylalcohol,* and
polysaccharides such as alginates,**™*? hyaluronic acid,*" or
chitosan®***** were used. However, the solubility of
hydrophilic polymers in water is limited and typically ranges
between 4% and 15%.

Is there a way to combine foam templating with a large
amount of polymer or monomer in the continuous phase?
Yes! One can either increase the solubility of the polymer via
a chemical modification as shown for gelatin in refs. [47-49]
or one can emulsify a hydrophobic monomer and foam the
resulting monomer-in-water emulsion.'"***** Salonen et al.
studied the foaming of oil-in-water (o/w) emulsions, so-called
foamed emulsions or “foamulsions”. However, they used nonpo-
lymerisable oils.”® Schiiler et al. studied the foaming and
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polymerization of styrene-in-water emulsions as a complementary
templating route.”” The continuous phase consisted of 65 vol%
styrene and the bubble size ranged from =20 to ~100 pm result-
ing in polydisperse polystyrene foams with pore sizes ranging
from around 20 to 200 pm. In follow-up studies of the same sys-
tem, it was shown that the bubble size can be as large as 588 pm
and that monodisperse polystyrene foams can be synthe-
sized.'**1=>3 Moreover, polymer foams synthesized via foamed
emulsion templating have a “sub-porosity” in the pore walls which
is obtained after water is removed.®*=*>* Note that only five stud-
ies exist about the polymerization of foamed emulsions, all of
which deal with the monomer styrene.

A quickly increasing number of studies deals with biodegrad-
able polymer foams for tissue engineering where the polymer
foams are supposed to act as scaffolds which facilitate tissue
regeneration,[21725-2830,32.36-43,5638] Bigdegradable and biocom-
patible polymer foams are suitable as scaffolds if they have a 3D
and highly porous structure with interconnected pores ranging
from 50 to 500 pm.>>°"8 Note that the interconnection of the
pores is fundamental for the supply of nutrients,*¢394243>8]
Recent findings suggest that a homogeneous, monodisperse
pore structure is advantageous for cell seeding and cell growth
by ensuring uniform transport of nutrients and uniform degra-
dation of the scaffold.*>** Mechanically stable materials are
obtained with PF?% or PEDMA!'®?*72% and can be used as scaf-
folds in hard tissue engineering for the regeneration of bones. So
far, most scaffolds synthesized via emulsion or foam templating
are based on hydrophilic polymers such as collagen or chito-
san.[283036-43] Moglia et al. and Robinson et al. were the first
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who synthesized hydrophobic methacrylate-based polymer
foams via emulsion templating as scaffolds for bone tissue engi-
neering.["*?*~2* To the best of our knowledge, only polydisperse
PFDMA- and 1,4-BDDMA-based polymer foams do exist.
Inspired by these studies, we used 1,4-BDDMA for the synthesis
of monodisperse polymer foams via emulsion templating using
microfluidics with pore diameters ranging from around 70 to
120 pm.*® For the synthesis of poly(1,4-BDDMA) foams with
even larger pore diameters of 200 and 400 pm, we used foamed
emulsion templating. Given by the nature of this special templat-
ing route, only open-cell polymer foams with interconnected
pores are obtained. In our previous study, we focused on finding
a composition of the 1,4-BDDMA-in-water emulsion that meets
all requirements as regards foam stability and foamability.** In
the present study, we foamed this emulsion using microfluidics
and subsequently polymerized the template (Scheme 1). We syn-
thesized monodisperse poly(1,4-BDDMA) foams with pore sizes
ranging from 100 to 400 pm and polydisperse poly(1,4-BDDMA)
foams with polydispersities between 18% and 27% but the same
average pore sizes as the monodisperse counterparts. We empha-
size that this is the first study about the synthesis of methacrylate-
based polymer foams with controllable structure via foamed
emulsions. The challenges one has to deal with are threefold.
First, one has to find a proper formulation for the foamed emul-
sion, which is not straightforward considering the lack of knowl-
edge in this new field. Second, one has to generate the liquid
template with the desired structure. Third, one has to find the
proper polymerization conditions such that the structure of
the template is retained during solidification.

flow direction

©
©

template polymer foam
gas = polymer
monomer-in-water T pore
emulsion o  window
monomer

water

surfactant stabilized monomer droplet

surfactant stabilized gas bubble

Scheme 1. Concept of the synthesis of polymer foams using foamed emulsions as templates. (1) Generation of the monodisperse foamed

monomer-in-water emulsion template via microfluidics, (2) polymeriz
by its drying.

ation of the monomer, (3,4) purification of the polymer foam followed
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2. Results and Discussion
2.1. Calibration of Microfluidic Chips

To determine the range of synthesizable pore sizes, it is neces-
sary to first analyze the variety of bubble sizes which can be gen-
erated by calibrating the microfluidic system. The continuous
phase consists of the monomer-in-water emulsion, while N,
was the dispersed phase (Section Polymer Foam Synthesis).
We used three microfluidic chips called: (100 x 105) pm chip,
(190 x 195) pm chip, and (275 x 280) pm chip (for details, see
Section Microfluidic Device). During calibration of one micro-
fluidic chip, the continuous phase pressure was kept constant,
whereas the dispersed phase pressure was varied (see Section
Microfluidic Device). The smallest possible bubble diameter with
the respective microfluidic chip can be obtained using the small-
est available pressure settings for the dispersed phase. A stepwise
increase in the dispersed phase pressure led to monodisperse
bubbles of increasing sizes, with the largest bubble diameter
being generated by applying the highest available pressure.
The diameter of both the smallest and the largest bubbles depend
on the microfluidic chip constriction. Inside each microfluidic
chip, three things happen. First, the bubbles arrange in a single-
row flow. Second, the bubbles sizes increase with increasing
pressure of the dispersed phase. Third, the bubbles are packed
more tightly and deform more and more from spheres to ellip-
soids as the dispersed phase pressure increases.

For the calibration of the chips, all monodisperse bubble
diameters with a polydispersity index (PDI) of <5% were plotted
against the pressure of the dispersed phase (Figure 1). Note that
each calibration curve is highly correlated to the conditions
presented during the calibration, which is the reason why a
calibration may not be completely reproducible. Thus, a calibra-
tion curve of a microfluidic system can only be regarded as a
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450 F O (275 x 280) pm chip 1
o
400 ° 1
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Figure 1. Mean bubble diameter dyppe as a function of the pressure
of the dispersed phase pg, for three microfluidic chips having constrictions
of (100 x 105) pm, (190 x 195) pm, and (275 x 280) pm. The continuous
phase pressure p., was kept constant at 1000 mbar ((100 x 105) pm),
800 mbar (190 x 195) pm (left), and 500 mbar (275 x 280) pm (right),
while the dispersed phase pressure was varied in 20 mbar steps.
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guideline outlining the generable bubble sizes and the needed
pressure settings. As mentioned earlier and as can be seen in
Figure 1, an increase in the dispersed phase pressure leads to
an increase in the mean bubble diameter for all microfluidic sys-
tems. The standard deviation of each mean bubble diameter
reflects the general sensitivity of the experimental procedure
and during the quantitative characterization of the bubbles sizes.
Using the (100 x 105) pm chip, mean bubble diameters ranging
from 64 pm =+ 3 pm (PDI=5%) to 179 pm & 4 ym (PDI = 2%)
were obtained. Using the (190 x 195) um chip, mean bubble
diameters ranging from 102pum+4pm (PDI=4%) to
358pym+2pm (PDI=1%) were obtained. Using the
(275 x 280) pm chip, mean bubble diameters ranging from
264 pm £ 4 pm (PDI=1%) to 479 pm & 3 pm (PDI = 1%) were
obtained. To sum up, we are able to generate bubbles in a range
from 60 to 480 pm.

2.2. Monodisperse Poly(1,4-BDDMA) Foams via Foamed
Emulsion Templating

2.2.1. Monodisperse Foamed Emulsion Templates

The first aim of this study was to synthesize monodisperse
1,4-BDDMA-based polymer foams with increasing pore sizes
via foamed emulsion templating. Hence, we formulated and
foamed 1,4-BDDMA-in-water emulsions. The left-hand side of
Figure 2 shows the microscope pictures of the three monodis-
perse foamed emulsion monolayers, while the right-hand side
shows the corresponding bubble size distributions.

As shown in Figure 2, we obtained foamed emulsion templates
with increasing mean bubble diameters (top left to bottom left)
from 99pm=+1pm (PDI=1%), 199pm=+2pm (PDI=1%),
and 399 pm + 5 pm (PDI=1%). The microscope pictures and
the bubble size distributions extracted hereof (Table 1) reveal that
the foamed emulsion templates are monodisperse (PDI < 5%).°%%

2.2.2. Monodisperse Poly(1,4-BDDMA) Foams

The three monodisperse foamed emulsion templates in Figure 2
(Section 2.2.1) were subsequently polymerized (see Section
Polymer Foam Synthesis) and characterized (see Section Optical
Microscopy and Determination of Bubble Diameters). Note that
in Figure 2, monolayers of the foamed emulsions are shown
as they are easier to characterize. The samples that were finally
polymerized consisted of a couple of layers of densely packed
monodisperse gas bubbles as in all our previous studies.
Thus, the gas content of all monodisperse templates was
74vol% as explained in ref. [59]. The left-hand side of
Figure 3 shows the scanning electron microscope (SEM) pic-
tures of the three monodisperse poly(1,4-BDDMA) foams,
whereas the right-hand side shows the corresponding pore size
distributions. The mean pore diameters, the PDIs and the mean
window diameters are listed in Table 1. Looking at Figure 3 and
Table 1, one sees four trends: 1) The mean bubble and
mean pore diameters are nearly the same. 2) The PDIs of
the polymer foams are slightly higher than those of the
liquid templates, which is in line with our previous studies
(see, e.g., refs. [3,14,26,45,52,54]). The PDIs change due to

© 2020 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. Microscope pictures of monolayers of monodisperse 1,4-BDDMA-based foamed emulsion templates with bubble diameters of around 100 pm
using the (100 x 105) pm chip (top left), 200 um using the (190 x 195) pm chip (middle left), and 400 pm using the (275 x 280) pm chip (bottom left)

and the corresponding bubble size distributions with nyo, = 100 (right).

an unavoidable disintegration of the foamed emulsion during
polymerization. However, the very similar mean bubble and
mean pore diameters show that a disintegration takes place
to a minor extent only. 3) The mean pore and the mean window
diameters increase in the same relative way, which is also in
line with a previous study.®"! 4) As shown in Figure 4, using
higher magnifications, the pore walls have a “sub-porosity”,
as was also demonstrated in ref. [50-52,54]. The porosity
stems from the fact that the continuous phase of the liquid
template (monomer-in-water emulsion) partly consists of water,

Adv. Eng. Mater. 2021, 23, 2001013 2001013 (4 of 12)

which causes the porosity in the pore walls after polymerizing
and drying.

2.3. Polydisperse Poly(1,4-BDDMA) Foams via Foamed
Emulsion Templating

2.3.1. Polydisperse Foamed Emulsion Templates

Polydisperse polymer foams synthesized via foamed emulsion
templating exist for polystyrene®” and poly(1,4-BDDMA).1*%)
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Table 1. Mean bubble diameters dype and PDIs of monodisperse
monolayers of the foamed emulsion templates as well as mean pore
diameters dyoe, PDIs, and mean window diameters dyingow Of the
monodisperse poly(1,4-BDDMA) foams.

Monodisperse foamed
emulsion template

Monodisperse polymer foam

dpusple [1m] PDI [%] dpore [um] PDI [%] Auindow [1m]
991 1 107 £15 14 217
19942 1 196 +8 4 44+6
39945 1 339 431 8 107+ 27

: \; E(Hm

R

450 pm

www.aem-journal.com

However, in these two studies, the templates were generated via
mechanical mixing, i.e., a precise control of the bubble size and
the bubble size distribution was not possible. If one wants to
study the influence of the polydispersity on the polymer foam
properties, one needs to be able to control the bubble size of
the template and to adjust the polydispersity. This, in turn, is
possible with microfluidics. The procedure for the synthesis
of polymer foams with controllable polydispersity was developed
by Andrieux et al.’! using chitosan-based liquid foams and
successfully transferred to 1,4-BDDMA-based emulsions by
us.?® Irrespective of the kind of template used, the resulting
polydispersity of the template and of the polymer foam depends
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Figure 3. SEM pictures of specimens of monodisperse poly(1,4-BDDMA) foams synthesized via foamed emulsion templating with pore diameters of
around 100 pm (top left), 200 pm (middle left), 400 um (bottom left) and the corresponding pore size distributions with A = 100 (right).
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Figure 4. Close-up SEM picture of the fine structure of a specimen of a
poly(1,4-BDDMA) foam having a pore size of 107 pm £ 15 pm.

on 1) the microfluidic chip constriction (the larger the constric-
tion, the larger are the bubbles/pores and the lower is the PDI),
2) the absolute values of the pressure amplitudes which define
the smallest and the largest bubble/pore sizes (the larger the
amplitude, the higher is the PDI), and 3) the period between
two equal amplitudes which defines the number of repetition
(the larger the period, the smaller is the PDI). The second aim
of this study was to synthesize polydisperse poly(1,4-BDDMA)
foams with a controllable polydispersity of around 25% but
the same mean pore diameters, i.e., poly(1,4-BDDMA) foams
of 100 pm + 25 pm, 200 pm + 50 pm, and 400 pm + 100 pm
were aimed for. The polymer foams were synthesized as
described in Section Polymer Foam Synthesis and characterized
as described in Section Optical Microscopy and Determination of
Bubble Diameters. The left-hand side of Figure 5 shows the
microscope pictures of the three polydisperse foamed emulsion
monolayers, whereas the right-hand side shows the correspond-
ing bubble size distributions.

The microscope pictures in Figure 5 show polydisperse
foamed emulsion templates of increasing bubble sizes from
108 pm + 26 pm and a PDI of 24%, 231pym+40pm and a
PDI of 17%, and 414 pm + 73 pm and a PDI of 18%. The micro-
scope pictures, the calculated data (also given in Table 2), and the
bubble size distributions reveal that the polydispersites of the
foamed emulsions are indeed very similar, i.e., are indeed
controllable.

2.3.2. Polydisperse Poly(1,4-BDDMA) Foam

After the generation of the polydisperse foamed emulsion tem-
plates (see Section 2.3.1, Figure 5), the templates were polymer-
ized to synthesize polydisperse poly(1,4-BDDMA) foams. As was
the case for the monodisperse counterparts, the samples that
were polymerized consisted of a couple of layers densely packed
gas bubbles. As the polydispersity we deliberately added to the
system is not very high, the gas content of all samples is between
64 and 74 vol% as explained in ref. [59]. The left-hand side of
Figure 6 shows the SEM pictures of the three polydisperse
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poly(1,4-BDDMA) foams, whereas the right-hand side shows
the corresponding pore size distributions. The mean pore diam-
eters, the PDIs and the mean window diameters are listed in
Table 2. Figure 6 and Table 2 reveal again four trends: 1) The
mean bubble diameters are slightly smaller than the mean pore
diameters. 2) The PDIs of the polymer foams are very similar to
the PDIs of the foamed emulsion templates, which is in line with
our previous study on poly(1,4-BDDMA) foams with a controlla-
ble polydispersity.*®! 3) The mean pore and the mean window
diameters increase in the same relative way. 4) There is a
“sub-porosity” in the pore walls, which means that the pore walls
are also porous as also reported in ref. [50-52,54]. Due to the fact
that the polymer matrix is always the same, we did not show an
additional SEM picture of the fine structure of polydisperse
polymer foams as it is the same as the one seen in Figure 4.
In comparison to the monodisperse poly(1,4-BDDMA) foams,
much larger window sizes were obtained. In general, the fact that
it is possible to synthesize polymer foams with a controllable
polydispersity, but the same mean pore size as their monodis-
perse counterparts is useful for many applications and for testing
the impact of the polydispersity on the mechanical properties of
the polymer foam.

2.4. Mechanical Properties

We measured stress—strain curves of a monodisperse polymer
foam and its polydisperse counterpart (three samples in each
case). As shown in Figure 7, the curves nearly lie on top of each
other. A look at Table 3 reveals that the densities of the two sam-
ples are also very similar. Note that the density of the polydis-
perse polymer foam is slightly lower which is reflected in a
slightly lower modul Eg,,p,, (see values in Table 3). These findings
are in line with what one expects: The mechanical properties of
porous solids, i.e., of solid foams, have been widely investigated
and there is a general agreement that the relative Young‘s mod-
ulus (Egoam/ Epolymer) as well as the relative shear modulus (Ggoam/
Epolymer) directly depend on the squared relative density (poam/
ppolymer)z. Here, we will discuss the relative Young‘'s modulus
only for which it holds

2
EEfoam _ Cc <ppfoam ) (1)
polymer polymer

with Ce~1 according to Gibson and Ashby .[**** Looking
at Table 3, one sees that the relative Young's modulus
(Efoam/ Epolymer) of our polymer foams indeed is proportional
to (pfoam/ppolym‘,‘r)2 with a proportionality factor of ~1 in case
of the monodisperse foams and of ~1.7 in case of the polydis-
perse foam, which is in the usual range. We conclude that the
mechanical properties solely depend on the polymer foam’s den-
sity and not on its polydispersity. Calculating the porosities from
the densities (see Section (SEM); Determination of Pore and
Window Diameters), one sees that the porosities are in the range
of 85-90% and not ~74% as expected for a densely packed sys-
tem of monodisperse pores. The reason for this difference was
already described qualitatively in Section 2.2. and Section 2.3.2,
namely the “sub-porosity“ in the pore walls.

© 2020 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 5. Microscope pictures of monolayers of polydisperse 1,4-BDDMA-based foamed emulsion templates with bubble diameters of around
100 pm = 25% using the (100 x 105) pm chip (top left), 200 pm £ 25% using the (190 x 195) pm chip (middle left), and 400 pm & 25% using the
(275 x 280) pm chip (bottom left) and the corresponding bubble size distributions with e, =100 (right).

3. Conclusion and Outlook

In this study, we synthesized and characterized
methacrylate-based open-pore polymer foams using a novel
templating route, called foamed emulsion templating. For this
purpose, we used the hydrophobic monomer 1,4-BDDMA to for-
mulate, foam, and polymerize a 1,4-BDDMA-in-water emulsion.
Microfluidics was used as foaming method. Three microfluidic
chips were used to generate foamed emulsion templates of dif-
ferent sizes. Three monodisperse poly(1,4-BDDMA) foams with

Adv. Eng. Mater. 2021, 23, 2001013 2001013 (7 of 12)

mean pore diameters ranging from around 100-400 pm were
synthesized, and these polymer foams had the desired structure:
monodisperse, highly porous, closed-packed, open-pore. We also
synthesized three polydisperse poly(1,4-BDDMA) foams with
polydispersities between 18% and 27% but the same mean pore
diameters as their monodisperse counterparts and obtained
porous and closed-packed structures of highly interconnected
pores. In both cases (mono- and polydisperse), the increase in
the pore sizes is accompanied by an increase in the window sizes.
The main findings are: 1) Foamed emulsion templating is

© 2020 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 2. Mean bubble diameters dype and PDIs of the polydisperse
monolayers of the foamed emulsion templates as wells as mean pore
diameters Hpore, PDIs, and mean window diameters d, o, Of the
polydisperse poly(1,4-BDDMA) foams.

Polydisperse foamed Polydisperse polymer foam

emulsion template

dousple [1m] PDI [%] dpore [um] PDI [%] Auindow [Hm]
108 + 26 24 133 +£32 24 3418
23140 17 240+ 44 18 68+18
414+73 18 444121 27 159+ 78

QOO_pm

200 um % 0.0 bl
N b 0 100 200

www.aem-jou rnal.com

well-suited to synthesize monodisperse poly(1,4-BBDMA)
foams with controllable pore size and their polydisperse counter-
parts with controllable polydispersities. 2) The window sizes
increase with increasing pore sizes. 3) Beyond to the large pores,
a “sub-porosity” is created in the pore walls caused by the nature
of the continuous phase, i.e., the evaporation of water. 4) The
pore sizes accessible via foamed emulsion templating are much
larger than those of emulsion templated poly(1,4-BBDMA)
foams. These four findings make foamed emulsion templating
very interesting for various areas of applications, e.g., tissue engi-
neering. Providing an additional porosity within the pore walls
may speed up the biochemical supply throughout the scaffold,

0.5 T T

. .
.= (133%32) pm
PDI=24%

0.4 b

03 b

n/ Motal

02 4

0.1 | 1

00 I]l]lﬂ L 1 1 L
0 100 200 300 400 500 600 700

d . /um

pore

0.5 T T . . T T
d,,, = (240 £ 44) um
PDI=18%

04t 1
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0.1 b

0.0 «wjuﬂd]]llmhhﬂﬂh Lo
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d . /pm
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d,,.= (444 121) um
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pore

Figure 6. SEM pictures of specimens of polydisperse poly(1,4-BDDMA) foams synthesized via foamed emulsion templating with pore diameters of around
100 pm = 25% (top left), 200 pm 4= 25% (middle left), 400 pm &= 25% (bottom left) and the corresponding pore size distributions with n = 100 (right).
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Figure 7. Stress (o)—strain (¢) curve of one monodisperse and one
polydisperse poly(1,4-BDDMA) foam having a pore size of ~400 pm.

thus facilitating the growth of tissue. Furthermore, foaming
emulsions via microfluidics allows to adjust the polydispersity,
which is necessary for two reasons. So far, it is still unclear
1) which polydispersity is needed for scaffolds in tissue engineer-
ing and 2) how the polydispersity influences the polymer foam’s
mechanical properties. Consequently, the aim of our future study
is to measure the densities and the mechanical strength of our
polymer foams. As biodegradable polymers are needed for tissue
engineering, follow-up studies will deal with PEDMA-based poly-
mer foams, with the study at hand serving as scouting system.

4. Experimental Section

Materials: 1,4-BDDMA 95% containing 200-300 ppm hydroquinone
monomethylether (MeHQ) as inhibitor, sodium dodecyl sulfate (SDS,
>99%), benzoylperoxide (BPO, Luperox A75, 75%) and glycerol were
purchased from Sigma Aldrich. Bi-distilled water (further called water)
was used. Ethanol was used for Soxhlet extraction. All chemicals were used
as received and not further purified.

Polymer Foam Synthesis: The synthesis of monodisperse and polydis-
perse poly(1,4-BDDMA) foams via foamed emulsion templating consists
of five steps: 1) The preparation of the continuous phase, i.e., the polydis-
perse 1,4-BDDMA-in-water emulsion (Vemuision =20 mL), 2) its homoge-
nization, 3) the foaming of the emulsion via microfluidics, and 4) the
subsequent polymerization of the monomer droplets. Step (5) includes
the purification and drying of the synthesized poly(1,4BDDMA) foams.
1) For the preparation of the emulsion 65vol% 1,4-BDDMA (13.30g;
0.0588 mol), 30vol% water (6g), 5vol% glycerol (1.26¢g), and 5wt%
SDS (1.03 g) were stepwisely added and mixed with a magnetic stirrer

www.aem-journal.com

(30 min, 1000 rpm). Then, 2 mol% of the initiator BPO (calculated with
respect to the amount (mol) of the monomer 1,4-BDDMA; 0.28 g) was
added; the emulsion was placed in an ice bath and mixed with a magnetic
stirrer (25 min, 1000 rpm). The emulsion needs to be cooled to prevent the
decay of initiator due to heat dissipation during the subsequent homoge-
nization. 2) The further cooled emulsion was homogenized three times
(each time for 40's) at a power of 30% using an ultrasonic homogenizer
SONOPULS HD2200 from Bandelin to decrease the 1,4-BDDMA droplet
sizes which, in turn, increases the stability of the emulsion. 3) The foaming
of the 1,4-BDDMA-in-water emulsion was carried out via microfluidics
(Section Microfluidic Device). The foamed emulsion template was col-
lected in a glass tube (VWR, 4 mL, 44.6 mm X 14.65 mm, @;,ner =~ 1.3 cm)
up to a height of 4cm, sealed, and 4) subsequently polymerized via
UV-polymerization for 4 h by placing the foamed emulsion templates in
the middle between two MH-Modul 250W Z4 XL (a 250 W) UV lamps from
Hereaus with a radiation in a spectral range between 250 and 550 nm. The
distance between the two UV lamps was 60 cm to prevent a heating of the
foamed emulsions. 5) After breaking the glass tube (necessary to obtain
the polymer foam), Soxhlet extraction was carried out with ethanol at
100 °C to purify the polymer foams from residual emulsion components
or initiator. All polymer foams were purified for at least 12 h and dried for
72 h at room temperature.

Microfluidic Device: Microfluidics was used to foam the 1,4-BDDMA-
in-water emulsions (i.e., the continuous phase) with nitrogen (i.e., the
dispersed phase). The continuous phase was prepared as described in
Section Polymer Foam Synthesis. Different bubble sizes were obtained
using the flow-focusing chip geometry (X-Junction) of three different
hydrophilic microfluidic glass chips purchased from Dolomite with the
dimensions listed in Table 4.

After formulation, the continuous phase was placed in a 100 mL glass
bottle (Schott), while a second 100 mL glass bottle remained empty. Both
glass bottles were sealed with Vaplock GL45 caps. Each glass bottle
was connected to the pressure controller Elveflow OB1 MKIll+ and with
FEP tubings (Dolomite, Doyter = 1.6 mm, Binner = 0.5 mm) to the chip.
Nitrogen, regulated by the software of the pressure controller Elveflow
Smart Interface (Elveflow), was used 1) to push the emulsion with a con-
stant pressure through the two outer inlet channels of the chip and 2) as
dispersed phase in the foamed emulsion (pushed through the inner inlet
channel of the chip). Depending on the chip, one pressure value of the
continuous phase was defined and kept constant (Table 5). To generate
monodisperse foamed emulsion templates, the pressure value used for
pushing the dispersed phase was kept constant. To generate polydisperse
foamed emulsion templates, the pressure values changed periodically
(amplitude = £25%) over a period of =10 around the pressure value
used for the monodisperse foamed emulsions. Table 5 gives an overview
about the used pressure settings.

Table 4. Microfluidic chip specifications.[*®

Microfluidic chip Constriction Channels

Depth [um] Width [pm] Depth [um] Width [pm]
(100 x 105) pm 100 105 100 300
(190 x 195) pm 190 195 190 390
(270 x 275) pm 275 280 275 475

Table 3. Mean density poam, mean relative density poam/Ppolymer» Mean Young's modulus Eg,,m, and normalized young's modulus Egyam /Epolymer for
monodispere and polydisperse poly(1,4-BDDMA) foams having a pore size of =400pm. The mean density of 1,4-BDDMA is
Ppolymer = (1118 £33) kg m~> and the mean Young’s modulus is Epolymer = (275 & 23) MPa.

Monodisperse Polydisperse

>, -3 Pfoam E Efoam > -3 Ploam E Efoam
Pfoam [kg m ] Prolymer Epo\ymer [Mpa] Epolymer Pfoam [kgm ] Poolymer Epolymer [Mpa] Epoymer

140 £ 12 0.13 £0.01 53+1.1 0.019 £ 0.004 M5+£1 0.10 £0.01 4.7+0.2 0.017 £0.001
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Table 5. Pressure settings of the continuous phase p., and dispersed phase pg, used for the generation of monodisperse and polydisperse foamed
emulsions with three different microfluidic chips and the corresponding mean bubble diameters.

Microfluidic chip Monodisperse foamed emulsions

Polydisperse foamed emulsions

oubble [1um] Pep [mbar] pap [mbar] busble [wm] Pep [mbar] pap [mbar]
(100 x 105) pm 99 +1 1000 650 108 + 26 1000 570-720
(190 x 195) pm 199 £2 800 400 231+ 40 800 320-480
(270 x 275) pm 39945 500 210 14473 500 160-260

The generation of monodisperse and polydisperse bubbles were
observed with the optical microscope Nikon SMZ745T equipped with
the high-speed camera Mikroton EoSens CL MC1362, while microscope
pictures of the bubble generation and foamed emulsion monolayers were
taken using the corresponding software MotionBLITZ Director2 Kit from
Mikroton. A Schott KL 1500 compact (150 W) combined with a Mitos
microscope stage (Dolomite) by an optical fiber served as light source.
Irrespective of the template’s polydispersity, the final foamed emulsion
template was collected in a glass tube after leaving the outlet channel
of the microfluidic chip and transported through a tubing. In case of
the (100 x 105) pm and (190 x 195) pm microfluidic chips, the dimen-
sions of the outlet tubing corresponds to the dimensions of the inlet tub-
ings (Dolomite, Doyter = 1.6 MM, Dipner = 0.5 mm), whereas in case of the
(270 x 275) pm microfluidic chip, an outlet tubing of the same material
having a larger inner diameter was used (Techlab, FEP tubing,
Douter = 1.6 mm, Fipner = 0.8 mm), whereas the inlet tubings were not
changed.

Calibration: The microfluidic set-up containing the respective chip was
calibrated initially to the template generation. The continuous phase pres-
sure was kept constant at 1000 mbar ((100 x 105) um chip), 800 mbar
((190 x 195) pm chip), and 500 mbar ((275 x 280) um chip). The dispersed
phase pressure was varied in 20 mbar steps from 480 mbar to 840 mbar
((100 x 105) pm chip), from 280 and to 600 mbar ((190 x 195) pm chip),
and from 100 mbar and to 240 mbar ((275 x 280) pm chip). At each pair of
pressure settings, a foamed emulsion monolayer was created and micro-
scope pictures were taken (Section Calibration).

Optical Microscopy and Determination of Bubble Diameters: Foamed
emulsions (generated as described in Section Polymer Foam Synthesis
and Microfluidic Device) were characterized using the optical equipment
mentioned in Section Microfluidic Device. For preparing the foamed
emulsion monolayers, we used the procedure described in ref. [51]. The
foamed emulsion was collected on a microscope glass slide (76 mm x
52 mm x 1 mm) which held two adhesive strips of a thickness of 55pum
(Tesafilm, customer service) lengthwise at its shorter ends. For calibration
means, one foamed emulsion droplet or a part of it was collected. In case of
monodisperse foamed emulsion templates, one droplet was collected. In
case of polydisperse foamed emulsion templates, three droplets were
collected to collect all bubbles of all diameters generated during one
period (r=10s) which is in most cases longer than the generation of
one droplet. Then, an identical second microscope glass slide was carefully
placed on the first one to squeeze the spherical bubble to a cylindrical shape.
For more details, we refer to our previous study, ref. [54]. Then one or more
microscope pictures (at 5x magnifications) were made with a resolution of
1024 x 1080. Due to the fact that the camera made black-and-white pictures,
the emulsion appears dark, whereas the bubbles appears white.

The mean bubble diameters of 100 bubbles were determined by mea-
suring the bubble areas in the original 2D micrographs using Image)
initially. The bubble areas composing of a large bright area (due to light
reflections), being the inner bubble area, and a not directly visible thin dark
shell, being the outer bubble area, were determined within the 2D micro-
scope picture(s) (at 5x magnification) using ImageJ. In case of monodis-
perse foamed emulsions, the inner bubble area (the large bright areas) of
the bubbles were automatically determined within the original microscope
picture (s), whereas the outer bubble areas were manually determined by
encircling the outer dark shell after brightening and contrast (if applicable)
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the microscope picture. To calculate the total bubble areas without inves-
ting too much effort, we corrected each inner bubble area with a correction
value. The correction value is the arithmetic mean of the difference of the
outer (manually determined) and inner (automatically determined) area of
20 bubbles. In case of polydisperse foamed emulsions, the total bubble
diameter was only manually determined by encircling each outer bubble
area. The further quantitative characterization of the foamed emulsions
were carried out as described in our previous study, ref. [54]. For the
calibration, only pressure settings leading to foamed emulsion monolayers
with uniform bubbles having a PDI of <5% (i.e.,, monodisperse
refs. [59,60]) were considered. Pressure settings which lead to optically
nonuniform bubbles (although the PDI was <5%) or whose diameters
change drastically over time were neglected. The software SigmaPlot
was used to plot the bubble size distributions with n the number of bub-
bles normalized to nyora (100) the total number of bubbles in a defined
diameter range against the bubble diameter. Image) was used to add scale
bars on all plain micrographs.

SEM and Determination of Pore and Window Diameters: The poly(1,4-
BDDMA) foams were characterized using SEM. The samples were frozen
in liquid nitrogen and broken or cut with a razor blade into small speci-
mens preferentially horizontally and vertically which was not always pos-
sible due to the fragile character of the polymer foams. The specimens
were glued on SEM specimen stubs using a conductive silver glue from
Plano (Acheson 1415) followed by the whole coating of the sample
(excepting its surface) with carbon (from Plano) using the sputter coater
Emitech K550. The characterization of each polymer foam was carried out
with a TESCAN VEGA3 SEM using second electron imaging (SEl) and a
voltage of 5 kV. The corresponding software VegaTC was used to take SEM
pictures with a resolution of 1024 x 768.

The polymer foams were quantitatively characterized as described in
ref. [54] using the original 2D SEM pictures (at 100x magnification)
and taking 100 pores and 25 windows into account. The SEM picture
of the Finestructure (Figure 4) was taken at 2000x magnification. The pore
size distributions were plotted as described in Section Optical Microscopy
and Determination of Bubble Diameters. Beyond the addition of scale bars
(see Section Calibration), Image] was also used to improve contrast and
brightness of all SEM pictures.

Mechanical Properties: The samples of the polymer foams and of the
bulk polymers have a cylindrical shape. All samples were synthesized three
times. The polymer foams and the bulk polymers were used to determine
the relative densities, the porosities, and the mechanical strength. The pro-
cedure for the polymer foams was the same as for the bulk polymers. The
densities, porosities, and Young’s moduli of the polymer foams and the
bulk polymers are the averages of the three samples. The density p was
determined by weighing each polymer foam/bulk polymer and dividing
their mass m by their volume as given in

r=7 @

The relative density of the polymer foam was determined by dividing
the polymer foam’s density pram by the mean bulk polymer density
Ppolymer- The porosity P of polymer foams was determined as!®

P = (] 7[)Foam) x 100 3)
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The relative densities and porosities of all monodisperse and all poly-
disperse poly(1,4-BDDMA) foams were averaged. Mechanical compres-
sion tests were carried out using the universal testing machine
zwickiLine 5 kN from Zwick/Roell equipped with a 5 kN force transducer
and regulated by the software testXpert lll. Stress—strain curves were mea-
sured using normal forces and a testing speed of 1mmmin~'. The
Young's modulus was determined using the slope of a linear part on
the beginning of the stress—strain curve corresponding to

o Fl

=" Anl #)
with o being the stress defined as the force F acting on a cross-sectional
area A and e being the strain defined as the difference Al between the
sample’s height before compression Iy and after compression 1% The
Young's modulus of each polymer foam Ef,,, was then normalized by
the mean Young's modulus of the bulk polymer Ey. The Young's moduli
of all monodisperse and all polydisperse poly(1,4-BDDMA) foams were
averaged.
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