N

N

Degradable biporous polymeric networks based on
2-methylene-1,3-dioxepane: Towards hierarchically
structured materials meant for biomedical applications
Brian Barber Nunez, Yohann Guillaneuf, Daniel Grande, Benjamin

Carbonnier, Benjamin Le Droumaguet

» To cite this version:

Brian Barber Nunez, Yohann Guillaneuf, Daniel Grande, Benjamin Carbonnier, Benjamin Le
Droumaguet. Degradable biporous polymeric networks based on 2-methylene-1,3-dioxepane: Towards
hierarchically structured materials meant for biomedical applications. Polymer, 2024, 308, pp.127332.
10.1016/j.polymer.2024.127332 . hal-04637517

HAL Id: hal-04637517
https://hal.science/hal-04637517v1
Submitted on 6 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04637517v1
https://hal.archives-ouvertes.fr

Degradable biporous polymeric networks based on 2-
methylene-1,3-dioxepane: Towards hierarchically
structured materials meant for biomedical applications

L' Benjamin Carbonnier,* Benjamin

Brian Barber Nunez,' Yohann Guillaneuf,? Daniel Grande,
Le Droumaguet™”

! Univ Paris Est Creteil, CNRS, Institut de Chimie et des Matériaux Paris-Est (ICMPE), UMR
7182, 2 rue Henri Dunant, 94320 Thiais, France

2 Aix Marseille Univ, CNRS, Institut de Chimie Radicalaire (ICR), UMR 7233, F-13397

Marseille, France

“Corresponding author: benjamin.le-droumaguet@cnrs.fr
'Current address : Université de Strasbourg, CNRS, Institut Charles Sadron (ICS), UPR 22,

67034 Strasbourg cedex 2, France

Abstract:
For the first time, the preparation of doubly porous “poly(e-caprolactone)-like” networks

through free-radical ring-opening copolymerization of 2-methylene-1,3-dioxepane with
divinyl adipate was achieved via a double porogen templating approach. This versatile
strategy allowed for the formation of macropores of around 150 pum generated by removal of
sieved and sintered NaCl particles in water, while smaller pores in the 1-10 um range were
created by phase separation during the copolymerization process through a syneresis
mechanism in the presence of a porogenic solvent. The chemical nature of the as-obtained
scaffolds was evidenced by Raman spectroscopy. The two distinct porosity levels could be
examined by scanning electron microscopy and mercury intrusion porosimetry. The nature of
the porogenic solvent as well as its volume proportion and the amount of crosslinking agent in
the polymerization feed allowed for finely tuning the porous features of the micropores. The
crucial role of the double porosity of such biporous scaffolds on their water uptake and
mechanical properties under compression was assessed by comparing them with their
monoporous analogues, while their degradability was investigated in different alkaline
aqueous media. The double porosity enabled a synergistic effect regarding the water uptake of
the resulting scaffolds when compared to their monoporous counterparts. Doubly porous
polymeric materials with appropriate mechanical properties were obtained, possessing high
compressibility and shape memory behavior upon consecutive compression cycles. Finally,

these materials display degradation rates that could be controlled depending on medium pH.
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1. Introduction

The human body is constituted of a complex system associated with different tissues that must
fulfill specific roles for a proper function of the body. Generally, human tissues have a very
limited ability to regenerate themselves, namely by the concentration of cells that reestablish
the continuity of the tissue, by forming a scar or by reinitiating the formation process where
the injured tissue is regenerated [1]. Although grafting is the most successful treatment, its
limitation stems from the scarcity of donor’s tissue, immune rejection, and infection.
Moreover, as population and life expectancy increase every year, the need for regeneration of
diverse tissues also increases. To overcome such shortcomings, tissue engineering has arisen
as a multidisciplinary field with the aim of developing artificial functional materials,
commonly known as scaffolds, that are capable of regenerating or improving the damage
tissue [2]. A suitable scaffold must be biocompatible, biodegradable, and porous with
appropriate morphological and mechanical properties. The biocompatibility of such scaffolds
is important to allow for a normal wound healing, reconstruction, and tissue integration
without severe inflammation that could lead to infection and rejection by the body [3].
Furthermore, biodegradability is crucial as the cells must create a natural matrix while the
polymeric chains of the scaffold degrade into simpler metabolizable intermediates through
enzymatic action and hydrolysis [4]. In addition, mechanical properties similar to those of the
native tissue are essential to support the correct generation of the new cellular matrix through
the whole process [5]. In tissue engineering, porous features greatly impact the outcome of the
scaffold as it supports cell adhesion and migration, the flow of oxygen and nutrients needed
for the cellular process and the flow of metabolic wastes [6]. The latter have shown to be a
strongly determining factor on the performance of the material in vitro and in vivo, as pore
size, geometry, alignment and distribution play a crucial role in cell migration, proliferation,
and differentiation [6-12]. Although many research studies aim at optimizing the architectural
characteristics of new scaffolds, it still remains a challenge.

In recent years, materials presenting dual or multiple porosity levels have shown enhanced
performances in cellular response due to the synergic combination of the distinct pore levels
where large macropores (>100 um) improve cell distribution and vascularization [13], while
smaller pores (1-10 pum) increase the scaffold permeability, and therefore improve the nutrient
adsorption and proliferation of the cells [14]. These materials have been fabricated by
different techniques, including solvent casting-particulate leaching [15], phase separation
[16], electrospinning [17], gas foaming [18], and 3D printing [19] among others, each one

with their own advantages and drawbacks [8]. In this regard, materials prepared by the
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combination of particulate leaching and phase separation have shown good control over the
pore size where the principal shortcoming is the complete removal of the porogens, especially
for the smaller pores [8]. Nevertheless, previous studies from our group [20-22] have
demonstrated the successful preparation of well-interconnected biporous materials with
independent control over macro- and nanoporosity, achieved without residual porogens. This
was accomplished by using Spark Plasma Sintering (SPS) to sinter the macroporogens, an
alternative to the traditional thermal sintering of inorganic salts. By using SPS, the contact
surface between porogen particles of the salt template is enhanced, thus facilitating the
complete removal of porogens at the end of the fabrication process. On the other hand, the
(co)polymer from which the scaffolds are made is determinant to fulfill the characteristics of a
suitable material for tissue engineering applications. In this regard, polymeric materials have
been used extensively in the last decades as their properties can be tuned easily. To this
purpose, the most common polymers are poly(g-caprolactone) (PCL) [23], poly(glycolic acid)
(PGA) [24], poly(L-lactic acid) (PLA) [25], and poly(lactic-co-glycolic acid) (PLGA) [26], as
they possess good stability, low immune response, biocompatible character, tunable
degradation rates and mechanical performances [27]. One alternative strategy to these well-
studied common polymers has emerged in the last decade, and relies on the
(co)polymerization of cyclic ketene acetals (CKAs) for the production of aliphatic/aromatic
polyesters by (controlled) free-radical ring opening polymerization ((c)rROP) to prepare
biocompatible and biodegradable materials [28]. Especially, 2-methylene-1,3-dioxepane
(MDO) can generate “PCL-like” polyesters, i.e. presenting the same chemical structure as
PCL, upon homopolymerization through (c)rROP.

In the present work, we describe the preparation of novel biodegradable porous polymeric
networks constituted of MDO and divinyl adipate (DVA) by a double porogen templating
approach showing an independent control of the two porosity scales and good interconnection
that were studied by scanning electron microscopy (SEM) and indirectly by water uptake. The
macroporosity was generated by using a NaCl template sintered by SPS using sieved salt
particles of 250-400 um, while the smaller porosity was achieved by using n-hexane as a
porogenic solvent. The effect of dual porosity as well as the variation in crosslinking agent
concentration were investigated in terms of its compressive mechanical properties.
Degradation of MDO-based materials was carried out to elucidate the stability of the scaffolds
in a pH 7.4 phosphate buffer solution mimicking typical serum physiological medium as well

as in alkaline accelerated conditions.



2. Experimental

2.1. Materials

Chloroacetaldehyde dimethyl acetal (CADA, 97%), 1-4 butanediol (99%), and Dowex® 50
acidic resin were purchased from Thermo scientific. Potassium tert-butoxide (t-BuOK, 97%)
was purchased from Alfa Aesar. Divinyl adipate (DVA, >99%) was purchased from TCI. 2,2’-
Azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich) was recrystallized from methanol
(MeOH) prior to use. Sodium chloride (NaCl) particles were sieved (250-400 pum) and stored
in moisture-free conditions. All solvents were used as received: methanol (99.9%), ethanol
(99.9%, anhydrous), acetone (99.9%), acetonitrile (ACN, 99.9%), isopropanol (i-PrOH,
99.9%), ethyl acetate (AcOEt, 99.9%), tetrahydrofuran (THF, 99.9%), cyclohexane (c-Hex,
99.8%), 1,4-dioxane (99.5%), and n-heptane (n-Hep, 99%) were purchased from Carlo Erba.
n-Hexane (n-Hex ,99%) and benzene (99.8%, anhydrous) were purchased from Thermo
scientific and Sigma Aldrich, respectively.

2.2. Preparation of 2-methylene-1,3-dioxepane (MDO)

The cyclic ketene acetal was prepared as previously described by Bailey [29]. 2-
chloromethyl-1,3-dioxepane (MDO cyclic precursor) was synthesized by acetal exchange
reaction from chloroacetaldehyde dimethyl acetal (50 g, 0.4 mol) in the presence of 1,4-
butanediol (36.17 g, 0.4 mol) and Dowex® 50 acidic resin (1.6 g) at 115 °C in a flask
equipped with a distillation column. When the expected stoichiometric amount of methanol
had been collected from the distillation, the resin was removed by filtration, and the solution
was once more distilled under vacuum to afford pure 2-chloromethyl-1,3-dioxepane (yield =
72%). *H NMR (400 MHz, CDCls) & (ppm) 1.65 (m, 4H, -OCH,CH,CH,CH-0-), 3.38 (d, 2H,
-CH,CI), 3.72 (dd, J = 90.3 Hz, 4H, -OCHj,-), 4.76 (t, 1H, -OCHO-). The second step to
obtain MDO was the dehydrohalogenation of 2-chloromethyl-1,3-dioxepane. 17.88 g (159.4
mmol) of t-BuOK were dissolved in 50 mL of THF at 115 °C in a flask equipped with a water
cooler. Then, 12 g (79.7 mmol) of 2-chloromethyl-1,3-dioxepane were added dropwise, and
the reaction mixture was allowed to react for 16 h. MDO and THF were separated from the
solid components by distillation under vacuum at 130 °C, and finally, MDO was isolated by
fractional distillation under vacuum at 80 °C (yield = 69 %). 'H NMR (400 MHz, CDCls) &
1.67 (m, 4H, -OCH,CH,CH,CH,0-), 3.34 (s, 2H, CH,=C), 3.84 (m, 4H, -OCH,-).



2.3. Preparation of monoporous MDO-based materials

Initially, NaCl templates were prepared by Spark Plasma Sintering (SPS) treatment as
previously reported by our group [21]. Briefly, 2.54 g of NaCl sieved particles (250-400 pm)
were introduced into a graphite die (10 mm in diameter), heated from room temperature to
100 °C (50 °C/min) while applying 3.3 kN force onto the sample under vacuum. After 20 min,
the die was cooled to room temperature at 50 °C/min and the salt templates were recovered
(about 10 mm in diameter and 15 mm in height). The NaCl template was introduced into the 1
cm in diameter and 3 cm in height stainless-steel reactor and vacuum was applied to remove
air present in the interstices between salt particles to facilitate the penetration of the
copolymerization feed. Then, the polymerization mixture containing an MDO/DVA co-
monomer mixture (molar ratio of 80/20 mol.%) and AIBN (2 wt.% with respect to the total
comonomer quantity) was sonicated until AIBN was completely dissolved and was added into
the stainless-steel reactor under static vacuum. The reactor was sealed and placed in an oven
at 65 °C for 24 h. After copolymerization, the porogenic 3D template composed of SPS-
sintered salt particles was removed by immersing the material in deionized water for 24 h
(water was changed 3 times) and finally dried under vacuum at room temperature for 24 h.
Materials containing only micropores were prepared following the same procedure by
replacing the salt template with a specific volume of n-hexane. In this case, MDO/DVA
(80/20 mol.%), AIBN (2 wt.% with respect to the total comonomer mass), and n-hexane
(20/80, 30/70, and 40/60 vol.% comonomer/porogenic solvent) were mixed and the
polymerization followed the same conditions as previously described. After copolymerization,
the porogenic solvent was removed by Soxhlet extraction using acetone for 16 h and the final
materials were dried under vacuum at room temperature for 24 h. In order to identify the
monoporous samples, the prefix M is used, thus defining that the sample is monoporous
followed by the MDO concentration and then the letter T or S to distinguish between
materials polymerized with a salt template or a porogenic solvent, respectively, and followed
by the solvent content added to the polymerization mixture. As an example, a material
containing 80/20 mol.% MDO/DVA and 30/70 vol.% comonomer/porogenic solvent is
labeled as M80S70.

2.4. Preparation of biporous MDO-based materials

The polymerization mixture constituted of MDO/DVA (molar ratio: 80/20, 70/30, and 60/40
mol.%), AIBN (2 wt.% with respect to the total comonomer mass) and n-hexane (various
comonomers/porogenic solvent volume ratios: 40/60, 30/70, and 20/80 vol.%) was sonicated
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until the AIBN was completely dissolved. The NaCl template was introduced into the
stainless-steel reactor and vacuum was applied for 10 min after which, the polymerization
solution was added. The reactor was sealed and placed in an oven at 65 °C for 24 h. After
copolymerization, the porogenic solvent and the NaCl template were removed by immersing
the obtained material in deionized water (16 h), acetone (4 h), and again deionized water (4
h). Lastly, the obtained material was dried under vacuum at room temperature for 24 h. In this
case, to identify the biporous samples, the prefix Bi is used to define that the sample is
biporous followed by the MDO concentration and then by the letter S, ending with the content
of solvent. As an example, a material containing 80/20 mol.% MDO/DVA and 20/80 vol.%
comonomer/porogenic solvent is labeled as Bi80S80.

2.5. Characterization procedures

2.5.1. Chemical characterization of the P(MDO-co-DVA) porous scaffolds

Raman spectra were recorded between 500 and 3500 cm™ using an XPlora One spectrometer
from Horiba Jobin Yvon equipped with a laser emitting at 638 nm. The acquisition time was
fixed at 1 min.

2.5.2. Porous features of MDO-based materials

The pore size distribution, total intrusion volume, and porosity ratios of the materials were
determined by Mercury Intrusion Porosimetry (MIP) using an AutoPore V 9600 porosimeter
from Micromeritics based on the Washburn equation where the pore diameter, the applied
pressure, the surface tension and the contact angle are related. For the analysis, a 3-cm® bulb
solid penetrometer was used, and the equilibrium time for low and high pressure was set in 10
seconds. It is important to highlight the appearance of a peak at about 8 um related to the
change from the low-pressure analysis to the high-pressure analysis in all MIP profiles.

SEM investigation of the materials was performed with a MERLIN microscope from Zeiss
equipped with SE2 and In Lens detectors using an accelerating tension of 10 kV and a current
of 100 pA. Samples were immersed in liquid nitrogen for 5 min, cut into cylinders of
approximately 10 mm in diameter by 1 mm in height and coated with a 5 nm layer of
platinum/palladium alloy in a Cressington sputter-coater 108 auto with thickness controller
MTM-20. The pore sizes were determined using the ImageJ 1.54d software.

2.5.3. Mechanical properties

The compressive mechanical properties of the materials were investigated in dry state at room

temperature in a universal testing machine INSTRON 5965 equipped with a 100 N load cell.



The studied materials have an approximate size of 10 mm in diameter and 15 mm in height.
The compression rate was set at 1 mm/min, and the maximum displacement at 70%. The
compressive modulus is the relation between the tensile stress and the tensile strain. It is
obtained by fitting a straight line over the linear part of the stress-strain curve (between 0 and

10% strain). Equation 1 shows the representation of the compressive modulus:

A stress (MPa)

Compressive modulus(MPa) = A strain (%)

%X 100 (Equation 1)

2.5.4. Water uptake

Biporous and monoporous dry materials were immersed in 5 mL of deionized water for 47
days at room temperature. After different periods of time, materials were taken out of the vial,
and after elimination of the excess of water on the surface with paper, they were weighed. The
measurements were conducted in quadruplicate, and the averages were used for the analysis.

The water uptake was calculated according to Equation 2:

Wy —Wg
Wa

Water uptake (%) = %x 100 (Equation 2)

where W, is the weight of the wet material and Wy is the weight of the dry material.

The adsorption mechanism was investigated by fitting the data to the intraparticle diffusion,
thanks to pseudo-first order and pseudo-second order kinetic models.

The intraparticle diffusion model was given by Equation 3 [30,31] :

q, = kigt™ +C (Equation 3)

where q; is the adsorbed water mass per unit time at a specific time and kiq is the intraparticle
diffusion rate constant (mg.g >.h™*). The values of kiy and C could be obtained from the

linearization of g vs. t*°

, Where the slope represents kig and C is the intercept.
The pseudo-first order kinetic model was given by Equation 4 [30,32] :

Ln(q, —q,) = —kit +1In(q,) (Equation 4)

where q; is the adsorbed water at a specific time, ge is the adsorbed water at equilibrium, and
ky is the pseudo-first order rate constant (h™). In order to obtain the model parameters, Ln(e -
gy vs. t was plotted, and from the linearization, k; and g. are related to the slope and the
intercept, respectively.

The pseudo-second order model was expressed by Equation 5 [32,33] :

t 1 t

a-mete (Equation 5)



where k; is the pseudo-second order rate constant (g.mg *.h™Y), q; and g were previously
described. Model parameters were obtained by plotting t/g; vs. t in which ge and k are related
to the slope and the intercept, respectively.

2.5.5. Degradability

Bi80S80 biporous MDO-based materials prepared using an MDO/DVA molar ratio equal to
80/20 were placed in glass vials under vacuum at room temperature for 10 min to remove air
from the porosity. Firstly, 3.33 mL of ethanol were injected under static vacuum to fill the
pores of the material for 10 min, then 5 mL of 0.1 M phosphate-buffered saline (PBS, thermo
scientific) pH 7.4 or 5 mL of a 0.1 wt.% NaOH aqueous solution were added. The samples
were placed in an oven (Heratherm OMHG60) at 37 °C. Regularly the samples were washed
with deionized water, dried under vacuum, and weighed. Each time, the ethanol-PBS mixed
solution was replaced following the same procedure. For achieving accelerated conditions, the
materials were placed in a 60/40 vol.% NaOH aqueous solution (1, 3 or 5 wt.%)/EtOH
mixture. Depending on the degradation rate, the samples were recovered, washed with
deionized water, dried under vacuum, and weighed at different time intervals. Each time, the 3
and 5 wt.% NaOH hydrolysis solutions were replaced, while those containing 0.1 and 1 wt.%
NaOH were replaced every week.

Finally, ultrafast degradation conditions were tested by immersing the Bi80S80 biporous

MDO-based materials in 10 mL MeOH in which 500 mg of NaOH were previously dissolved.

3. Results and discussion

3.1. Preparation of monoporous and biporous materials

An effective strategy to fabricate bimodal porous polymeric networks relies on the double
porogen templating approach (Figure 1a), as previously reported by our group [20-22,34,35]
in which the macroporosity is generated by the leaching of an inorganic matrix and the lower
porosity level is afforded by polymerization-induced phase separation. The total porosity and
pore interconnectivity strongly depend on particle size, shape, and arrangement in the
macroporogen template as well as the solvent nature and its proportion in the polymerization
mixture. Based on these important parameters, the double porogen templating approach
permits to produce materials with hierarchically controlled pore size and pore

interconnectivity.
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Figure 1. (a) Schematic representation of the double porogen templating approach using
sintered NaCl particles as macroporogens and a porogenic solvent. (b) General reaction for
the preparation of porous networks through free-radical ring-opening copolymerization of 2-
methylene-1,3-dioxepane with divinyl adipate as a crosslinker in the presence of a porogenic
solvent.

Generally, when a high ratio of CKA to vinyl monomers, such as (meth)acrylates and styrene,
is used, the global CKA conversion decreases with its poor incorporation into the copolymer
backbone [36]. The latter limitation could be related to the surprisingly low reactivity ratio of
MDO even though a strong nucleophilicity from the acetal oxygens and the C=C bond could
promote the polymerization with electrophilic radicals, such as those generated by acrylate
derivatives [36,37]. Thus, to prepare a homogeneous MDO-based network, the selection of a
comonomer with similar reactivity becomes crucial. In a general manner, CKA monomers
present a low incorporation ratio when copolymerized with a lot of monomers such as
styrenics, acrylates and methacrylates, excepted for vinyl acetate (VAc) [36]. Several studies
have been previously performed to estimate the reactivity ratios between different CKA and
VAc by different methods. Reactivity ratio (rcka and ryac) values in the order of 10 and 10"
for CKA and VAc have been found, respectively. [38], [39], [40], [41], [36] In one of these
studies, Agarwal et al. [39] have shown the successful copolymerization of MDO and VAc
with yield up to 80% by (c)rROP due to their closer reactivity ratios (frvpo = 0.47 and ryac =
1.53), which allows the introduction of ester functionalities into the copolymer backbone. In
this regard, divinyl adipate (DVA) possess two polymerizable functions similar to MDO and

VAc, thus making it a promising cross-linking agent of choice due to its well-known
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biocompatibility and similar reactivity to that of MDO. Indeed, reactivity ratios in the same
order of magnitude were observed for DVA (rpva = 0.034 and rs; = 20.6) [42] and MDO (rvpo
=0.021 and rs; = 22.6) [43] when copolymerizing them with styrene.

In order to produce a biodegradable and biocompatible polymeric network, MDO was chosen
as a suitable monomer because it has been used to introduce ester functions into the polymeric
chains and improve the degradability of the applied materials. In addition, by free-radical
ring-opening polymerization, the resulting structure is similar to PCL, which is mostly used in
biomedical applications (Figure 1b) [23]. The chemical nature of the as-obtained scaffolds
was assessed by Raman spectroscopy (Figure S1, ESI). The spectrum of the network notably
highlighted the presence of C=0 characteristic ester band at ~1750 cm™*. Interestingly, no
band corresponding to C=C double bond was observed, thus suggesting total consumption of
ketene acetal and vinyl ester functionalities through free-radical copolymerization. Generally,
MDO is used in low quantities in copolymerization feeds to increase the degradability of
diverse (co)polymers, while DVA, to the best of our knowledge, has not been used to create
polymeric networks. Therefore, as a starting point of our investigation, the copolymerization
of both comonomers was studied. The effect of varying molar compositions, solvent ratios,
and the use of macroporogens instead of porogenic solvent were studied with a particular
focus on the mechanical properties of resulting materials. Finally, their degree of degradation
and water adsorption was investigated.

3.2. Porous features of MDO-based materials

It has been demonstrated that the use of NaCl particles is an effective strategy to produce a
macroporous matrix. The interconnectivity of the structure highly depends on the packing
degree of the inorganic template: for instance, a non-sintered template leads to isolated
macropores with different shapes and reduced specific surface area [20], while a sintered
template and especially that made by SPS presents a well-defined morphology with
interconnected pores and larger specific surface area [21]. Biporous polymeric networks
Bi80S80 were obtained after complete removal of the NaCl template and the porogenic
solvent. As observed by SEM (Figure 2a,b,c), MDO/DVA scaffolds displayed a bimodal
porosity. The presence of homogeneous macropores with size around 200 um related to the
NaCl template imprint is in good agreement with the size of the salt particles used to produce
the template, while smaller pores with size of about 1.8 um were due to the porogenic solvent
removal. The size of the smaller pores was similar to those obtained in the copolymerization

of porous hydroxyethyl methacrylate (HEMA) and ethylene dimethacrylate (EDMA) when n-
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hexane was used as a porogenic solvent [44]. Moreover, it has been demonstrated that
depending on the solvent polarity compared to that of network components, the porogenic
solvent may lead to different pore sizes with larger pores (~1 um) obtained from non-polar
solvents and smaller pores (~100-300 nm) expected from polar solvents [21]. For the sake of
comparison, Figure 2d,e presents the SEM image of monoporous MDO-based analogues
obtained using the same MDO/DVA molar ratio using only the NaCl template as porogen
(M80T). Figure 2f,g shows the SEM micrographs of other monoporous counterpart obtained
by using n-hexane as the porogenic solvent (M80S80). The compact globular morphology of
the lower scale porosity could be explained as follows. The polymerization mixture was
composed of comonomers, initiator, and the porogenic solvent. The free radicals generated
from AIBN triggered the copolymerization process. Due to crosslinking of the copolymer
chains, they became insoluble and precipitated as particles at a more or less early stage,
during the copolymerization process depending on their compatibility with the porogenic
solvent. These particles enlarged as the surrounding chains grew, thus forming a globular
cluster which shape was related to the tension at the liquid-solid interface and to the affinity
for the organic phase. The clusters formed continuously and dispersed in the media, leading to
the formation of an interconnected matrix. The space between these large clusters created
voids which total volume is similar to that of the porogenic solvent initially present in the
polymerization feed, as already reported elsewhere. [21]. The size of the globular structures
and voids depended on key factors, such as the polymerization temperature, initiator

concentration, and solvent characteristics.

Flgure 2 SEM images of MDO based networks (a b c) Blporous scaffold (80/20 moI % MDO/DVA
and 80 vol.% n-hexane with respect to the comonomers), (d,e) monoporous analogue using NaCl
template, (f, g) monoporous analogue using n-hexane.
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While the upper porosity level resulting from salt-sintered templates is determined by the
NaCl particle size and the sintering method used [21], the lower porosity level is obtained
independently by phase separation during the polymerization in the presence of a porogenic
solvent. It thus presents an interesting area of study due to some tunability inherent to
different experimental parameters. In this case, the pore size distribution is governed by
various key parameters, including the nature and volume of the porogenic solvent used, for
instance. The possibility to finely tune the porosity obtained from the syneresis mechanism
during the copolymerization was thus investigated as it clearly permitted to control the porous
features of the resulting materials, which may hold relevance for further biomedical
applications. Different common organic solvents were assessed as possible porogens. Based
on their solubility parameters, methanol (MeOH), ethanol (EtOH), acetonitrile (ACN),
isopropanol (i-PrOH), benzene, tetrahydrofuran (THF), ethyl acetate (AcOEt), cyclohexane
(c-Hex), dioxane, n-heptane (n-Hep), and n-hexane (n-Hex) were used. Even though CKAs
exhibit relative instability and are prone to alcoholysis in the presence of a large excess of
alcohol [45], resulting in the production of undesirable by-products that impede further
polymerization reactions and have an autocatalytic effect towards self-degradation [46],
MeOH and EtOH were used for the sake of comparison as the solvent properties are crucial
regarding the porous features of the resulting materials [21]. Figure 3a shows the MIP
profiles of monoporous materials constituted of 80/20 mol.% MDO/DVA after
copolymerization in the presence of 80 vol.% of the tested porogenic solvent and further
removal. The corresponding data extracted from the MIP analyses are summarized in Table 1.
Among all investigated solvents, only the non-polar ones (c-hexane, n-heptane, and n-
hexane), i.e. displaying the lowest solubility parameters, allowed for obtaining a polymer
matrix with a desired porosity, namely an average pore size of around 1 um. The use of such
solvents resulted in a pore size distribution in the 1-2 um range, a porosity ratio comprised
between 68 and 72 % along with an intrusion volume around 1.9-2.4 mL/g (MIP profiles and
porous features of the biporous counterparts are shown in Figure S2 and Table S1, ESI).
Meanwhile, using MeOH and EtOH as the porogenic solvents gave higher porosity ratios (83-
84 %) and intrusion volumes (5.3-5.6 mL/g), but unfortunately too large pore size (9.5 um)
with MeOH. It is worth mentioning that the lower pore size (2 um) of the scaffold obtained
from EtOH as the porogenic solvent could be likely due to the compression of the structure
during the high pressure analysis of MIP giving an under-estimated value of the pore size
[47]. The Flory-Huggins interaction parameter () allows for studying the interaction between

the porogenic solvent and the copolymers in the system [48,49]. It could be related to the
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solubility parameter by the Van Laar-Hildebrand equation [50] using Van Krevelen’s group
molar attraction contributions [51]. The relation of the interaction parameter as function of the
molar concentration of MDO could be observed in Figure 3b. Theoretically, an increase in
was observed when increasing the MDO concentration in the case of a poor solvent. On the
contrary, a decrease of y could be observed when increasing MDO concentration in the case
of a good solvent for the system [51]. Thus, solvents such as c-hexane, n-heptane, and n-
hexane would be suitable for the hydrophobic monomers mixing. As the polymerization
occurred, the ring-opened structure of MDO reacted with the vinyl ending groups of DVA
leading towards a rather hydrophobic copolymer containing ester functionalities that would
precipitate lately during the copolymerization process. The non-polar solvents were thus
involved in the formation of smaller sized pores. On the contrary, when methanol or ethanol
were used as porogenic solvents, they were expelled earlier during the copolymerization
process, thus resulting in the formation of larger sized pores. It is worth mentioning that
copolymerizing MDO and DVA in the presence of MeOH/EtOH as the porogenic solvent
resulted in polymeric scaffolds with poor mechanical properties. The brittleness of such
monoporous scaffolds notably did not allow them to be used afterwards for the preparation of

biporous polymeric structures.
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Figure 3. (a) MIP profiles of monoporous MDO-based networks obtained using different
porogenic solvents. (b) Evolution of the Flory-Huggins interaction parameter y as a function
of MDO mole fraction.

Table 1. Porous features of monoporous MDO-based networks prepared with various
porogenic solvents.

Porogenic Porosity Average pore Total intrusion

b 1/2
solvent ratio® (%o) size® (um) volume® (mL/g) 5" (MPa’™)
n-Hexane 72 1.0 2.4 14.9
n-Heptane 68 11 19 15.1
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c-Hexane 69 1.8 2.0 16.8
EtOH 84 2.2 5.6 26.0
MeOH 84 9.5 5.3 29.7

#Values as determined by MIP.
® Solubility parameters cited from literature [51]

The variation of the porogenic solvent content in the initial copolymerization feed was then
varied from 80 to 60% vol.%, and the MIP profiles of resulting monoporous materials were
analyzed. They are displayed in Figure 4a, and the porous features data are summarized in
Table 2 (MIP profiles and porous features of their biporous counterparts are shown in Figure
S3 and Table S2, ESI). It could be easily shown that the lower the n-hexane content, the
larger the pore size. The pore size of networks containing 70 and 60 vol.% of n-hexane was
found to be equal to 1.8 and 3.6 um, respectively, with an almost linear decrease in the
porosity ratio and in the intruded mercury volume. As previously explained, closed pores
could be obtained as a result of the random formation of the voids causing a decrease in the

porosity ratio.
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Figure 4. MIP profiles of (a) monoporous MDO-based networks prepared with various
contents of n-hexane as a porogenic solvent and (b) typical monoporous (M80T and M80S80)
and biporous (Bi80S80) MDO-based materials.

Table 2. Porous features of monoporous MDO-based networks prepared with various contents
of n-hexane as a porogenic solvent.

Average pore

Sample  Porosity ratio® (%) Total intrusion volume® (mL.g™)

size® (Um)
M80S80 72 1.0 2.4
M80S70 62 1.8 1.6
M80S60 54 3.6 1.0

® Values as determined by MIP.
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MIP profiles of typical MDO-based materials depending on the used porogen are shown in
Figure 4b, while porosity ratio, pore size, and total intrusion volume values are summarized
in Table 3. Monoporous materials M80T and M80S80 presented a unimodal pore size
distribution with pore sizes centered around 148 um and 1 um, respectively, depending on the
nature of the corresponding porogen. The biporous material Bi80S80 displayed a bimodal
porous distribution profile constituted of large pores arising from the removal of the salt
template with an average size centered around 150 um and smaller pores arising from the
extraction of the porogenic solvent of around 1.1 pum; such pore sizes were in good agreement
with those obtained for their monoporous counterparts. Furthermore, the porosity ratio of the
biporous material as well as the total intrusion volume (89 % and 9.7 mL.g™*) were found to
be higher than those of the monoporous materials obtained with the salt template (82 % and
5.3 mL.g%) and the porogenic solvent (72 % and 2.4 mL.g™%), providing the evidence of a
good pore interconnectivity. The porosity obtained from the monoporous sample prepared
with the porogenic solvent is lower than that expected for 80 vol.% n-hexane used and the
small intrusion volume could be explained by the polymerization process and the random
generation of the voids that could lead to their partial or complete blockage, thus preventing
the mercury from reaching the small cavities [47,52]. Biporous and monoporous MDO-based
materials with a variation on crosslinking agent concentration were also investigated (MIP
profiles shown in Figure S4 and Figure S5; porous features listed in Table S3 and Table S4,
ESI). As already observed in previous studies, the increase in crosslinker content in the
polymerization feed allows for obtaining pores with a higher average size. In this study,
increasing DVA content from 20 to 40% allowed for increasing average pore size from 1 to

2.5 pum and from 1.1. to 2.7 um in monoporous and biporous polymers, respectively.

Table 3. Porous features of mono-and biporous MDO-based materials.

. . a Average pore Total intrusion volume?
Sample  Porosity ratio® (%0) sizes® (Lm) (mL.g™)
Bi80S80 89 150 and 1.1 9.7
M80T 82 148 53
M80S80 72 1.0 2.4

 Values as determined by MIP.

3.3. Mechanical properties of MDO-based materials
Producing scaffolds with mechanical properties suitable for the target tissue environment is of
paramount significance in tissue engineering applications. Upon implantation, a polymer

scaffold should support interactions with cells and new tissue formation. To this purpose, it
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must maintain its mechanical integrity throughout the overall process until complete
regeneration of the damaged tissue [5]. Even though the increase in porosity, pore
interconnectivity, and pore size is beneficial to cell ingrowth of the scaffold and
vascularization of engineered tissues, it could compromise the mechanical stability of the
material [7]. In order to investigate the applicability of our as-prepared model materials to
tissue engineering, compressibility tests were performed with mono- and biporous MDO-
based polymeric networks. Figure 5 shows the compressive stress-strain curves of M80T
(using only NaCl template) and Bi80S80 scaffolds. It allows for the determination of Young’s
modulus, E, the yield stress at 10% of deformation, 10, and the end point of the deformation
plateau, osp, as summarized in Table 4. We could observe three different regimes in the graph:
a linear behavior at small strain (<10%) where Young’s modulus could be calculated,
followed by a stage where deformation took place which was characterized by a small
increase in stress but large elongation (~50%), and the last zone related to the complete
compression of the structure where the stress increased rapidly with moderate deformation.
The MDO-based material presenting a bimodal porosity showed an elastic modulus E equal to
32.7 £ 2.5 kPa with a compressive strength at 10% strain of 2.5 kPa. These values were
smaller than those associated with that the monoporous analogue containing only macropores
(M80T): E = 43 + 5.2 kPa and o109 = 4.5 kPa. In addition, the biporous structure showed an
elongation of 56% and 20 kPa at the end of the deformation plateau, before the stage of
complete compression, while the monoporous analogue had an elongation of 51 % and 24.5
kPa at the end of the deformation plateau. The decrease in Young’s modulus was probably
related to the higher porosity ratio of the biporous scaffolds compared to the monoporous
ones (Table 4). This result was in good agreement with other results obtained for porous
poly(L-lactide-co-D,L-lactide) scaffolds [53], where a decrease of the elastic modulus from
168 MPa to 43 MPa was observed when the porosity ratio increased from 58 % to 80 %. It is
worth noticing that monoporous scaffolds obtained only with a porogenic solvent could not be
tested regarding mechanical properties due to their brittleness.
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Figure 5. Compressive stress-strain curves of monoporous and biporous MDO-based
networks.

The effect of the solvent content on the biporous MDO-based materials was also investigated
by adjusting the volume percentage of n-hexane in the polymerization feed. Bi80S80,
Bi80S70 and Bi80S60 were examined in terms of their compressive properties (Figure 6a);
the values of E, 610, and osp, are also summarized in Table 4. Surprisingly, the latter measured
parameters decreased as the volume ratio of porogenic solvent was reduced. For instance, the
material containing 60 vol.% of n-hexane, i.e. Bi80S60, presented an elastic modulus of 14.4
+ 2.3 kPa, while the material Bi80S70 containing 70 vol% showed a value of 32.0 £ 4.1 kPa
and the reference scaffold prepared using 80 vol% n-hexane, i.e. Bi80S80, displayed a value
of 32.7 + 2.5 kPa: a drastic decrease of the elastic modulus of ~56% was thus observed upon a
20 % reduction of the amount of porogenic solvent. The yield stress at 10% strain for
materials containing 60 and 70 vol.% of n-hexane was found to be equal to 1.1 £ 0.1 and 2.0 £
0.4 kPa, which represented a significant reduction of ~56 and ~20% when compared to the
scaffold prepared with 80 vol.% n-hexane (2.5 + 0.6 kPa). Furthermore, the stress measured at
the end point of the deformation plateau was equal to 6.6 £ 1.1 and 9.9 + 0.5 kPa for scaffolds
containing 60 and 70 vol.% of porogenic solvent, representing a dramatic reduction of 67 and
50 % compared to the material prepared with 80 vol% n-hexane. These results were not in
agreement with those previously obtained [7,53] resulting from a relation existing between the
porosity and the compressive properties. Nevertheless, we assume that this unique behavior
could be related to the solvent interactions in the system in addition to the low activity of the

monomers as a polymeric network could exhibit different structures and properties depending
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on the concentration of crosslinking agent used and on the solvating ability of the porogenic
solvent [54].
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Figure 6. Compressive stress-strain curves of biporous MDO-based materials obtained (a)
using various contents of n-hexane as a porogenic solvent (60, 70, and 80 vol.%) or (b) using
20, 30, and 40 mol.% DVA as a crosslinker.

As the concentration of the crosslinking agent is a key parameter during the formation of the
polymeric network, its effect was investigated by varying the molar concentration of DVA in
the polymerization feed (MDO/DVA molar ratio: 80/20, 70/30, and 60/40 mol.%) while
maintaining constant the solvent content to 80 vol.% of n-hexane, as it showed an elastic
behavior with better compressive features. Figure 6b exhibits the stress-strain curves of the
latter materials with different crosslinker concentrations, and the data obtained from the
graphs are gathered in Table 4. It could be observed that the resistance against a compressive
load increased as the concentration of crosslinking agent increased. Setting the molar
concentration of DVA to 30 mol.% resulted in an increase in the elastic modulus of 767 %
(283.7 £ 37.8 kPa), while a 40 mol.% DVA concentration allowed for a 3200% increase in the
Young’s modulus (1085.3 + 92.3 kPa), as compared to the material containing 20 mol.%
DVA. On the other hand, the stress at 10% strain was equal to 26 + 7.3 kPa and 48 + 9.1 kPa
representing an increase of 940 % and 1820 %, respectively for materials constituted of 30
and 40 mol.% DVA, as compared to the measured value for the material containing 20 mol.%
DVA. The yield stress at the end point of the deformation plateau for the 30 mol.% DVA
scaffold was equal to 121 kPa (six times higher than that measured for 20 mol.% DVA), while
the analysis for the scaffold containing 40 mol.% DVA could not be performed properly due
to sample breakage at ~50 % strain, where the maximum stress was equal to 124 kPa. The
latter results could be due to the mechanism of formation of the polymeric network in which

an increase in crosslinker concentration, while keeping constant the solvent volume, might
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lead to a rapid phase separation and generation of small nuclei that would keep growing and
reacting with each other through the vinyl functions and the radical centers in the mixture,
thus affecting the pore size distribution and resulting in an increase of Young’s modulus,

reducing the elasticity and increasing the material resistance to compression.[54,55].

Table 4. Compressive mechanical properties of MDO-based materials.

MDO/DVA molar Porogenic solvent

Sample ratio (mol %) %vol.% ) E? (kPa) 610" (kPa) o5’ (kPa)
M80T 80/20 - 43.0+5.2 45+05 245+2.7
Bi80S80 80/20 80 32.7+25 25+0.6 200+14
Bi80S70 80/20 70 320+4.1 20+04 9.9+05
Bi80S60 80/20 60 144+23 1.1+0.1 6.6 +1.1
Bi70S80 70/30 80 283.7+37.8 260+7.3 122.0+22.7
Bi60S80 60/40 80 1085.3+92.3 48.0+9.1 124.0 + 34.2*

% E: Young’s modulus.

® 510: Yield stress at 10% of deformation.
“ 6sp: Stress at the end point of the deformation plateau.

* Stress at break.

3.4. Water uptake of MDO-based networks

In order to prepare a suitable material for tissue engineering, it is necessary to investigate its
capability of up taking physiological fluids, allowing cell suspensions to travel though the
scaffold while transferring oxygen, nutrients, and metabolites. In addition, the ability of the
scaffold to adsorb water becomes relevant because hydrolysis is the principal mechanism of
polymeric scaffold degradation in the human body, which can affect the integrity of the
material depending on the degradation rate. Therefore, water uptake experiments were
conducted on typical mono- and biporous materials prepared from MDO (Figure 7a). It could
be observed that the presence of a bimodal porosity greatly improved the water uptake ability
(2306 + 304 %) in a synergistic fashion when compared to monoporous materials constituted
of large macropores (754 + 15 % using only the sintered 3D NaCl template) or smaller pores
(268 £ 37 % using only porogenic solvent). Moreover, it could be seen that monoporous
materials reached an adsorption equilibrium faster (16 days for M80T and 14 days for
M80S80) as compared to the biporous analogue (27 days), which coud be possibly attributed
to the ease of water transfer into the different interconnected pore levels. Water absorption
mechanism was theoretically assessed by intraparticle diffusion, pseudo-first order, and
pseudo-second order kinetic models. [30-33] The results are plotted in Figure 7b,c,d for
biporous, monoporous with large macropores and smaller pores, respectively, and the

corresponding kinetic parameters are listed in Table 5.
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Table 5. Theoretically determined characteristic values associated with water uptake kinetic

models for mono- and biporous MDO-based networks.

Sample Intraparticle diffusion Pseudo-first order Pseudo-second order
kig” R2 K, Qe R2 k,® Qe R2
(mg.g"h™? (10°h%  (mgg? (@mg*h? (mg.gh
Bi80S80 40.7 0.988 2.1 1192 0.932 9.22.10° 2000 0.943
M80T 20.4 0.976 2.4 475 0.918 1.48.107 769 0.919
M80S80 2.8 0.982 2.7 95 0.841 9.21.10° 233 0.946

 kiq: intraparticle diffusion rate constant.
'S pseudo-first order rate constant.

¢ ge: Mass of adsorbed water at equilibrium.
9 k,: pseudo-second order rate constant.

Pseudo-first order model varied on all analyzed systems as the calculated adsorbed water at

equilibrium (ge) differed from the experimental values as along with a poor correlation

coefficient (R%). On the other hand, from the pseudo-second order model, g. values closer to

the experimental data were obtained (variation of 12, 5 and 7 % for biporous, M80T and
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M80S80 materials, respectively) and the correlation coefficient was above 0.91 for the three
materials; still, the profile obtained from this model differed from the experimental behavior.
Furthermore, the best fitting model was intraparticle diffusion, especially over 20 days where
correlation coefficient was above 0.97 for all materials indicating that the internal diffusion
through the pores was the predominating process, showing a strong initial adsorption. The
intraparticle diffusion rate constant (kiq) was found to be equal to 40.6 mg.g >.h " for the
materials presenting a bimodal porosity, while values of 20.3 and 2.8 mg.g *.h™*? were
obtained for M80T and M80S80 macroporous and microporous materials, respectively, thus
highlighting a great synergetic effect of the bimodal porosity towards the water adsorption
ability. Interestingly, the materials were observed to keep the shape of the initial dry state,
even the Bi80S80 which displayed a water uptake of 2300%, thus demonstrating that
negligible swelling took place during the absorption process, probably due to the relatively

high crosslink density of networks under investigation (Figure S6, ESI).

3.5. Degradability of MDO-based networks

Degradation rates of materials designed for tissue engineering is a key parameter in their
success, as a fast degradation could compromise the mechanical stability of the scaffolds,
while a slow degradation could inhibit the adequate regeneration of tissue in the wound area.
Degradability of biporous MDO-based materials was investigated under two contrasted
experimental conditions, namely accelerated hydrolytic degradation (alkaline media) and
under phosphate buffer solution (mild hydrolytic conditions). Time dependence of mass loss
is displayed in Figure 8.

Upon immersion of the biporous materials in PBS at pH 7.4, no mass loss was observed
before 100 h, and it was not until 200 h that a small degradation (0.7 wt.%) could be
measured. The maximum degradation obtained in PBS was 5 wt.% after 2400 h. Therefore,
harsher alkaline media with increasing concentrations of NaOH from 0.025 to 1.25 M were
prepared and tested. As expected, an increase in NaOH concentration, namely the pH of the
immersion medium, led to faster degradation rates. Using 5 wt.% NaOH solution degradation
medium resulted in a fast degradation of the biporous scaffolds. 94 wt.% of the initial mass of
the crosslinked matrix was degraded within 7 h, while 88 wt.% was observed for 3 wt.%
concentration within 27 h and a much slower degradation of 97 wt. % for 1 wt.% solution was
obtained within 840 h. Degradation of the materials under 0.1 wt.% of NaOH had a similar
behavior as in PBS in which only 5 % mass reduction was observed after 2400 h.

Interestingly, plots from 1-5 wt.% NaOH showed a slow degradation rate at the beginning up
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to 5 wt.% followed by a dramatic mass loss. The crosslinked polymeric network exhibited a
bulk degradation due to the cleavage of the ester bonds in the matrix, leaving carboxyl and
hydroxyl end groups that relaxed the network allowing for further reactions between the
medium and the reactive ester groups. Therefore, the concentration of soluble small oligomer
fragments increased, while the concentration of crosslinked ester units decreased over time,
causing the exponential loss of mass. In order to quantify the different degradation rates, the
kinetics for catalyzed hydrolysis were evaluated, as reported elsewhere [56], and
corresponding kinetic parameters are summarized in Table 6. The degradation rate k in a 5
wt.% NaOH medium was found to be equal to 0.657 h™}, i.e. 5.6 times higher than that
obtained in a 3 wt.% NaOH aqueous solution, 144 times higher than that obtained for a 1
wt.% NaOH, and ~36 000 times greater than that obtained for the medium with the lowest
NaOH concentration (0.1 wt.%) and for PBS buffer solution after 2400 h of degradation. For
the sake of comparison, the same degradation assays were achieved on bulk nonporous MDO-
based materials to highlight the influence of the porosity and more particularly of the specific
surface area of the as-prepared polymeric scaffolds. As expected, much slower degradation
kinetics were observed for nonporous materials, as highlighted on Figure S7 (ESI). A ~7%
weight loss was measured after 12 h for bulk nonporous materials while Bi80S80 biporous
ones showed a 90% weight loss after only 7h 30 min.
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Figure 8. Mass % evolution of MDO-based biporous scaffolds Bi80S80 depending on the
hydrolytic conditions.
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Table 6. Kinetic parameters for biporous MDO-based scaffold Bi80S80 hydrolysis in
different media.

Medium pH k(h™h R’ Ragi
PBS 7.4 1.61.10° 0.894 0.873

0.1 wt.% NaOH 12.4 1.83.10° 0.980 0.977
1 wt.% NaOH 13.4 455107 0.982 0.979
3 wt.% NaOH 13.9 1.16.10" 0.989 0.986
5 wt.% NaOH 14.0 6.57.10" 0.995 0.994

4. Conclusions

In the present work, we reported the preparation of a novel hierarchically structured biporous
MDO-based network with well-defined porous morphology by the double porogen templating
approach as confirmed by SEM and MIP. It was shown that the dual porosity enhanced the
elastic behavior during compressibility of the materials which was also tuned by the variation
of the crosslinking agent, the increase in crosslink density increasing the elastic modulus. In
addition, these materials possessed unique absorption properties as a synergic effect was
observed on water uptake for biporous materials compared to the monoporous analogues, thus
confirming a high interconnectivity of the structure. MDO-based materials were stable under
PBS after 100 days; however, a fast degradation was observed under alkaline accelerated
conditions due to the facile hydrolysis of the ester functionalities on the polymeric backbone.
Therefore, these novel MDO-based biporous scaffolds constitute promising candidates for
their application in tissue engineering as an alternative to the commonly used polymers (PCL,
PLA, PGA, etc.), as they may be highly functionalized by insertion of other functional
comonomers, such as vinyl ethers. Ongoing research is focusing on the insertion of functional
comonomers to achieve post-polymerization functionalization of such porous polymers with

bio-relevant molecules in a straightforward way under mild conditions.
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