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Fabrication of hierarchically porous
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Monoliths with a continuous porous structure are of great interest due to high transfer efficiency and large
surface area in environmental and tissue engineering fields. This study demonstrated a facile method to
prepare PCL monoliths with hierarchically porous structure by nonsolvent-thermally induced phase
separation. A suitable mixed solvent mixture using ethanol as nonsolvent reduced the amount of dioxane
and provided PCL monoliths with three levels of structures. The monolith structure was easily controlled
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Accepted 8th July 2020 by changing the fabrication parameters, such as the nonsolvent, the temperature of phase separation,
the concentration of the PCL. Finally, the superhydrophilic monolith was easily obtained by

DOI: 10.1035/d0ra04687f polydopamine surface modification. The easy way of fabrication of a hierarchically porous PCL monolith
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1. Introduction

Hierarchically porous monoliths with macropores (>50 nm) and
mesopores (2-50 nm) are generally highly porous, with high
surface area, large accessible space, low density and inter-
connected hierarchical porosity at different length scales.
Owing to their diversity and performance, hierarchically porous
monolith have been attractive for applications in wastewater
treatment, battery electrodes and tissue engineering."® As
a result, the fabrication of hierarchical monoliths with suffi-
cient porosity, tunable pore size and interconnected 3D pores is
attracting a lot of attention.

Up to now, many methods have been reported to fabricate
hierarchically porous polymeric monoliths, such as porogen
leaching, electrospinning, emulsion-templated, foaming and
self-assembly.”® Porogen leaching is helped with additives,
such as salt and sugars." The electrospinning process
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with superhydrophilicity will find applications such as in tissue engineering and purification.

fabricates fibers with tunable diameters, however, it is chal-
lenged with well-defined 3D porous structures and geome-
tries.” The emulsion-templated method usually contains
additives because of polymerization from monomer, which is
difficult to simultaneously control the polymerization and
pore-forming process.' The foaming technology requires the
precise control on the forming agent and the pore structures
simultaneously, which is also by the aid of sophisticated
devices.

Phase separation is an effective method to prepare hierar-
chically porous materials due to the advantages of simple
equipment requirement and easy operation, which can be
divided by thermally induced phase separation (TIPS) and
nonsolvent induced phase separation (NIPS).>'*** In addition,
the combined nonsolvent-thermally induced phase separation
(NTIPS) method are also applied to fabricate porous monolith
by employing a miscible solvent mixture and by controlling the
temperature.”>* However, the relationship of the fabrication
parameters and the desired structures have not been fully
elucidated.

Poly(e-caprolactone) (PCL), biodegradable polymer, is
attractive as it has longer degradation time, flexible and tough
mechanical properties.”*® In the present study, PCL monolith
will be fabricated by NTIPS method. The effect of processing
parameters, including nonsolvent, phase separation tempera-
ture (T;s) and PCL concentration (Cpcy), on the morphology of
PCL monolith is discussed. Furthermore, the surface hydro-
philicity of PCL monolith is adjusted by a one-step method.
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2. Experimental
2.1 Materials

PCL was purchased from Swiss Perstorp(CAPA 6500, M, = 5 X
10* g mol ). Dioxane and ethanol were purchased from Tianjin
Fuyu Fine Chemical. Dopamine hydrochloride was purchased
from Beijing Huawei Ruike Chemical. Tris was purchased from
Haiyuan Ye Biotechnology. Deionized water was used as
provided.

2.2 Preparation of PCL monolith

Fig. 1 showed schematic of PCL monolith preparation process.
Firstly, a certain amount of PCL and solvent mixture were mixed
in a glass tube by heating at 55 °C with mechanical agitation for
4 hours to get a transparent uniform solution. After that, the
glass tube was placed at different temperatures for phase
separation for 24 hours to get wet PCL monolith. Finally, wet
PCL monolith was washed in deionized water and dried in
lyophilizer. The preparation parameters are listed in Table 1. In
this study three Tp,s were chosen, 20 °C, 4 °C, —18 °C, which were
room temperature, refrigerated temperature and freezing
temperature, respectively. The other preparation parameters
were decided by the phase diagram which was determined by
the calculated of cloud point, as shown in Fig. S1 and S2.}

2.3 Surface modification of PCL monolith

0.1 g of dopamine hydrochloride was dissolved in the mixture of
50 mL Tris-HCI buffer (pH = 8.5) and 20 mL ethanol. The
solution was stirred until the solution changed from colorless to
dark black to form polydopamine (PDA). Then, the PCL
monolith (sample-4 obtained in Saection 2.2) was immersed in
the as-prepared PDA solution with degassing for 18 hours. After
that the monolith was washed with deionized water and
subsequently dried at 40 °C for 12 hours in a vacuum oven to
obtain the PDA-PCL monolith.

2.4 Characterization

Surface morphologies of the samples were observed with a field
emission scanning electron microscope (SEM, Hitachi S3000N).
A thin gold film was sputtered on the samples before the images
were collected. N, adsorption/desorption isotherms were

PCL particle E =2
heatin; coolin; freeze dryin
+ - i £ L PCL monolith
dissolve phase solvent remove
| il separation
PCL solution

solvent mixture

Sy P S S e
(SEM image of sample-4 in Table 1)

Fig. 1 Schematic of fabricating PCL monolith via phase separation.
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Table 1 The parameter conditions of preparing the PCL monolith

Solvent mixture

Sample Cpcr, (mg mL™Y) dioxane/ethanol (v/v) Tps (°C)
1 80 30/70 —18
2 80 30/70 4
3 80 30/70 20
4 100 30/70 20
5 120 30/70 20
6 140 30/70 20
7 140 25/75 20

measured with a NOVA 4200e Surface Area & Pore Size Analyzer
(Quantachrome Instruments) at 77 K. Before the measure-
ments, all samples were degassed at 20 °C under vacuum for at
least 6 hours. The Brunauer-Emmett-Teller (BET) method was
utilized to determine the specific surface areas and Density
Functional Theory (DFT) method was applied to calculate the
pore sizes distribution. Differential scanning calorimetry (DSC)
thermograms was taken using a Seiko DSC6020 instrument at
the heating/cooling rate of 10 °C min~" under nitrogen. Water
contact angles (CA) were measured on a contact angle analysis
system (Zhongchen JC2000C) at room temperature with 5 uL of
water droplets as indicators. The surface chemistry of the
membranes was characterized by a Fourier transform infrared
spectrometer (FT-IR, NICOLET IS50). The transmittance of each
sample was recorded between 4000 cm " and 500 cm ™" with
a resolution of 2 cm ™. The PDA coating on the surface of PCL
monolith was analyzed by X-ray photoelectron spectroscopy
(XPS, Miniscope TM 3000 equipped with Swift ED 3000 Hitachi).
The XPS N 1s core-level signal was used as a marker for the
analysis of the PDA on the surface.

3. Results and discussion
3.1 The Hansen solubility parameters

In this study, the dioxane was employed as the good solvent for
PCL dissolving. The ethanol was selected as nonsolvent to
induce the NTIPS due to its environmentally friendly, low
toxicity and low cost. When the solvent mixture of dioxane and
ethanol at the volume ratios of 25/75, 30/70 (recorded as E25/75,
E30/70), respectively, the PCL monolith could be obtained at the
Tps of 20 °C, 4 °C and —18 °C. At the phase separation
temperature, the solvent mixture of E30/70 was still liquid, as
shown in Fig. S3.7

To investigate the interaction of PCL and the solvents, the
distance D between the solvent and the solute in the “solubility
space” which affected the solubility of polymers in solvents was
calculated based on the Hansen's solubility theory. According to
the referenced formulae (S1)-(S3),} the solubility parameters of
different materials were calculated and listed in Table S2.7

In general, when the distance D between the solvent and the
polymer was less than 7.5, the solvent was regarded as a good
solvent, otherwise the solvent was a nonsolvent.?**® The
distance D between the polymer and different solvent at
different Tp,s was shown in Fig. 2. It can be found that the D

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The distance D between the polymer and different solvent at
different Tps (20 °C, 4 °C, —18 °C respectively).

between PCL and solvent mixture (E25/75 and E30/70) were all
higher than 7.5, which explained the reason that phase sepa-
ration can easily be generated at all three temperatures, and the
monoliths were obtained accordingly.

The experimental and theoretical results suggested that the
ethanol was an efficient nonsolvent, because the phase sepa-
ration could take place even at room temperature which was
higher than the freezing point of the solution. Therefore, the
ethanol acting as nonsolvent in this study enlarged the pro-
cessing window and reduced the energy consumption in the
preparation of PCL monolith. In addition, the distance D, the
Hanses solubility parameter, can provide an effective way to
predict whether phase separation could occur in different
solution systems.

3.2 Morphology control of the PCL monolith

Phase separation method had been extensively applied in
fabrication of monolith. In a TIPS process, the presence of
temperature gradient induced spatial variation leading to
a change in chemical potential, which was the driving force for
phase separation. When the thermodynamic equilibrium was
broken, liquid-liquid phase separation in a polymer-rich and
a polymer-lean phase can take place, which includes two phase
separation mechanism namely nucleation growth (NG) mech-
anism and spinodal decomposition (SD) mechanism.”® The
polymer-rich phase leaded the skeleton and the polymer-lean
phase leaded the pores. By introducing a nonsolvent in this
NTIPS method, ethanol, the increased potential of polymer
precipitation further promoted the efficiency of TIPS. The effect
of fabrication parameters on the morphology of the PCL
monolith based on the NTIPS method was discussed.

3.2.1 The ethanol ratio. The effect of ethanol ratio in the
solvent mixture on the morphology was studied. Fig. 3 showed
the porous structure at solvent mixture of E30/70 and E25/75,
respectively (Tps at 20 °C, Cpc, of 140 mg mL ). It was inter-
esting to see that a PCL monolith was composed of stacking
golf-like structure with a lot of pores on the surface. With the
ethanol concentration increased from 70% to 75%, the average
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Fig. 3 SEM of the morphology of PCL monolith at different ethanol
ratios, 75% (a and b), 70% (c and d) respectively. (b and d) Are enlarged
images of a specific area from (a and c), respectively. (Tps at 20 °C, Cpc
of 140 mg mL™%).

diameter of the sphere increased from 155 um to 478 um. The
density of round pore on the sphere became higher and the size
became larger, from 36 pm to 114 um. Pore size would affect the
performance of monolith such as the compressive properties
(Fig. S61). In addition, the surface of the sphere in Fig. 3(d) was
not smooth but was “lotus-leaf-like” with even smaller features.
However, the roughness of the surface of sphere in Fig. 3(b)
decreased significantly. It can be seen in Fig. 2 that the

e )
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Fig. 4 SEM of the morphology of PCL monolith at different Ty, of
20 °C (@ and b), 4 °C (c and d) and —18 °C (e and f). (b and d) Are
enlarged images of a specific area from (a and c), respectively. (E30/70,
Cpcr of 80 mg mL™Y).
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Fig. 5 SEM of the morphology of PCL monolith at different PCL
concentrations, 120 mg mL™* (a), 100 mg mL™* (b), 80 mg mL™* (c).
(E30/70, Tps at 20 °C).

solubility of PCL in the solvent with 75% ethanol was lower than
that with 70% ethanol. Therefore, the solubility might play a key
role in the formation of the porous structure.

The globular structure might be the result of the NG mech-
anism in the liquid-liquid (L-L) phase separation, and subse-
quently a crystallization process taking place in the polymer
rich phase. During the crystallization, crystal lamellae grew
freely in 3D space from the center, showing spherulite shapes. It
was known that crystallization in solution followed the similar
rules within polymer melt when the solution concentration was
high (not dilute solution), namely nucleation and growth.
Firstly, there should be nuclei formed by either self-assembly
(homogeneous nucleation) or as-existed impurities (heteroge-
neous nucleation). The molecular chains diffused and arranged
themselves in a crystal lattice and thus the crystallite grew to be
larger and larger. In the solvent mixture, the solvent and non-
solvent served as impurities. When more nonsolvent was added
in the solution, the dissolvability of PCL decreased, therefore
the interaction between polymer and solvent became weaker.
Furthermore the viscosity of the solution system decreased
accordingly, then polymer chains can more easily arrange to the
sphere particles.”” As a result, the sphere particle showed
a larger diameter in E25/75 than that in E30/70. The pores
shown on the surface of sphere might be the result of aggre-
gated solvent molecules due to the repulsion of freeze drying.*®

3.2.2 The phase separation temperature. Fig. 4 showed the
morphology of PCL monoliths at different T}, of 20 °C, 4 °Cand
—18 °C, respectively. As mentioned above, the PCL monolith
with golf-like sphere and “lotus-leaf-like” surface was obtained
at the temperature of 20 °C. A higher magnification images
showed that the rough surface of the sphere was composed of
porous structure from a smaller scale of which formed by tiny
lamellae connected with each other. As the T},; decreased down
to 4 °C, honeycomb-like continuous structures were obtained
which were composed of skeleton and pores, while the sphere
was not easily observed. There were tiny lamellae shown on the
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Fig. 6 BET results of PCL monoliths fabricated by different T, were
20°C(aandb); 4°C (cand d); —18 °C (e and f), respectively. (a, cand e)
are nitrogen adsorption/desorption isotherms, (b, d and f) are the pore
size distribution plots. The concentration is of 100 mg mL™* with the
solvent of E30/70.

skeleton and the round pores with the average diameter of
about 30 pm when the temperature was 4 °C. The density was
also decreased from 0.20 g cm ™ to 0.18 g cm ™, which was
shown in Fig. S5.7 As the temperature decreased to —18 °C,
bicontinuous structures was formed via SD. The reason is that
homogeneous polymer solution can entry directly from one-
phase state to two-phase state during phase separation with
high cooling rate.”® However, fibrous structure at some site can
also be clearly seen. Interestingly, the surface roughness of the
porous structure becomes smaller when the T, decreases from
20 °C, 4 °C to —18 °C. The dramatical differences in the
microstructure might suggest that the phase separation mech-
anisms behind are different from each other with the temper-
ature variation.

The relationship between the structural feature and Tp,
reveals that the phase separation temperature played a domi-
nant role on the morphology of PCL monoliths. When the Ty
was 20 °C, the phase separation was regarded as the NG
mechanism in the L-L phase separation. And a slow cooling rate
leaded to a fast crystal growth rate and formation of large “lotus-
leaf-like” crystal lamellae. As the temperature decreased to 4 °C,
the phase separation changed to NG mechanism of the L-L
phase separation. And the PCL solution showed a higher
nucleation rate and a lower crystal growth rate, which resulted
that the crystal lamellaec seemed smaller. When the T, was
—18 °C,with a SD mechanism, the instant nucleation and very
slow crystal growth resulted in the formation of fibrous
structure.*

This journal is © The Royal Society of Chemistry 2020
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Table 2 DSC result of PCL particle and monolith

Sample Xe (%) Tm (°C)
PCL particle 55 59
PCL monolith-20 °C 74 61
PCL monolith-4 °C 82 61
PCL monolith-18 °C 60 63

3.2.3 The PCL concentration. Fig. 5 showed the morphol-
ogies of the monoliths at different PCL concentrations of
120 mg mL™', 100 mg mL™" and 80 mg mL™'. The porous
structure was all packed spherical structure with small round
pores. The average diameter of the spherical structure
composed with stacked crystal lamellar increases from 155 pm
to 497 pm with the decrease of the Cpcy, from 140 mg mL™ ! to
100 mg mL " and then decreased to 254 pm at the Cpcy, of 80 mg
mL ™. Furthermore, when two spherulites grew to contact with
each other, the growth of the spherulites was limited and the
contact surface of the two spherulites became flat.

As the concentration of the PCL solution decreased, the
viscosity of the PCL solution decreased accordingly. And it was
easier for the PCL molecular chain to rearrange to crystalize,
which resulted in a larger diameter of the stacking golf-like
structure at 20 °C. However, as the Cpcr, became to 80 mg
mL™?, the diameter of the balls decreased due to the number of
rearranged crystal chains decreased. This result suggested that
the temperature regulate the phase separation mechanism,

/
/ o
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while solution concentration might affect the geometric
dimension of a specific porous feature.

3.3 The hierarchical structure of PCL monolith

Fig. 6(a), (c) and (e) shows the adsorption/desorption isotherms
of the PCL monolith at 77 K, which was a type V adsorption with
H1 type hysteresis loop in the P/P, range from 0.2 to 1.0, whose
characteristic was mesoporosity and low energy of adsorption.
The specific surface area was determined to be 10.4 m* g™ ', 6.5
m® g ', 9.1 m*> g ' for the samples at the Ty of 20 °C, 4 °C, to
—18 °C, considering monolayer adsorption by using BET
method. These valuescan be compared to the PCL nanofibers
with the specific surface area about 7.3 m* g~ ' (average diam-
eter 160 nm), indicating that the PCL monolith had a relatively
large specific surface area.* Fig. 6(b), (d) and (f) display the pore
size distribution using the DFT method, which showed that the
diameters of the uniform pores were 5.5 nm, 5.3 nm, 9.3 nm,
respectively. The results suggested there were numerous nano-
pores in the monoliths obtained at different T}, which might
contribute significantly to the specific surface area of the
monolith. Furthermore, these data indicated that the formation
of hierarchically porous structures with relatively uniform
mesopores in the PCL monolith.

3.4 Crystallization of the PCL monolith

Fig. S47 showed the DSC curves of the first heating of the PCL
particle and the PCL monoliths fabricated at different T},,. The
calculated DSC result was shown as Table 2. The degree of
crystallinity of all the PCL monolith was higher than that of PCL
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(c) SEM of PDA-PCL monolith (d) water contact angle of PCL and PDA-PCL monolith.
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particles at 55%, which was also much higher than that of PCL
foams at 37% reported.”®* The PCL monolith obtained at 4 °C
had the highest degree of crystallinity, 82%. While the melting
temperature was all around 61 £ 2 °C, suggesting that the
crystalline structure was almost the same. The high degree of
crystallinity result indicated that the as-mentioned rough
surface of the globular structure was the PCL crystal lamellae.

3.5 Characterization of modified PDA-PCL monolith

In order to investigate the surface composition after modifica-
tion, chemical characteristics of PCL and PDA-PCL monolith
surface was tested by ATR-FTIR spectroscopy. As shown in
Fig. 7(a), the new peaks at 3600-3100 cm " and 1600 cm '
appeared in the spectrum of PDA-PCL monolith, which were
due to the stretching vibration of the -NH and —~OH groups and
the resonance movement of the C=C bond on the benzene ring
from PDA.** The PDA-PCL monolith was further confirmed by
XPS measurements. Fig. 7(b) showed an XPS wide scanning
and N 1s core-level spectra of the PDA-PCL monolith respec-
tively. The N 1s core-level spectrum of the PDA-PCL monolith
had one peak component with the binding energy at about
400 eV, due to the PDA on the monolith surface.®® The
morphology of PDA-PCL monolith was shown in Fig. 7(c). It can
be clearly observed that there were plenty of tiny white dots
attached on the rough surfaces homogeneously. Compared to
the neat PCL monolith, the contact angle of PDA-PCL sharply
decreased from 105° to nearly 0, and water uptake increased
from 74% to 80%, which revealed that a superhydrophilic PDA-
PCL monolith was obtained (Fig. 7(d) and S77).

The hydrophobicity of PCL porous materials hindered the
further applications in tissue engineering and other fields.***
As a result, the surface chemistry using adhesive catecholamine
inspired by mussel adhesion was developed, which was based
on the easy self-polymerization of dopamine to form PDA with
the adhesive-layer on any materials.®® The PDA coating was
achieved by combined pathways of non-covalent self-assembly
of dopamine and 5,6-dihydroxyindole and polymerization of
the indole, resulting in the formation of a robust layer of PDA.**
The PDA adhesive-layer might serve as a platform for post-
modification. The successful modified PCL monolith by PDA
was proved by the result of FT-IR and XPS. And the static water
contact angle showed the superhydrophlic of the PDA-PCL
monolith. This simple one-step deposition modification of
PCL monolith may expand considerably in the range of appli-
cation in water treatment and tissue engineering.

4. Conclusions

A hierarchically porous PCL monolith was successfully fabri-
cated from a PCL solution by the combination of TIPS and NIPS.
A high efficient solvent mixture with ethanol acting as non-
solvent provided the PCL monolith with a 3D continuous hier-
archically porous structure at different Tp,s. The result showed
that NIPS increased the efficiency of TIPS of PCL solution. The
hierarchical structure of the PCL monolith was significantly
affected by the phase separation parameters including types of
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nonsolvent, ratio of solvent/nonsolvent, the Cpcy, and the Tp.
Furthermore, the superhydrophilic PDA-PCL monolith was
successfully obtained by PDA modification with one-step
deposition method. This method of fabricating the super-
hydrophilic PDA-PCL monolith provided a more eco-friendly
and facile technique with hierarchical porous structure, which
might show a great potential in the application of tissue engi-
neering and regenerative medicine.
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