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Abstract

In the design and development of the chemical process, it is important to improve the efficiency
and selectivity of the separation process. In order to keep high separation efficiency and selectivity, it is
essential to optimize the separation process at the macroscopic scale and, furthermore, to control the
physicochemical properties of the core materials for separation at the meso/micro scale and. It is therefore
important to focus on the utilization of “self-organized system of the molecules”; for example, it can be
achieved via the integration of the ordered phospholipid membranes and cryogels with large porosity and
sponge-like elasticity. The purpose of this study is to separate cryogel particles modified with phospholipid
membranes by using mechanical stimuli as a driving force. A method for preparing polymer particle carriers
with elasticity that is easy to process and manipulate is established in this thesis. Furthermore, the method
of modifying the polymer surface with phospholipid membranes is systematically discussed. Based on these
findings, a method of modification of polymer surfaces by phospholipid membranes was established. The
possibility of using the modified phospholipid membranes as advanced separation materials is demonstrated
by controlling the properties of the membranes via mechanical stimulation

In Chapter 2, cryogel particles, which are porous polymer particles, were synthesized via a two-step
preparation process combining the reverse Leidenfrost effect and cryopolymerization. The reverse
Leidenfrost effect was utilized to prepare frozen particles by dropping the polymer precursor onto liquid
nitrogen (-196 oC). Cryogel particles were then prepared by cryopolymerization of the recovered particles
under freezing (-15 oC). The cryogel particles prepared by this method were evaluated in terms of pore
structure, swelling property, and mechanical properties.

In Chapter 3, the versatility of the method for preparing surfactant-free cryogel particles was
demonstrated by preparing cryogel particles using five different precursors (hydrophilic monomer,
hydrophobic monomer, and natural polymer). The basic properties of the obtained particles were
systematically evaluated and compared in terms of i) appearance, ii) porous structure, and 1ii) mechanical
properties, respectively. Different precursors used in the preparation enabled the preparation of particles
with different physical and chemical properties.

In Chapter 4, hierarchical porous structures were designed by controlling the pore properties (i.e.,
pore orientation, bimodal pores, and porosity) of cryogel particles. Cryogel particles with supermacropores
(10-200 pum) and macropores (>50 nm) were prepared by controlling the formation of directional pores
from the particle surface to the interior and the phase separation during the cryopolymerization process by
utilizing the temperature gradient during the preparation.

In Chapter 5, a method of the modification of the prepared cryogel particles by phospholipid
membrane was established and was shown as a qualitative scheme. The advantages and disadvantages of
the various methods were systematically compared by classifying the phospholipids into colloidal
dispersion systems (i) vesicle, (ii) oil-in-water, and (iii) molecular dispersion systems (solution),
respectively, and the most suitable modification method was proposed for the modification purpose and the
characteristics of the material carriers. Especially focusing on (iii), the usefulness of surface modification
of polymer particles by the impregnation-support method was clarified through the characterization using
energy-dispersive X-ray and fluorescence spectroscopy.

In Chapter 6, the phospholipid membrane-modified particles prepared by the impregnation-support
method were utilized for the chiral separation of the amino acids as a case study of the cryogel modified
with phospholipid membrane. L-tryptophan was found to be preferentially adsorbed on the phospholipid
membrane modified on the cryogel particles similarly in the case do the chiral adsorption properties of
liposome membranes.

In Chapter 7, the possibility of controlling the membrane properties of phospholipid membrane-
modified cryogel particles via mechanical stimuli was investigated. The surface-modified cryogel particles
were characterized using the membrane-environment sensitive fluorescent probe Laurdan. The results of
time-resolved fluorescence analysis indicated that the membrane properties could be controlled by two
states of the carrier particles, i.e., compressed and swollen states. This indicates the possibility of controlling
the adsorption properties by changing the membrane properties of the lipid membrane coated on the cryogel
particles by mechanical stimuli.

In Chapter 8, for the purpose of establishing a bioseparation design that maintains high efficiency
and selectivity, a method for the preparation of particle carrier materials with sponge-like elasticity that is
versatile in preparation method and easy to control various properties was established. A method to modify
the surface of the carrier materials with phospholipid membranes was then established. The effectiveness
of the method was confirmed through two case studies of potent sophisticated bioseparaiton. The results
and methodology presented in this study are expected to be applicable to advanced bioseparations with high
efficiency and selectivity.



PREFACE

This dissertation work was conducted under the supervision of Professor Hiroshi
Umakoshi at Division of Chemical Engineering, Graduate School of Engineering Science,

Osaka University from 2020 to 2023.
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by inducing changes in their membrane properties via mechanical stimulation.

The author hopes that this research would contribute to the design of the porous
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Chapter 1

General Introduction

In the field of chemical engineering, the separation technique is important for the
improvement of the process efficiency and selectivity, followed by the deeper
understanding of several phenomena (phase equilibrium and transport phenomena). To
achieve sophisticated separation with high-performance and high-efficiency, it is
necessary to design the optimized method systematically and strategically after looking

at the whole process from the bird’s eye viewpoint.

1. Separation Techniques

In general, there are several kinds of separation methodologies, such as distillation,
adsorption, chromatography and they are applied depending on the type of target
molecules (i.e. rare metal, wastewater, amino acids) as shown in Table 1-1. As for the
principle of separation, equilibrium separation and rate-governed separation are
commonly adopted (Fig.1-1). In equilibrium separation, the process design is based on
the equilibrium of the system, caused by the difference of chemical potentials between
two phases (i.e, liquid-liquid, solid-liquid, gas-liquid), together with that at the interface
of the phases. Whereas, in rate-governed separation, the process design is based on the
difference in transport phenomena through a given media by gradients in driving force
such as concentration, temperature, pressure and electric field. All separation techniques
can here be classified by Gidding’s proposal (1990) in relation to the phase equilibrium
and transport phenomena (Fig.1-1). Although these methodologies are widely spread and
utilized in modern industries, the separation method still have reminded problems to
realize both high selectivity and high purity, and high efficiency such as high yield and
large-scale separation. For breakthrough in the conventional separation method, it is
essential to control the properties at molecular level on the micro/meso scale and to
optimize separation operations on the macro scale. In order to complete it, it is necessary
to design and development of the “core materials for the sophisticated separation”, that
(1) could have recognitive nature for target material on the surface (micro-scale), (i1) could
be controlled easily by using the external intensive forces (e.g. temperature, pH, physical
stress, and so on) (meso-scale), and (iii) could be utilized as the bulk materials themselves

or filling materials in the column type devices (macro-scale).



Table 1-1. List of separation methodologies

Method Example of target Principle Ref
Distillation Petroleum E. Anderson et al., 2018
Coagulation Colloid particles M. Lueral, 2018

Equilibrium
Adsorption Amino acids T. Ishigami et al., 2015
separation
Crystallization Oligomer S. Xuetal., 2021
Solvent extraction Fuel M. Sharma et al., 2013
Centrifugation Protein N. Milkovic et al., 2020
Rate-governed
Chromatography RNA, DNA O. Coskun et al., 2016
Separation
Membrane separation Wastewater S. Rajendran et al., 2021
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Figure 1-1. Classification of separation technologies. (a) Typical chemical process flow,
where the separation techniques consume much energy (around 70% for all). (b) and (c)
shows the scientific classification of all the separation techniques proposed by Giddings
(“Unified Separation Science”, J. C. Giddings, Wiley (1991)) in relation to the

equilibrium and transport phenomena.



2. Design of Porous Polymer Materials for Carriers

Porous polymer materials are represented as separation materials, encapsulation
agents for controlled release of drugs, sensors, supports for catalysts by modification
properties via immobilization, composite, coating techniques. Among the possible
polymer materials, “porous” polymer materials play an important role in stabilizing
physically and chemically modified molecules as a substrate. The macroscopic shape of
porous polymer materials can be designed to optimize for separation method. As shown
in Fig.1-2, various macroscopic shape of porous materials (al) sheet, (bl) particle, (c1)
cylinder, and (d1) disk and separation devices (a2) hollow fiber, (b2) particles packed
column, (c2) monolithic column, and (d2) semipermeable membrane are categorized.
Various macroscopic shape of polymer materials can be conventionally prepared by using
mold vessel. In contrast, preparation of spherical shape may necessitate a technique. For
example, polymer particles were synthesized by adopting the emulsion polymerization
method. Since the progression of porous polymer particles research has accelerated,

various preparation methodologies and polymer components have been developed by

combination techniques.

(al) (b1) (c1)  (d1)
(a2) (b1) (c2)  (d2)

Figure 1-2. Macroscopic shape of porous polymer materials (al) sheet and (a2) hollow
fiber membrane, (bl) particle and (b2) particles packed column, (c1) cylinder and (c2)

monolithic column, and (d1) disk and (d2) semipermeable membrane.



Table 1-2. Classified pore size of polymer particles

Porous Size Example of porogen Composition
Micropore 2nm < Microemulsion pMEK

Mesopore 2-50 nm Emulsion Silica

Macropore <50 nm Polymer particles p(St-co-DVB)
Supermacropore 10-200 pm Ice crystals p(HEMA-co-MBA)

Here, porous properties also play important roles for separation. Regarding a
characteristic of porous structure, the pore size is defined as microporous with smaller
than 2 nm in diameter, mesoporous with 2-50 nm, and macroporous with larger than 50
nm. In addition, supermacroporous with 10-200 um is named (Table 1-2). The porous
structure is also necessary to design for application purpose. It has possibility that the
overall efficiency become rate-limiting because the pore size is too small, a large specific
area can be available, however the diffusion kinetic is decreased for mass transfer within
the pores. In contrast, the too large pore size promotes rapid mass transfer within the pores
although the efficiency is decreased due to the specific surface area is small. Regarding a
characteristic of porous structure, the pore size is defined as microporous with smaller
than 2 nm in diameter, mesoporous with 2-50 nm, and macroporous with larger than 50

nm. In addition, supermacroporous with 10-200 um is named (Table 1-2).

3. Cryogel Materials

Cryogel have attracted attention in many fields such as separation, biochemistry,
biomedical fields. With their highly interconnected and open super-macroporous structure,
cryogel have quickly proven to be essential for application. A set of unique cryogel
properties, (1) including large water content, (ii) substantial pore size, (iii) high porosity
(iv) high pore connectivity, (v) high pore connectivity, and (vi) shape memory. In the
cryogelation process, solvent crystals (i.e. water, acetic acid, DMSO) are used as
porogens. Defrosting solvent crystals leave behind large and interconnected pores (Fig.1-
3). When compared to other techniques used to generate macroporous structure,
cryogelation tends to be a time and resource efficient method. Furthermore, various

parameters can be easily fine-tuned to customize cryogels for their intended use. Other
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Figure 1-3. Mechanism of preparation of cryogel.

advantages of cryogels include the flexibility of their preparation and operating mostly
with water as a solvent, making this type of biomaterials more economical and
environmentally friendly. Focusing on mechanical properties of cryogel materials for
separation carrier, cryogel is suitable for application to chromatography. Their high
elasticity and compressibility, which allow for lab operation at high velocities with low
backpressure, decreasing processing time. Under high compression the cryogel pores
remain open, preventing backpressure forming. Furthermore, cryogels are chemically
stable due to the hydrophobic nature of their polymers, leading to minimal nonspecific
interactions, Additionally, cryogel have high mechanical strength due to the high polymer
concentration at the pore walls. During cryogelation, freezing of porogen displaces
polymer from the pore to the pore wall, increasing concentration and thus strength. Due
to these properties, cryogels can withstand numerous cleaning and regeneration cycles.
In addition, because cryogels can be dried and re-swollen quickly without their structure

being affected, they can be stored for long periods of time in their dried state.

4. Self-assembly Phospholipid Membrane

Recently, self-assembled materials have attracted many interests of researchers in
various research fields. As shown in Fig. 1-4, amphiphilic molecule such as phospholipid
form self-assemble system (i.e, micelle, bicelle, liposome). Depending on the property
derived from chemical structure and/or surrounding environment, some kinds of

amphiphilic molecules can be automatically assembled to form the supramolecular



Self Assembly

o0
Micelle Bicelle Liposome

Monolayer Bilayer

Figure 1-4. Polymer material modified with self-assembly.

structures. Amphiphilic molecules, for example, can form the self-assembly by several
driving forces, such as electrostatic interactions and van der Waals interactions in
hydrophobic regions. Thus, it can be possible that the self-assemble system modify the
polymer surface according to thermodynamically stable state. When the substrate is
hydrophobic, a monolayer form on the polymer surface, while a bilayer forms when the
substrate is hydrophobic.

Apart from the typical polymers formed by covalent bonds, such self-assembly
structures can show dynamic property despite of the increment of entropy, which is
regarded as fluctuation in non-equilibrium state. These phenomena are described as the
theory of dissipative systems (Prigogine et al., 1967). According to the biomolecules,
various organisms such as cells is formed by the assemblies, called as “self-organization”
system. For example, cell membranes, which exist in the boundary of cells, are composed
by amphiphilic phospholipids. The dynamic changes of cell membranes such as
endocytosis are induced by the rearrangement of phospholipid components of outer or

inner membranes (Farge et al., 1995). It is possible to design new core materials for the
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Figure 1-5. Plausible direction for new separation techniques and their materials

sophisticated separation by utilizing and integrating this “self-organizing system” (Fig.1-
5(a)). These dynamic regulations of assembled states may possibly play important role
for the flexible recognition of target materials similarly in the case of the
biomacromolecules (i.e. enzyme, antibody, etc). The molecular recognition system using
self-assembly system has been recently developed for efficient processes, such as
separation. Some studies revealed the high performance in the separation of chiral
molecules by means of chiral monomers (Ishigami et al., 2015). Since self-assembly
system can easily form the interactions with foreign molecules with “low energy
consumption”, In addition, it is expected that the formation of highly-ordered structure

required for asymmetric recognition is automatically induced in the self-assembly



systems (Lee et al., 2002; Mohanty et al., 2005; Kamata et al., 2015). These membranes
have the ordered alignment of phospholipids, inducing the increasing anisotropy of
several steroid molecules. This feature is expected to contribute to the formation of
stereospecific interactions. This finding means that phospholipids can form the specific
materials that can include the hierarchical assembly in their material structure. The several
findings about the phospholipid assemblies indicate the emergence of functions and
materials with varying systems dynamically (Walde et al., 2014). It is therefore promising
to design and develop the polymer materials modified with the phospholipid membranes

as the recognitive and switchable surface (Fig.1-5(b)).

5. Overview of This Study

The final purpose of this thesis is to establish the design method of core materials
for sophisticated bio-separation with high-performance and high-efficiency. To achieve
this goal, it is required to design entire the material for controlling of physicochemical
properties at the meso/micro scale by considering “molecular alignment” for the
optimization of carrier materials for application to separation. The framework and flow
chart of the present study are schematically shown in Fig.1-6 and Fig.1-7, respectively.

In chapter 2, the preparation process for surfactant-free cryogel particles were
developed. The preparation process was included in the two steps: preparation of frozen
droplets using the inverse Leidenfrost effect, followed by cryo-polymerization by frozen
polymerization. Fist, a polymer precursor was dropwise added into bulk liquid nitrogen
(-196 °C). Then, frozen droplets were created by the inverse Leidenfrost effect, that was
subsequently polymerized in liquid paraffine (-15 °C). After thawing and drying, the
cryogel particles were obtained. The monolithic super-macroporous structure was
observed by scanning electron microscopy (SEM). The mechanical properties of the
cryogel particles were studied via compression-swelling tests. At maximum compression,
the particles achieved a 94.3% degree of deformation; remarkably, they returned to their
original shape under the swelling state. The strategy proposed herein, which combines
the inverse Leidenfrost effect with a cryo-polymerization technique, could be applied to
prepare various polymer particles without employing surfactants.

In chapter 3, the versatility of a two-step preparation method, without surfactant,



was investigated that combines both inverse Leidenfrost effect and cryogelation
technique by using the macroporous particles of different kinds of monomers (four vinyl
monomers) or natural polymers (agarose). First, the precursor of polymers was dropped
into liquid nitrogen to prepare the spherical frozen droplet by inverse Leidenfrost effect.
Secondly, the frozen droplets were cryo-polymerized under frozen temperature; then
cryogel particles were prepared after thawing. Subsequently, the basic characteristics of
the macroporous polymer particles obtained above were compared; focusing on the
appearances, porous morphologies, and mechanical properties.

In chapter 4, the porous structure of cryogel particles was design with directional
and bimodal porous structure by controlling phase separation in microphase and
generation of porogen during cryo-polymerization process. The formed pores,
supermacroporous structure, have monolithic directional porous structure through surface
to interior of the particles and macroporous structure was formed on the polymer wall
whose contributed as framework of supermacropores. Furthermore, the porous properties
were observed by SEM and evaluated by mercury intrusion porosimeter (MIP). The
porous designed cryogel particles can be expected to utilize for separation material.

In Chapter 5, a method of the modification of the prepared cryogel particles by
phospholipid membrane was established and was shown as a qualitative scheme. The
advantages and disadvantages of the various methods were systematically compared by
classifying the phospholipids into colloidal dispersion systems (i) vesicle, (ii) oil-in-water,
and (ii1) molecular dispersion systems (solution), respectively, and the most suitable
modification method was proposed for the modification purpose and the characteristics
of the material carriers. Especially focusing on (iii), the usefulness of surface modification
of polymer particles by the impregnation-support method was clarified through the
characterization using energy-dispersive X-ray and fluorescence spectroscopy.

In Chapter 6, the phospholipid membrane-modified particles prepared by the
impregnation-support method were utilized for the chiral separation of the amino acids
as a case study of the cryogel modified with phospholipid membrane. L-tryptophan was
found to be preferentially adsorbed on the phospholipid membrane modified on the
cryogel particles similarly in the case do the chiral adsorption properties of liposome

membranes.



In chapter 7, the possibility to control the membrane properties on the surface of
the cryogel particles was studied by applying them to the mechanical stimulation. The
lipid membrane coated cryogel particles was characterized by fluorescence probe
Laurdan. Through the analysis by using the time-resolved emission spectroscopy, the
membrane properties were found to be controlled between two states; the compression
state and the swelling state. Consequently, the adsorption properties could be controlled
by changing the lipid membrane properties coated on cryogel particles via mechanical
stimulation.

The results obtained in this work are summarized in the chapter 8 as the General
Conclusions section. Suggestions for Future Woks are described as extension of the

present thesis.
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[ 1. General Introduction

- Separation techniques
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Fig. 1-7. Flow chart of the present study.
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Chapter 2

Preparation and Characterization of

Sponge-like Cryogel Particles

1. Introduction

Polymer particles have attracted notable scientific interest and possess great
application potential in various fields, such as biology, sensors, and support materials in
manufacturing processes. Polymer particles are often processed by coating their surface,
mixing different monomers to prepare composite materials, and/or enclosing the
beneficial materials (i.e., catalysts and bioagents) inside, depending on the intended
applications. In general, polymer particles can be prepared by several methods including:
(1) inverse emulsion polymerization (Bao et al, 2015), (i) Pickering emulsion
polymerization (Lotierzo et al, 2017; Shen et al, 2011), (iii) solvent evaporation
polymerization (Takei et al., 2008), and (iv) mechanical stirring in a multi-phase system
(Luo et al., 2015). A common feature of the above methods is the requirement of a
surfactant/detergent substance to stabilize the multi-phase interface, where the
preparation conditions must be optimized for each polymer material; however, to
maintain both the stability of the dispersed phase and a good reactivity at the interface,
the applied surfactant/detergent must remain in the obtained polymer particles. Therefore,
surfactant-free methods are necessary for the versatile design of functional polymer
particles.

Controlling the droplet stability during the internal polymerization process is
crucial for preparing functional polymer particles. A viable method that enables the
preparation of such particles without the use of surfactants/detergents is through the
inverse Leidenfrost effect (Gauthier et al., 2019; Arrieta et al., 2020; Kumar et al.,
2022). The inverse Leidenfrost effect is a phenomenon in which the droplets (i.e., aqueous
solution) are coated by a boiling-film and become spherical when they approach the

substrate under a temperature difference that significantly exceeds the boiling point (i.e.,
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—196 °C for liquified Nz). Although this phenomenon has shown good application
potential in many fields, such as cryogenics (Gauthier et al., 2019) aerospace (Wells et
al., 2015), green chemistry (Abdelaziz et al., 2013) and surface science (Pacheco et al.,
2021), its main mechanism remains largely unexplored. This is primarily attributed to the
boiling-film’s presence on the droplet surface, which apart from restricting their contact
with the reaction substrate, also inhibits their dynamic behaviors, like self-propulsion,
gliding, spinning, bobbing, and bouncing (Matumoto et al., 2021; Shi et al, 2021;
Gauthier et al., 2020). The use of the inverse Leidenfrost effect for the preparation of
polymer particles could enable us to achieve a surfactant-free strategy, to alleviate these
complications.

Porosity is one of the most prominent characteristics of polymer particles. In
general, porous materials are known to exhibit high porosities (Wu et al., 2012) and large
specific surface areas (Mohamed et al., 2022; Wang et al., 2012). Porous structures are
usually classified as follows: (a) super-macropores are up to 100 um in diameter; (b)
macropores are larger than 50 nm in diameter; (c) mesopores are in the range of 2—50 nm
in diameter; and (d) micropores are smaller than 2 nm in diameter, where the pore size is
engineered according to the application. Porous materials can be applied for the
preparation of various functional polymers, such as scaffolds (Trimpathi et al., 2009),
catalyst carriers (Han et al., 2015), and separation and reaction media (Kartal et al., 2020;
Takase et al., 2020; Hiramure et al; 2018; Inda et al; 2018). Although several techniques
have been devised to control the porosity of polymer materials, the most commonly
employed one relies on the use of porogens during polymerization, that serve as a
template for the evolution of the porous region (Wu et al., 2012). Examples of commonly
used porogens are micelles (Tan et al, 2007), organic solvents (Batchuluun et al.,
2021), organic metals (Luz et al, 2019),and ice crystals (Memic et al,
2019). Completely removing these templating substances after polymerization is a
difficult task, however, because they are deeply embedded within the polymer region
during the polymerization process.

Ice crystals are considered highly auspicious porogen material candidates and are
thus prominently used in cryo-polymerization methods (Savina ef al., 2005; Sahiner et

al., 2018). Generally, cryogel exhibits numerous advantageous properties, such as
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biodegradability (i.e., in natural polymers) (Chen et al, 2016; Guastaferro et al.,
2021), sponge-like mechanical durability (Zhao et al., 2018), shape-memory deformation
(Bencherif et al., 2012), and super macroporous structure (Sahiner et al., 2018). Cryogels
are typically obtained when the polymer precursors are polymerized at temperatures
below the freezing point of the solvent. During the polymerization process, phase
separation occurs in the solution containing the concentrated polymer precursor (liquid
phase) and the ice crystals (solid phase), where the latter are utilized as porogens (Kumar
et al., 2010). Eventually, the porous cryogel is obtained by thawing, and the porogens (ice
crystals) can be easily removed from the polymer materials (Memic et al., 2019). Despite
the lower reactivity of the polymer precursor owing to the freezing temperature conditions,
this method could be beneficially combined with the above-mentioned inverse
Leidenfrost effect, prior to cryo-polymerization, to achieve efficient droplet formation.
In this chapter, it was explored a method to prepare cryogel particles with sponge-
like mechanical properties, along with high porosity and high elasticity, by combining a
cryo-polymerization technique with the inverse Leidenfrost effect. The preparation of the
cryogel particles was achieved through the following two steps: (1) preparation of frozen
droplets by the inverse Leidenfrost effect and (2) cryo-gelation by frozen polymerization.
The obtained cryogel particles with sponge-like structures were studied by scanning

electron microscopy (SEM) and compression-swelling experiments.

2. Materials and Methods

2.1. Materials

2-Hydroxyethylmethacrylate (HEMA), N,N-methylenebisacrylamide (MBA),
ammonium persulfate (APS), N,N,N' N'-tetramethylethylenediamine (TEMED), liquid
paraffine, n-hexane, and ethanol were purchased from Wako Pure Chemical Industry Ltd.
(Osaka, Japan). Ultra-pure water (conductivity 18.2 MQ cm) was prepared with Direct-
Q UV 3 (Merck, Osaka, Japan). All materials were used as received without further

treatment.

2.2. Preparation of Cryogel Particles

The cryogel particles were prepared by polymerization under freezing conditions,
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according to our previous method (Hiramure ef al., 2018). In the polymerization process,
ice crystals were templated in a polymer precursor and utilized as porogens. Therefore,
the thawed cryogel was a porous material with monolithic pores. Herein, the cryogel
particles were prepared by the droplet method using the inverse Leidenfrost effect. HEMA
and MBA were used as a monomer and crosslinker, respectively. Both substances were
dissolved in 15 mL of ultra-pure water, cooled with ice, and purged with N> for 5 min to
remove the oxygen traces. Subsequently, 0.57 mmol APS and 0.22 mmol TEMED were
added to the solution and quickly transferred to a syringe. Next, the polymer precursor
was dropped into liquid nitrogen from the syringe, using a 16 gauge needle. Then, the
completely frozen droplets were transferred to liquid paraffin at —15 °C and underwent
polymerization for 24 h. The polymerization reaction for preparation cryogel particles is
shown in supporting information (Fig.2-1). On the other hand, the gel particles were
prepared at 5 °C using the same procedure as with the cryogel particles. The polymerized
particles were thawed at 25-28 °C, and the residual monomers and paraffine were

removed using n-hexane, ethanol, and ultra-pure water.

[+]

0 o /CH-' /
| , i
HyC, OH H‘C\)k )\/c.n) APSTEMED CHy CH; 4}—
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o
20!1
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CH,

2-llydroxyethylmethacrylate N, NMethylenchisacrylamide
(ITEMA) (MBA)

Poly(HEMA-MBA) eryogel

Figure 2-1 Chemical structure of polymerization reaction for cryogel particles.

2.3. Observation of Cryogel Particle Morphologies

Generally, the cryogel particles exhibited a monolithic structure comprising super
macropores at the inner section. Here, the morphologies of the cryogel particles prepared
via the droplet method were observed by a charge-coupled device (CCD, iPhone 12
MIJNIJ3J/A) camera, and a scanning electron microscope (SEM, JEOL JCM-6000PLUS).
As a pretreatment step, the cryogel particles were lyophilized and cut into half with a

cutter to observe their surface and cross sections via SEM.
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2.4. Characterization of Swelling Behavior of Cryogel Particles

The swelling behavior of the cryogel particles was primarily characterized by their
swelling ratio. To evaluate the swelling ratio, the weights of the dried cryogel particles
were measured. Initially, the dried cryogel particles were immersed in ultra-pure water
until reaching equilibrium at 25-28 °C; then, they were removed, the ultra-pure water on
their surface was wiped off using filter paper, and their weight was measured. The

swelling degrees (SDs) of the particles were calculated according to Eq. 2-1.

SD = % (Eq. 2-1)

where Weq and Wy are the weights of the equilibrium and dried cryogel particles,
respectively.

The porosity (¢) was calculated by Eq. 2-2.

_ (Weq_Ws) _
= (Eq. 2-2)

where W; is the weight of the squeezed cryogel particles

2.5. Characterization of Mechanical Properties of Cryogel Particles

Cryogel particles are known to have different mechanical properties from gels. In
general, cryogel particles exhibit sponge-like elasticity and can withstand large
compressive deformation. Furthermore, cryogel particles have a shape-memory
functionality, which allows them to recover their original shape after the external
compression force is removed. Here, the mechanical properties of our prepared cryogel
particles were investigated by performing compression and swelling testing cycles.
Initially, a cryogel particle was inserted into a microsyringe (Hamilton, 500 pL); then, it
was mechanically compressed, and its changing shape was observed by an optical
microscope with a x4 objective lens (the experimental setup is shown in Fig.2-5a).
Parallelly, its behavior and motion were video recorded. The deformation and recovery

behavior of both the cryogel and gel particles during consecutive compression and release
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cycles were determined from the optical microscope images and calculated according to

Eq. 2-3.

Ratio of Shape Deformation = @ x 100 (Eq. 2-3)
0

where Ao and 4 are the areas of the particle before and after compression,

respectively. The area of the particle was measured by using the software Image J.

2.6. Raman Spectroscopic Analysis

The chemical structure of poly(Trim-co-MBA) cryogel particles was
characterized by using a LaBRAM HR-800 confocal Raman microscope (Horiba, Ltd.,
Kyoto, Japan). As the pretreatment, cryogel particles were lyophilized. The measurement
was performed with a 100mW YAG laser operated with an excitation wavelength of 532

nm and an x20 objective lens focused the laser beam.

3. Results and Discussion

3.1. The Preparation Method of Sponge-like Cryogel Particles

The cryogel particles were prepared as follows: (i) the polymer precursor
solution was added dropwise into liquid nitrogen; (ii) the frozen droplets were
polymerized at freezing temperature; and (iii) the ice crystals were thawed inside the
polymerized particles. Step (1) plays a key role in this method: directly after the dropwise
addition of the polymer precursor solution into the bulk liquid nitrogen, the droplets start
to float because of the inverse Leidenfrost effect, caused by the extreme temperature
difference between the solution droplets [room temperature (around 20 °C)] and the bulk
liquid nitrogen (—196 °C). By abruptly placing the droplets on the extremely cold liquid
nitrogen interface, the inverse Leidenfrost effect causes their surfaces to be immediately
coated with a gas film of evaporated nitrogen. The actual preparation process of cryogel
particles employed here is schematically illustrated in Fig.2-2. This preparation process
comprises two steps: in the first step, the frozen droplets were prepared via the inverse

Leidenfrost effect. As a precursor solution, 2-hydroxyethylmethacrylate (HEMA), N, N'-
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methylenebisacrylamide (MBA), and a mixed initiator (APS and TEMED) were
dissolved in water (see the Materials and Methods section for the detailed condition); then,
the solution was inserted into a microsyringe and dropwise added into liquid nitrogen
(Fig.2-2a). The self-propulsion behavior of the droplets in bulk liquid nitrogen was video
recorded as movie. After the addition of the precursor solution, the droplets were hovering
and hopping for approximately 12 s on the bulk liquid nitrogen surface, until they finally
sank inside. As illustrated in Fig.2-2b, the liquid nitrogen was rapidly evaporated, causing
N> gas to flow on the droplet surfaces and coat them with a boiling-film, which in turn
induced the droplets’ self-propulsion and rotation. When the droplets were completely
frozen and the system temperature reached thermal equilibrium (after ~12 s), the boiling-
film disappeared, and the frozen droplets were completely sunk into the bulk liquid
nitrogen (Fig.2-2¢). In the second step, the frozen droplets were cryo-gelated by frozen
polymerization. The completely frozen droplets were transferred from liquid nitrogen to
liquid paraffine (—15 °C) and allowed to stand overnight, where frozen polymerization
was initiated (Fig.2-2d). During the frozen polymerization process, the frozen droplets
composed of the polymer precursor underwent phase separation via spinodal-
decomposition (Tedeschi et al., 2006). At —15 °C, the polymer precursor solution trapped
inside the frozen droplets melted and seeped out, until it was concentrated around the ice
crystals. Thus, the separated phases comprised a non-frozen region of the concentrated
polymer precursor and a frozen region of ice crystals (Fig.2-2e). The sponge-like
mechanical properties of the finally-obtained polymer particles were strongly affected by
the polymerization conditions described above (e.g., freezing temperature), which starkly
influenced the concentrated polymer precursor behavior and the ice crystal formation
process. As shown in Fig.2-2f, after the thawing of the frozen polymer particles, the ice
crystals in the frozen region melted, while in the non-frozen region, a monolithic super
macroporous structure was formed (Kumar ef al., 2010). The main advantage of this two-
step preparation method resides in its non-necessity to use surfactants to form a particle
template microemulsion; cargo, it can be applied for the preparation of various kinds of
polymer particles (data not shown). Furthermore, the cryogel particles obtained through
this method are expected to show superior mechanical properties (i.e., elasticity and/or

stimuli-responsive features).
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STEP 1 Preparation of Frozen Droplets by Inverse Leidenfrost Effect

Inverse Leidenfrost Effet

o / (b) ()

Polymer Precursor

Boiling-Film Droplet The boiling-film disappeared
* Monomer (HEMA) / in a dozen seconds
+ Cross-linker (MBA) _ / sunk to bottom
* Redox-initiator L 4 "), FRotation
(APS, TEMED) ( :
- Water N :
I v\c-onm“,ess Bulk Liquid Nitrogen
* Flowing N gas = (-196°C)
* Coating with
O a boiling-film v
) Bulk Liquid Nitrogen
Bulk (-196°C)
Liquid Nitrogen Frozen Droplet

(-196°C)

Temperature: -196°C

STEP 2 Cryo-gelation by Frozen Polymerization
Frozen Droplets Composed of

Monolithic Super Macroporous Structure Polymer Precursor
(f) (pore size 10 um"~) (e) (d)
Phase Separationvia

Polymer Wall Spinodal Decomposition
Frozen Polymerization
Over Night

Thawing

Non-frozen Region Frozéh Region . ’ . .
Cryogel Particle (Concentrated Polymer Precursor) (ice Crystals) Liquid Paraffine at -15°C

Temperature: -15°C

Figure 2-2. Schematic illustration of cryogel particles preparation process. (a) Polymer

Room Temperature

precursor dropped in bulk liquid nitrogen (-196 °C). (b) A droplet is coated, floated and
rotated by boiling-film. (¢) After disappearance of boiling-film (12 s), the droplet sinks
to bottom of flask and becomes frozen. (d) Frozen droplets composed of polymer
precursor are transferred to liquid paraffine at -15 °C and polymerized. (e) Frozen droplets
undergo phase separation during frozen polymerization, where non-frozen and frozen
regions occur via spinodal-decomposition. (f) Cryogel particles are prepared by thawing
and removing the ice crystals. The monolithic super macroporous structure of the cryogel

particles is due to the ice crystals acting as porogens.
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3.2. Observation Macroscopic Structure and Porous Morphologies

The cryogel particle preparation process through the above two-step method was
recorded by a CCD camera (Fig.2-3a) and analyzed by SEM (Figs.2-3(¢) and (d)). As
shown in Fig.2-3a, the appearance of cryogel particles in ultra-pure water, which were
prepared by this method, had a spherical shape because of the polymerization in the frozen
droplet. As the cryogel particles swelled, they retained the thawed water in their interiors;
further, their appearance was white and opaque owing to light diffraction caused from
their porous structure (Kisebom et al., 2010). After pretreating the cryogel particles with
lyophilization, their surface and cross sections were observed by SEM. Figure 2-3(b)
schematically illustrates the surface and cross sections of the cryogel particles. According
to the corresponding SEM images (Figs.2-3 (¢) and (d)), both the surfaces and interiors
of the cryogel particles were revealed to exhibit a characteristic “monolithic porous”
morphology. These results implied that a phase separation, followed by spinodal-
decomposition, occurred during the polymerization process in the frozen droplets

containing the polymer precursor (Tedeschi et al., 2006).

Cross Section

Figure 2-3. Observation of cryogel particles: (a) whole image of cryogel particles; (b)
Schematic illustration of surface section and cross section of cryogel particles; SEM

images of (¢) surface section and (d) cross section.
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Here, the separated phases in the frozen droplets were denoted as the non-frozen
and frozen regions (Fig.2-2(e)); specifically, the polymer precursor formed the former,
and the ice crystals formed the latter. Thus, after polymerization, the ice crystals used as
porogens were removed by thawing, resulting in the formation of the monolithic pores.
Additionally, sizes of the monolithic pores both at the surfaces and cross sections of the
cryogel particles were evaluated according to the SEM images (Figs.2-3 (¢) and (d)); the
size of the pores was revealed to be approximately 10 um. Pores with such large sizes in
polymeric matrices are called “super macropores” (Kumar ef al., 2010). In summary, it
has been demonstrated that the preparation method can enable the preparation of cryogel
particles with characteristic monolithic structures and super-macropores, which bear

resemblance to previously reported cryogel matrices (Hiramure ef al., 2018).

3.3. Characterization of High Swelling Degree and Porosity

The physical properties of cryogel particles are an important factor to consider
when developing functional materials to accommodate a variety of applications (Hixon
et al.,, 2017). Hence, the physical properties of our cryogel particles were characterized
with regard to their swelling degree and porosity. Figure 2-4 illustrates the swelling
degree (left axis) and porosity (right axis) of various cryogel particles as a function of the

relative molar concentration of the cross-linker (MBA) to the monomer (HEMA).
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Figure 2-4. Swelling degree and porosity of poly-HEMA cryogel particles.

22



The formation of poly(HEMA-co-MBA) was confirmed based on the Raman shifts
of HEMA, MBA, and poly(HEMA-co-MBA) (Figure 2-5). From the pectrum of cryogel
particles, the peaks derived from HEMA and MBA were detected. Under all HEMA/MBA
molar ratios (except for that without MBA), the obtained cryogel particles exhibited
higher swelling degrees, as indicated by the ~8 times higher weight of the water-swollen
cryogel particles compared to that of their lyophilized equivalents. Moreover, our
obtained cryogel particles demonstrated a significant porosity approaching 85%.
Furthermore, with the increase of the crosslinker (MBA) ratio, both the swelling degree
and porosity of the poly(HEMA-co-MBA) cryogel particles became higher. This was
theoretically inferred to have been caused by the polarity (hydrophilicity) of the polymer
backbone inside the cryogel by considering the dielectric constants of HEMA and MBA;
this highlights the significance of the hydrogen bonds between the water and polymer
molecules, which can be related to the water retention mechanism on the polymer surface.
Since the crosslinker (MBA) has a higher dielectric constant than the monomer (HEMA),
the average dielectric constant of the poly(HEMA-co-MBA) cryogel particles was
increased at higher molar ratios, thereby enhancing hydrophilicity. The obtained results
(high swelling degree and large porosity of the poly(HEMA-co-MBA) cryogel particles)
closely resembled those of the conventional hydrogel particles (poly(HEMA-co-MBA)),
verifying that the obtained cryogel particles prepared by our method possess quite similar

physical properties as typical hydrogel polymers.

p(HEMA-MBA)cryogel particle
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Figure 2-5. Raman spectroscopic analysis of cryogel particles
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Figure 2-6. Size distribution of cryogel particles
3.4. Mechanical Properties of Cryogel Particles

The prepared cryogel particles were measured their diameter by using optical
microscope and the size distribution was calculated as shown in Figure 2-6. Large
number of the cryogel particles were distributed around 1800 um.

Subsequently, Cryogel is an attractive porous polymer material with good structural
stability and mechanical durability (Zhao ef al., 2018). The mechanical properties of the
polymer particles (cryogel particles and conventional hydrogel particles) obtained here
were investigated by mechanical compression-release tests in a microsyringe, as
illustrated in Fig.2-7.

Polymer particles were confined to a microsyringe and then compressed and
released repeatedly (Fig.2-7(a)). Although the shape of the cryogel particles was
significantly deformed under mechanical compression, it returned to its original shape
upon the release of the mechanical force (Figs.2-7(b)—(d)). The mechanical compression-
release experiments of the cryogel particles were repeated for several cycles, and their
deformation behavior was video recorded as movie. The observation that the compressed
cryogel particles reversibly returned to their swollen shape with a rather fast restoration
rate when the plunger of the microsyringe was pulled, confirmed their sponge-like
reversibility properties. On the other hand, once the conventional hydrogel particles were
compressed, they never returned to their original shape after the release of mechanical
force (Figs.2-7(e)—(g)). Furthermore, the shape deformation ratios of the particles
between their compressed and released states were monitored by microscopically

observing the cross-sectional areas of the particles at each state (Fig.2-7(h)). The shape
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deformation ratios of the cryogel particles at the compressed and released states were 93.4
and 3.9%, respectively; notably, the corresponding values of the conventional hydrogel
particles were 91.4 and 65.7%, respectively. These results indicated a significant disparity
in the mechanical properties of the cryogel and conventional hydrogel particles, despite
their identical chemical compositions. Their different polymerization temperatures were

considered to have played a role in this outcome.
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Figure 2-7. Properties of cryogel particles. (a) Schematic illustration of compression and
release of polymer particles in microsyringe. Optical microscope images of cryogel
particles: (b) before compression, (¢) during compression, and (d) after compression.
Optical microscope images of gel particles: (e) before compression, (f) during
compression, and (g) after compression. Red arrows indicate the polymer particle. (h)

Reversibility of shape deformation of polymer particles.
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3.5. A Sophisticated Protocol for Preparation of Cryogel Particles

A new protocol to prepare the micro sponge ball, a polymer particle, has been
proposed, where the obtained polymer particle was found to show some beneficial
characteristics. Various prominent methodologies for the preparation of polymer particles
and cryogels are summarized and compared in Table 2-1, with regard to the type of
monomer (cross-linker), methodology used during particle formation and polymerization,
and characteristics of the obtained materials (i.e., porosity, swelling behavior, and shape
memory function). Our sophisticated preparation method offers the substantial benefit of
feasibly and accurately controlling the design process and properties of the prepared
cryogel particles. This is the first report to describe the preparation of sponge-like
polymer particles by combining the cryo-gelation method and the inverse Leidenfrost
effect. The core preparation strategy is feasible and straightforward: the ice droplets of
the polymer precursor only need to be dropwise added to liquified nitrogen, prior to the
polymerization process inside the droplets. As a result, the preparation of the polymer
particles can be achieved without any surfactants/detergents. Also, such an extremely-
cold environment is beneficial for the cryo-gelation process that employs ice crystals as
porogens. Overall, using the strategy discussed above, it can be obtained polymer
particles with: (i) high swelling capacity, (ii) high porosity, (iii) high elasticity, and (iv)
memory-shape sponge-like capabilities. Our method can be effectively applied for the
preparation of various kinds of polymer particles, regardless of the physicochemical
characteristics of the monomers/polymers (this aspect will be further discussed in the

forthcoming paper).
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4. Summary

Here, a sophisticated strategy is demonstrated by combining a cryo-polymerization
technique with the inverse Leidenfrost effect that is aimed at preparing cryogel particles
with several beneficial properties. The cryogel particles were prepared via two steps: first,
polymer precursor-containing droplets were added to bulk liquid nitrogen (—196 °C) to
prepare frozen droplets by exploiting the inverse Leidenfrost effect. In the second step,
the frozen droplets were removed from the bulk liquid nitrogen and added to liquid
paraffine (—15 °C) to realize frozen polymerization (cryo-gelation). After the
polymerization, the monolithic super macroporous structure was formed by melting and
drying the templated ice crystals. The swelling degree and the porosity of the cryogel
particles prepared with HEMA and MBA (cross-linker) were significantly enhanced. The
obtained cryogel particles were confirmed to possess elasticity and shape-memory
functions, resembling those of a sponge. Notably, the shape deformation ratio of the
cryogel particles reached as high as 93.4%, while exhibiting good reversibility features.
Overall, the method proposed herein is prospected to provide an auspicious platform for
the design and preparation of various polymer materials with sponge-like mechanical
properties. In particular, the cryogel particles obtained here are attractive for the design
of mechanical stimuli-responsive materials, such as biosensors with added bio-

separation/purification functionalities.
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Chapter 3

Versatility of Preparation Method for Cryogel Particles

1. Introduction

Porous polymer particles are useful materials to apply for various fields, such as
sensor materials, basal particular materials for separation and purification, culture
matrixes for tissue engineering, and so on (Dhamecha ef al, 2022; Shiomori et al., 2021;
Cheng et al., 2021; Pandey et al., 2022, Saeed et al et al., 2014). The porous polymer
particles have a large specific surface area due to porous morphologies (i.e. macro-; > 50
nm / meso-; 2-50 nm / micro-porous structures; < 2 nm) which could contribute to the
efficient diffusion of the target molecules in the case of separation and purification
process. Furthermore, it is known that the porous polymer particles possess some superior
physical properties, for instance, durability, stretchability, and elasticity (Mi et al., 2019;
Hashmi et al., 2009; Do et al., 2017). In addition, the porous polymer particles could also
be utilized for the immobilization of self-assemblies which usually exist as a “dispersed”
state in water, such as liposomes/vesicles (Watanabe et al., 2019; 1zza et al., 2022),
colloids (Grundy et al., 2018) and supermolecules (Qian et al., 2008), resulting in the
utilization of the specific functions of their self-assemblies in a separation process design.
From another point of view, the macro-/micro-porous polymer particles are expected to
be applied as functional supports for various kinds of separation by modifying their
surface by active and functional molecules (Takase ef al., 2022). In general, an emulsion
polymerization method is commonly adopted for the preparation strategy of porous
polymer particles (Gokmen ef al., 2012). In general, during the polymerization process,
detergents were required for stabilization of emulsion in order to use them as a mold of
the particle shape; the detergent molecules were adsorbed at the interface between
continuous phase and dispersed phase, the emulsion therefore exists stably in the bulk
phase during the polymerization process (Mcchlements et al., 2018). However, there is a
concern that detergents themselves may affect the performance of porous polymer

particles. Remained detergents retained on the particle may negatively interfere the
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characteristics of polymer surface modified with the foreign molecules.

In order to overcome the above-mentioned problem, it is important to establish a
“Detergent-free” method for the preparation of porous polymer particles, which enable
us to prepare a variety of polymer particles regardless of the polymer characters. Cryogels
are a unique porous material that are known to have monolithic supermacroporous (10-
100 pm) (Kumari et al., 2017). They are generally produced by polymerization of
polymer precursor solution under frozen temperature point of the solvent (i.e. water)
(Milakin et al., 2020). During the cryo-polymerization step, a phase separation occurs
between solvent crystals and concentrated polymer precursor (i.e. frozen phase and
unfrozen liquid micro phase) (Kisebom et al., 2009). As a result, the crystals are deposited
as porogen and cryogel forms large porous structures after polymerized and thawing
(Kumar et al., 2010). Here, the properties of cryogel can be easily controlled by
polymerization condition (e.g. monomer / polymer component, polymerization
temperature, amount ratio of monomer and solvent). In addition to the beneficial aspect
that various properties of the cryogels are flexibly designed, the shape of cryogel particles
are difficult to be controlled without the use of detergent, where the emulsion without any
detergent for the cryo-polymerization under frozen temperature becomes unstable,
therefore the colloidal coalescence occurs (Xu et al., 2019). There have recently reported
the novel preparation method via two-step process for cryogel particle without any
detergent, where (1) inverse-Leidenfrost effect and (2) cryo-polymerization method were
adopted stepwisely (Takase et al., 2022). The polymer particles at spherical shapes can
be easily formed on the liquid nitrogen because the boiling-film coats the surface of the
water droplet including polymer precursors and included water droplets contribute to the
formation of macro-porous structure in the polymer particle via cryo-polymerization.

In this Chapter, it was investigated the versatility of the two-step preparation
method, without detergent, that combines both inverse-Leidenfrost effect and cryo-
gelation technique by preparing the macro-porous particles of different kinds of
monomers (four vinyl monomers that differ in the structure and physicochemical
character) or natural polymer (agarose). Subsequently, the prepared cryogel particles were
systematically characterized, focusing on the (i) macroscopic structures (particle shape

and size by using CCD camera optical microscope), (i1) microscopic structures (porous
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and monolithic structures by using scanning electronic microscope (SEM)), and (iii)
mechanical properties (elasticity and shape memory by using the CCD and a piston
device). The results obtained were finally compared to discuss the versatility of the

proposed methodology.

2. Materials and Methods

2.1. Materials

Acrylamide (AAm), N,N’-methylenebisacrylamide (MBA), N-
isopropylacrylamide  (NIPA), ammonium persulfate  (APS), NNN’N’-
tetramethlethylenediamine (TEMED), glutaraldehyde solution (25%), gelatin, agarose
XP (low melting point = 65 °C, gelling temperature = 30 °C), liquid paraffine, acetic
acid, ethanol were purchased from Wako Pure Chemical Industry Ltd. (Osaka, Japan)
Ultra-pure water (conductivity 18.2MQcm) was prepared with Direct-Q UV 3 (Merch,
Osaka, Japan). Trimethylolpropane trimethacrylate (Trim), benzoyl peroxide (BPO), and
ethyl-4-dimethylaminobenzoate (EDMAB) were purchased from Tokyo Chemical

Industry Ltd. All materials were used as received without further treatment.

2.2. Protocol of Preparation Method

Briefly, cryogel particles were prepared harnessing the technique reported in our
previous research. Cryogel particles were synthesized via a two-step process: (1)
preparation of frozen droplets by inverse Leidenfrost effect, (2) cryo-gelation by frozen
polymerization. The spherical shape of cryogel particles were formed by inverse
Leidenfrost effect. When droplets approached to extremely cold substrate such as liquid
nitrogen (-196 °C), they were coated by boiling-films and formed into the spherical shape

frozen droplets.

2.3. Preparation of Cryogel Particles

Our method for the preparation of cryogel particles enables easy design / control of
their properties. By combining different types of monomers and cross-linkers, different
kinds of monomer or natural polymer (agarose) based cryogel particles were prepared;
(a) Acrylamide (AAm), (b)  N-isopropylacrylamide  (NIPA), (¢) 2-
hydroxyethylmethacrylate (HEMA), (d) trimethylolpropane trimethacrylate (Trim), (e)
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agarose. The AAm based cryogel particles were prepared via the process: 20 mmol of
AAm and 3.2 mmol N,N’-metheylebisacrylamide (MBA) were dissolved in 40 mL of
ultra-pure water and degassed with N gas for 15 min. After that, I mM of APS and 60 pl
of TEMED were added into the solution. Then, the obtained solution was dropped into
liquid nitrogen from syringe and prepared frozen droplets contained polymer precursor.
With the same operations, the NIPAm based cryogel particles were prepared. 20mmol of
NIPAm, 3.2 mmol MBA, 1mM of APS, and 60 pl of TEMED were used. Next, the Trim
based cryogel particles were prepared. 29 mmol Trim and 2.4 mmol of MBA were
dissolved in 25 mL of acetic acid. After that, 3 mmol of BPO and 2.9 mmol of EDMAB
were added into the solution. Then, the obtained solution was dropped into liquid nitrogen
from syringe. All different type of frozen droplets were transferred to liquid paraffine (-

15 °C) and started cryo-polymerization overnight.

2.4. Shape of Cryogel Particles

All the different based cryogel particles were observed by optical microscope
(BX53, Olympus, Tokyo, Japan); x4 objective lens and CCD camera. The particles sizes
and sphericities were measured from optical microscope images. The sphericity of

cryogel particles (S) was defined as following Eq. 3-1.
S[%] = r/R x 100 Eq. 3-1

where, R and r is represented maximum and minimum diameters of cryogel

particles, respectively. The particles sizes are measured from 7.

2.5. Morphology of Cryogel Particles

The porous structure of cryogel particles was observed by scanning electronic
microscope (SEM), operated 20 keV. As pretreatment, all cryogel particles were dried
by lyophilization and coated with gold for 30 second by spattering. The surface section
and cross section of cryogel particles were observed according to Fig.3-1. The porosity
of section of the cryogel particle. cryogel particles were calculated from SEM images by

using Image J software.
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Cross Section

Surface Section

Figure 3-1. Schematic illustration of SEM observation position

for surface and cross section

2.6. Mechanical Compression Test

Mechanical properties of cryogel particles were confirmed by mechanical
compression-released cycle. As shown in Fig.3-2, the experimental setup was setup was
performed. The obtained cryogel particle was inserted into a microsyringe (Hamilton,
500ul). Subsequently, the shape of particle in microsyringe was observed by optical
microscope with a x4 objective lens. While the particle in Fig.3-2 image shows an
elliptical shape due to the refraction on the surface of cylindrical shaper of the
microsyringe, it is confirmed that the shape of particle is spherical before and after the

place the particles in the syringe without compression.

(a)

Figure 3-2. Schematic illustration of mechanical compression test for cryogel particles
in microsyringe. (a) State of before compression, (b) state of during compression, and (c)

state of after compression.
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3. Results and Discussion

3.1. Versatility of the Cryogel Particles

The properties of polymer materials are known to be dependent on the type of
physicochemical natures of their building block. Hence, the choice of the monomers for
the synthetic polymer and cross-linker and natural polymer itself is a key factor to obtain
the appropriate materials for their specific application. It was prepared five kinds of
cryogel particles by selecting four synthetic polymers with different monomers and a
natural polymer as case studies in order to prove versatility of our previous method
including the two-step preparation process (Takase ef al., 2022). All the experimental
conditions and results for the polymer particles were summarized in Table 3-1, Fig.3-3,

and Figs.3-4.

3.2. Characterization of Macroscopic Shape and Porous Morphologies

The chemical structures and natures of the monomers and polymers used here were
summarized in the top lines (1% to 3™ lines) of Table 3-1 and Figs.3-1(al) - (a5). In
relation to the synthetic polymers, hydrophilic monomers, such as (a) acrylamide (AAm)
and (b) N-isopropylacrylamide (NIPA) are used for the polymer particle preparation,
where AAm has a primary amide group (-COONH>) and NIPA has an amide group (-CO-
NH-) as their branched group. NIPA also has an isopropyl group (-CH(CHz)2). (¢) 2-
Hydroxyethylmethacrylate (HEMA) monomer is also selected as a “hydrophilic”
monomer that possesses a hydroxyethyl functional group (-CH2-CH»-OH), an ester group
(-COO-), and an acrylic functional group. (d) Trimethylolpropane trimethacrylate (Trim)
is selected because of its “hydrophobic” nature. There are only a few reports on the
preparation of hydrophobic cryogels (Chen et al, 2016). Trim has three hydrophobic
methacrylic groups that are conjugated with “hydrophobic” and “branched” trimethyl
propanyl group in its monomer structure and mechanically tough polymer materials are
known to be obtained after its polymerization. (¢) Agarose is known as a natural polymer.
The chemical structure of a minimal unit of agarose is disaccharide and the unit of
alternating 1-4 linked 3,6-anhydro-o-L-galactropyranose and 1,3-linked B-D-
galactropyranose is repeated in a polymer (Tripathi et al, 2009). The properties of

polymer materials are also varied depending on the type of cross-linking (i.e. chemical

34



and physical cross-linking). The synthesized polymer of cryogel particles based on AAm,
NIPA, HEMA, and Trim were crosslinked with N, N’-methylenebisacrylamide (MBA) via
chemical crosslinking whereas the cryogel particles of natural polymer, agarose, was
crosslinked with gelatin via physical crosslinking. The role of porogen is important to
prepare porous materials. During the cryo-polymerization, the frozen region (solvent
crystals) and the non-frozen region (concentrated precursor) are formed as a result of the
phase separation. The type of the porogen is shown in the 4" line of Table 3-1. The solvent
such as water and acetic acid used for resolving monomers / natural polymers in an
aqueous solution becomes solvent crystals under the frozen condition and act as porogen.
Hence, the ice crystals were the porogen of hydrophilic cryogel particles, whereby the
acetic acid crystals were one for the preparation of “hydrophobic” cryogel particles.
Physical characters of the polymer particles obtained above were summarized in
Figs.3-3(b1) - (bS) and (c1) - (c5). The appearance of cryogel particles prepared via our
preparation method were observed by using CCD camera as shown in the images (Figs.3-
3 (cl) - (¢5)). All the particles based on different monomer were opaque, implying that
cryogel particles have porous structure and the light was scattered (Kisebom et al., 2010).
The pAAm, pNIPA, pHEMA, and pTrim cryogel particles were white in color whereas
agarose cryogel particles were yellow. Subsequently, the shapes and sizes of cryogel
particle was observed by using optical microscope as shown in the images (the 6™ line,
Table 3-1). Average diameters of the particle were around 1600-1800 pm with high
sphericities (93.4-96.0 %)(the 7" line, Table 3-1). Herewith, only agarose cryogel
particles have a relatively large diameter. In this preparation process, the diameter of the

particles was dependent on droplets volume (¥) and it was calculated from Eq. 3-2.

__ domao
pg

Eq.3-2

where d,, is the needle’s interior diameter, ¢ and p are represented surface
tension and the density of the solution, g is the gravitational force, respectively. Herein,
agarose solution during preparation process has high viscosity as compared to other type
of monomer solution. As a result, the o value increases and the V' becomes large,

resulting in the diameter of the agarose cryogel becoming larger. Moreover, from Eq.3-2,
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the diameter of particles is possibly controlled by the needle’s interior diameter (data not
shown).

Cryogel is known to have a unique porous structure called as
“supermacroporous structure” in the range of 10-200 um pore size. The morphologies
were observed by using SEM on surfaces and cross sections of cryogel particles. The
obtained images of surface of the polymer particles were summarized in Figs.3-3 (d1) -
(d5). It was found that the large pores were distributed on surface section of almost all
cryogel particles, except for agarose cryogel particles (Fig.3-3 (d5)). Subsequently, the
cross section of cryogel particles were also observed by SEM (Figs.3-3 (el) - (e5)),
resulting that all the cryogel particles have a supermacroporous structure with high
porosity. Interestingly, the porous structure of agarose cryogel particle was found to be
different between on its surface and cross section; the surface is smooth with less pores,
on the other hand, the porous structure is remained at the interior. The formation of this
different porous morphology between surface and internal was due to the high viscosity
of the precursor (Tripathi et al., 2009). A shear stress work at the fluid interface (Pourali
et al., 2021). During the preparation process, when the polymer precursor droplet was
coated with boiling-film of liquid nitrogen by inverse Leidenfrost effect, the shear stress
would work at the interface between the droplet and nitrogen gas. As a result, agarose
cryogel particles have specific surface texture with smooth appearance. However, there
is a limitation for shear stress to reach deep inside of particles due to the high viscosity of
the precursor, and the macroporous structure could be maintained at interior. In contrast,
the solution of other polymer precursors (i.e. AAm, NIPA, HEMA, Trim) has low
viscosity as compared with agarose precursor solution, therefore, these systems would
not experience shear stress on the surface of droplet which results in the porous structure

to be uniformed throughout the particle.

3.3. Shape-memory Function of Cryogel Particles

The mechanical properties of materials are important factor for application such as
separation and purification technologies. Herein, the mechanical property of cryogel
particles was investigated with compression and release operation in a microsyringe. The

images of “before compression” “during compression”, and “after compression” could be
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used to discuss the shape-memory properties. The obtained results were summarized in
Fig.3-4. The cryogel particles of pAAm, pNIPA, and pHEMA were confirmed to show
sponge-like elasticity (8" line in Table 3-1). After the shape of these particles was
deformed during compression, it was restored rapidly after released mechanical force
(from (a) to (c) for each polymer particle in Fig.3-3). On the contrary, the hydrophobic
cryogel particle of pTrim indicated different mechanical behavior: mechanical
compression was not reversible (13" lines). The pTrim cryogel particle was cracked and,
after released mechanical force, it was not restored to the original shape. This is possibly
because the part of three acrylic groups of Trim could work as cross-linker and, then,
high-density polymer wall could be formed, resulting in the mechanical property of the
polymer being kept tough. Hence, the decrease of entropic elasticity probably caused by
the side groups of the polymer backbone, showing that the particle is revealed to be tough
and does not have sponge-like elasticity. This is the first report on the preparation of
hydrophobic cryogel particles of pTrim. As shown in (a5), (b5) and (c5) in Fig.3-4, the
agarose cryogel particle was found to show an interesting mechanical behavior. Although
agarose cryogel particles had elastic property, their mechanical property was different
from that of other hydrophilic cryogel particles. The particle was slightly hard as
compared with synthetic polymers and, after the release of mechanical compression, it
took several minutes to restore the shape (data not shown). Furthermore, the particle was
cracked with strong mechanical impact. This property is considered to be caused by the
gradient porosity of agarose cryogel particles. Since the surface of agarose cryogel
particles does not have well-distributed pores, water diffusion into the inside of the
particles is low. Hence, it takes a relatively longer time for the particles to restore their
shape after compression. The structure of agarose cryogel particles can be expected to be

applicable as functional particles that enable us to control sustain-released materials.
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(as)

Agarose

Figure 3-4. Structures of polymer particles obtained by cryo-polymerization combined with inverse-
Leidenfrost effect. (al)-(a4): Chemical Structure of different monomers and (aS): Basal unit structure
of Agarose. (b1)-(b5): CCD images of obtained polymers particles. (e¢1)-(c5): Microscopic images of
obtained polymers particles. (d1)-(d5): SEM images of surface section of the polymer particles. (el)-
(e5): SEM images of cross-section of the polymer particles.

39



Agarose

A
(a4)

(as)

l

(b5)

.
(c4) (c5)
7

Figure 3-5. Mechanical properties of cryogel particles under compression and release of the polymer

particles in microsyringe. Optical microscope images of cryogel particles: before compression (al)-(a5),

.

- )

during compression (b1)-(b5), and after compression(c1)-(c5).
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4. Summary

Five types of cryogel particles, which differ in physicochemical properties of
polymers, were successfully prepared by using our previous method, without the use of
detergent, that combines the i) inverse Leidenfrost effect method for the preparation of
frozen droplets containing precursor and 1ii) cryo-polymerization method for
polymerization under frozen temperature. In all cases of hydrophilic and hydrophobic
polymers, spherical polymer particles with macroporous structures were found to be
successfully prepared, while there are some slight differences in the detailed characters.
The hydrophilic polymer particles prepared, such as pAAm, pNIPA, pHEMA, and
agarose, show shape-memory properties, while hydrophobic polymer particles of pTrim
does not. As a whole, this method was found to be versatile and could possibly be
beneficial for the “failor-made” preparation of porous polymer particles because of no
limitation caused by detergents for emulsion formation and could also be applied in
chemical engineering (i.e. separation materials) and biomedical engineering (i.e. tissue

engineering matrix).
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Chapter 4

Characterization of Directional and Bimodal Porous

Structural Cryogel Particles

1. Introduction

Polymer particles have attracted notable scientific interest and possess great
application (Wu et al., 2022). The development of such as a virtually infinite number of
combinations that will play an important role in many application fields such as separation
(Yusof et al., 2013), catalysis (Eivgi et al., 2022), sensor (Xu et al., 2013), controlled
release carriers (Hussain ef al, 2013). In recent years, preparation methodologies of
polymer particles are developed in huge number of research. At the design of
development for polymer particles, the synthesis of polymer particles process is essential
factor with strategy. Here, the synthesis method for polymer particles such as solvent-
evaporation method (Kizilbey et al., 2019), emulsion polymerization method (Han et al.,
2018), in situ polymerization with Pickering emulsion method (Guan et al., 2020). These
methodologies are useful for synthesis of particles with stably produce. Nevertheless, the
general methodologies are remained as an inevitable problem in term of versatility with
improvement of the method and friendly with environment. Thus, the new preparation
method for polymer particles were developed with high versatility by combining inverse
Leidenfrost effect and cryo-polymerization technique (iLF Cryo-method). It can be
expected that is easy to design and extend the method by controlling and changing
synthesis conditions. Therefore, the properties of polymer particles can be design for
purpose to application. For examples of the factor of controlling conditions; based
monomers and cross-linkers, amounts, polymerization systems, blending, mixing ternary
substance, and so on. Consequently, the physicochemical properties and responsive
functions are modified to the polymer particles.

The next generation of advanced materials for carrier requires the materials with
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unique properties. Cryogel have unique properties such as (a) large pores, (b) high
capacity, (c) shape-memory, (d) high swelling degree, and (e) ultrafast swelling. Hence,
cryogel is widely utilized in many fields such as bio-separation (Wang et al., 2022),
tissue engineering (Shiekh et al., 2018), and delivery of therapeutics (Jensen et al., 2016).
Cryogel is synthesized by polymerization under frozen temperature of the solvent. For
causing polymerization under frozen temperature (cryo-polymerization), the
polymerization systems are required the redox-initiator (APS/TEMD, KPS/TEMED).
The polymer precursor including redox-initiator as homogenous system become
heterogenous system by temperature being driven force during cryo-polymerization.
Because the phase separation cause between concentrated polymer precursor and ice
crystals. Thus, the ice crystals are adopted as porogen, cryogel have unique porous
structure (i.e. monolithic supermacroporous) by thawing ice crystals after the
polymerization (Memic et al., 2019). Therefore, it can be expected that the design of
porous properties for cryogel by modification the phase separation process and the
generation ice crystals.

Designing hierarchical architectures porous materials is attracting great interest in
a variety of technology (Yang et al., 2017). The formation of porous structure can be
dependent on porogen species and process of phase separation such as the sol-gel process
accompanied by the phase separation (spinodal decomposition) (Rui et al, 2022),
temperature induced phase separation (TIPS) (Wang et al., 2021), and polymerization
induced phase separation (PIPS) (Li et al, 2000). Various kinds of hierarchical porous
structure have been developed by changing process of formation of porogen. Various
properties, such as pore size (i.e. micropore, mesopore, macropore, supermicropore), pore
shape (i.e. monothic, open-pore, close-pore), and pore type (i.e. monomodal, bimodal,
multimodal) are required to be optimized for the suitable material for the application.
When the porous particles can be utilized for separation media, these porous properties
are directly affected their efficiency in relation to the diffusion kinetics and the specific
surface area (Correa ef al., 2020; Nguyen et al., 2022).

In this chapter, the hierarchical porous structure with directional and bimodal was
designed in the cryogel particles and was characterized in relation to their porous

morphologies by using scanning electronic microscope and mercury intrusion
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porosimeter. The cryogel particles, which possess unique porous structure with bimodal
porous structure consisted of macroporous open-pores and directional monolithic
supermacroporous structure, were synthesized by using the expanded iLF cryo-method.
The performance as separation carrier was confirmed from macroscopic diffusion test and

kinetics of swelling degree.

2. Materials and Methods

2.1 Materials

N-Isopropylacrylamide (NIPA). 2-hydroxyethylmethacrylate (MBA), ammonium
persulfate (APS), N,N,N',N'-tetramethylethylenediamine (TEMED), liquid paraffine, n-
hexane, ethanol, and acetone were purchased from Wako Pure Chemical Industry Ltd.
(Osaka, Japan). Ultra-pure water (conductivity 18.2 MQ cm) was prepared with Direct-
Q UV 3 (Merck, Osaka, Japan). All materials were used as received without further

treatment.

2.2. Preparation of Hierarchical Porous Cryogel Particles

Briefly, the cryogel particles were prepared by adopting our preparation method
(Takase et al., 2022; Takase et al., 2022). At first, the polymer precursor was obtained by
mixing monomer and cross-linker, redox-initiator and solvent (i.e. water and acetone) in
the flask under ice bath (4 °C). the polymer precursor was dropped into liquid nitrogen (-
196 °C) to form spherical frozen droplets via inverse Leidenfrost effect. Subsequently,
the frozen droplets were transferred to vessel at -15 °C and keep overnight. During
keeping the droplets under -15 °C, the cryo-polymerization occurs inside the droplets.

After that, the cryogel particles were obtained by thawing at room temperature.

2.3. Observation Porous Morphologies

The porous structure of cryogel particles was dependent on the shape and size of
the porogen in the preparation steps. Here, the morphologies of the cryogel particles
prepared via the iLF Cryo-method (described in chapter 2) were observed by using

scanning electronic microscope (SEM, HITACHI). The surface section and cross-section
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were characterized from SEM images. As a sample pretreatment, all the cryogel particles
were dried with lyophilization and were then coated with gold for 30 seconds by
spattering for inhibiting a charge-up the sample from electronic beam. The samples were
prepared by using monomodal porous cryogel particles for (1) surface section and (2)
cross section and by using bimodal porous cryogel particles for (3) surface section and
(4) cross section. For the cross-section image, the particle was cut along the center of
gravity of the particles by using a sharp cutter in the preparation of hemisphere samples.
For the analysis of porous properties, the porous structure and diameter of cryogel

particles were measured by using image J software.

2.4. Macroscopic Observation of Cryogel Particles

The lyophilized both monomodal porous cryogel particle and bimodal one was
observed by using optical microscope. At the observation position, the particle image of
top view and cross-section was recorded. All the position of cryogel particle was observed

by x4 objective lens.

2.5. Characterization of Porous Properties by using MIP

Mercury intrusion porosimeter (MIP) could evaluate the porous properties of the
particles through the analyzed relationship between pressure and intrusion of mercury in
the pores. The cryogel particles were outgassed at 80 °C in a vacuum oven prior to
measurements. The pore diameter D of the porous polymer particles was calculated by

the Washburn equation (Backer ef al., 2016). The D was following Eq. 4-1.

4ycos®
P

D=

Eq. 4-1.

where 7y represents the surface tension of mercury (0.485 Nm™'), 6 represents the contact
angle the liquid mercury makes with the solid surface (130 °C in this study), and P

represents the mercury pressure applied, respectively.

2.6. Swelling Ratio of the Cryogel Particles

The prepared cryogel particles via iLF cryo-method were lyophilized for 24h until

constant weight was reached. The weight of the dried cryogel particles (Wa4) at room
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temperature was recorded. The dried cryogel particles were immersed in ultra-pure water
at room temperature for a period of the time and taken out. Then, measured the weight of
swelling cryogel particles at room temperature. The swelling degree (SW) was calculated
as shown in Eq. 4-2.

— We—Wq)
Wq

SD Eq. 4-2. (Shirbin et al., 2016)

where the W, was represented the swelling weight of cryogel particles at a given time.

2.7. Macroscopic Diffusion Test

The diffusion behavior of water in the directional cryogel particle was confirmed.
The dyed ultra-pure water was prepared with dissolving CCB in ultra-pure water as blue
color. The 2 pl of dyed ultra-pure water was dropped on upper surface of both the
monomodal porous cryogel particle and the bimodal porous cryogel particle. After 1
minute, the particle was cut for half and record as photographic images to observe the

diffusion behavior in the pores of cryogel particles.

3. Results and discussion

3.1. Porous Structure of Cryogel Particle

In general, SEM was used to accurately observe the porous structure of cryogel.
The morphologies of cryogel particles prepared via iLF cryo-method were observed by
using SEM. From the SEM images, some characteristics, such as porous structure, shape
and size, were characterized and determined. Figure 4-1 shows the top view and cross
section of the obtained cryogel particles, showing that both monomodal porous cryogel
particle and bimodal one was observed. From the overall image of cryogel particle (Fig.4-
1, (a) and (e)), the macroscopic shape of cryogel particles was found to be observed as
spherical shape. In addition, the numerous pores were found to be distributed on surface
section of cryogel particles (Fig.4-1, (b) and (f)). The monomodal and bimodal porous
particles were observed from the top view of SEM image with high magnification as
shown in Fig.4-1, (b) and (f). The monolithic porous structure was herewith distributed
on the surface without directional. Furthermore, the polymer wall framework that forms

the supermacroporous structure was carefully observed, resulting that the porous
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structures have different morphologies on the polymer wall between surface section of
monomodal porous structure and bimodal one. As shown in Fig.4-1, (b), the polymer wall
on its surface was found to show smooth morphologies. Whereas, the macroporous
structure in the range of 1-10 um were distributed in the polymer wall of bimodal porous
cryogel particles (Fig.4-1, (f)). In addition, the porous shape of macroporous structure on
the polymer wall was open-pore morphology. Subsequently, the interior structure of the
particle was characterized based on the SEM image of the cross section by observing the
cross section of cryogel cut in half. From SEM image of the cross section on the edge
region of the particle with low magnification, the directional supermacroporous structures
were distributed at the interior of both the monomodal porous cryogel particles and the
bimodal one (Fig.4-1, (c¢) and (g)). Interestingly, the direction of the supermacroporous
structure was formed from the surface to the interior of the particles. In comparison of
cross section SEM images of monomodal porous cryogel particles and bimodal one, the
directional pores in monomodal porous cryogel particle were more precisely arranged and
formed. In the view from cross section with high magnification, the morphologies were
different between monomodal porous cryogel particles and bimodal one (Fig.4-1, (d) and
(h)). For bimodal porous cryogel particle, the distributed macropores on surface of
polymer walls formed the open-pore shape despite of the surface polymer wall of
monomodal porous cryogel particle same as top view SEM image cryogel particle with
high magnification. It was thus found that cryogel particle had an anisotropic porous
structure and different porous morphologies on the position of observation, such as top
view and cross section. In conclusion, porous morphologies of monomodal porous
cryogel particles have (i) monolithic supermacroporous structure on top view and (ii)
directional porous structure was distributed from surface to interior of the particle. In
addition, bimodal porous cryogel particles formed (iii) monolithic supermacroporous
structure with macroporous structure as open-pore shape formed on the polymer wall and
(iv) directional porous structure was also distributed with the macropores on the polymer

wall.
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3.2. Characterization of Porous Structure by MIP

Cryogel particles of porous properties were furthermore characterized by using MIP.
By adopting the MIP, the porous properties of porous materials can be determined from
the relationship between the relative pressure and the amounts of mercury intrusion.
Figure 4-2 shows the MIP-analyzed results on the porous properties of cryogel particles.
The cumulative intrusion values to the cryogel particles increased with the increase of the
relative pressure around 10 psia (Fig.4-2, (a)). In addition, the bimodal porous cryogel
particles of cumulative intrusion value was higher than monomodal one. It was shown
that the supermacroporous capacity for bimodal cryogel particles was larger than that for
monomodal one. Subsequently, the relative pressure curves become to reach a plateau,
where mercury could not be intruded into the pores even when the relative pressure was
increased. After that, the bimodal porous cryogel particles of the relative pressure was
drastically increased and, then, became to reach a plateau, whereas that value for the
monomodal porous cryogel particles were kept constant. As the results, the porous
structures with different type were formed after the comparison of these particles. Finally,
both curves of relative pressure became to reach a plateau and the cumulative intrusion
value in the bimodal porous cryogel became twice in contrast to that in the monomodal
porous cryogel. As shown in Fig.4-2, (b), the distribution of pore sizes was characterized.
For the monomodal porous cryogel particles have pores in the range of 20-100 pm. In the
case of bimodal porous cryogel particles, the distribution of pore was splitting to two
types in the range of 1-10 um and 20-100 um. These results are well corresponding with

the results on pore sizes observed from SEM images.
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Figure 4-2. Characterization of cryogel particles by mercury intrusion porosimeter (a)

mercury intrusion curves and (b) size distribution of porous structure.

3.3. Swelling Kinetics of Cryogel Particles

The swelling kinetics of the cryogel particles, prepared as monomodal porous type and
bimodal porous type, were characterized from the weight of dried particles and the
swelling particles in given time. As shown in Fig.4-3, the swelling kinetic of both cryogel
particles was found to elucidate ultrafast swelling behavior. All the dried cryogel particles
reached to their equilibrium of swollen state within one minute. This ultrafast swelling

behavior resulted from the directional porous structure from outside to interior side of the
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Figure 4-3. Kinetics of swelling degree for monomodal cryogel particles and bimodal

cryogel particles. The experiment was measured at 30 °C.

cryogel particles prepared by using iLF cryo-method. Hence, water molecules could
easily diffuse into the interior of the cryogel particles. Here, the results can be emphasized
that both monomodal cryogel particles and bimodal one show high swelling degree and
ultrafast swelling performance. Because the supermacroporous structure of cryogel
particles support high water retention capacity; in other words, high swelling degree and
the directional porous structure from surface to interior of the particles improved mass

transfer due to easy to diffuse for molecules into the interior from outside.

3.4. Comparison of Macroscopic Diffusion

The macroscopic porous structure and diffusion test was characterized as shown in
Fig.4-4. The top view side and the interior side of overall cryogel particles was observed
from optical microscope images (Fig.4-4 (a)-(b), and (d)-(e)). From the microscope
images, it was obviously confirmed that there is a difference in the morphology of cryogel
particles with both monomodal porosity and bimodal one between top view side and
interior side. Subsequently, the diffusion behavior was investigated as shown in Fig.4-4
(¢) and (f). This diffusion test is a further proof of the monomodal and bimodal porous,
and the directionality of the porous structure of the obtained cryogel particles. The stained

water diffused by itself without any external impetus, so the distribution of the stained
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water in the cryogel particles would reflect the pore structure of the samples conveniently.
As shown in Fig.4-4 (c), in the case of the monomodal porous cryogel particles, the pores
formed parallel to the freezing direction, so the stained water diffused along the
directional pores. One fact that should be mentioned is that water could diffuse both in
the pores and through the pore walls. However, the diffusion rate in the pores would be
much faster than that through the pore walls, especially in the case of cryogel particle
with large-interconnected pores. The above phenomena are considered to result in a
macroscopically one-dimensional diffusion phenomenon of the stained water in the
aligned porous cryogel particle with monomodal porous structure. As shown in Fig.4-4
(f), in the case of the bimodal porous cryogel particles, the stained water diffused in all
directions to almost the same distance. As the diffusion steps, firstly the water molecules
were diffused into the bimodal porous cryogel particles from bulk through the directional
monolithic supermacropores. Then, secondly, the water molecules were diffused into the
entire of the particle through the macropore with open-pore shape after diffusion of

Supermacropores.

Figure 4-4. Monomodal porous cryogel particles. optical microscope image of (a) top
view and (b) cross-section, (c) macroscopic diffusion test. Bimodal porous cryogel
particles. optical microscope image of (d) top view and (e) cross-section, and macroscopic

diffusion test.
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3.5. Scheme of Characterization of Sponge-like Polymer Particles

The properties of polymer particles (i.e, particle size, porosity, porous structure;
monomodal and bimodal, elasticity) are important for application of polymer particles.
Here, the scheme for characterization of sponge-like polymer particles is described in
Scheme 4.1. Firstly, since the component of polymer particles is required, the property of
polymer is depended on the components. Hence, the polymer precursor such as AAm,
HEMA, NIPA, Trim, Agarose is selected as the component. Regarding to the droplet
method, the particle size is related with polymer precursor. The viscosity is different with
each polymer precursor, therefore the droplet size is decided during dropping. Thus, the
polymer particles of D, is characterized from polymer precursor of droplet size and
microscope image of polymer particles. Subsequently, the determination of porosity is
required. They are categorized as monomodal and bimodal porous structure in this chapter.
In general, the porosity is increased by bimodal porous structure. Subsequently, the shape-
memory function is characterized by using mechanical force such as compression and
releasing cycle. If the elasticity of polymer particles is low, the direction of scheme should
be step-back to select polymer precursor. In contrast, the case of high elasticity, the

characterization of sponge-like polymer particles is implemented.

Characterization of Polymer particles grenTene * Porosity

Monomodal
/Bimodal

Select Polymer Precursor
v

v

Particle Size Shape-memory

|

Characterization of Sponge-like Polymer Particles :
(dp, Monomodal/Bimodal, Elasticity)

Scheme 4-1. Scheme for characterization of sponge-like polymer particles.
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4. Summary

In this chapter, the porous properties relating to the hierarchical porous structure
with directional and bimodal were characterized at the interior of the cryogel particles.
The porous structures on cryogel particles were here shown to be classified in relation to
(1) shape (i.e. monolithic, orientation, and open-pore), (ii) size (i.e. supermicropore and
macropore), and (iii) place of distribution pores (i.e. surface side and interior side,
polymer wall) and characterized by SEM and MIP. Here, the cryogel particles, which
possess unique porous structure with bimodal porous structure consisted of microporous
open-pores and directional monolithic supermacroporous structure, were prepared by
expanded iLF cryo-method. Following the comparison of porous morphologies between
monomodal and bimodal porous cryogel particles, it was revealed that the expanded iLF
cryo-method was effectively utilized for designing hierarchical porous structure. In the
case of monomodal porous cryogel particle, it has (i) monolithic supermacroporous
structure on surface side and (i1) directional porous structure was distributed from surface
to interior of the particle. In the case of bimodal porous cryogel particles, it was found
that (ii1) monolithic supermacroporous structure with microporous structure as open-pore
shape formed on the polymer wall and (iv) directional porous structure was also
distributed with the macropores on the polymer wall. Subsequently, the performance of
cryogel particle was confirmed from macroscopic diffusion test and kinetics of swelling
degree. It was found that bimodal porous cryogel particles could be beneficial for the
efficient mass transfer to the entire the particle through the pores and could have ultrafast
swelling ability. Therefore, the porous designed cryogel particles have potential to

application to separation carrier with those porous properties.
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Chapter 5

Application of Hydrophobic Cryogel Particles

for Separation of O/W Emulsion

1. Introduction

Water pollution caused by oil spill accidents and leakage of industrial wastewater
provokes serious environmental problems (Doshi ez al., 2018). Most waste oil is dispersed
and exists as an emulsion in a heterogenous system due to the removal of the oil taking
an effort compared to common immiscible oil solution (Tial et al, 2022). Especially
stabilized oil-in-water emulsion with surfactant can be regarded as a semi-equilibrium
state with high durability. Thus, the oil-water separation process is important for treating
oily wastewater contained in water. In the oil-water separation process, gravity-driven
separation, centrifugal precipitation, coagulation, and chemical demulsification are
represented (Yu ef al., 2016; Cambiella et al., 2006; Kulkarni et al., 2012; Abdularzaq et
al., 2022). However, these separation techniques can be restricted because of low-cost
effectiveness by complex treatment and high energy consumption (Ammann et al., 2018).
Whereas the membrane separation method uses materials with hydrophobicity and
physically adsorbs oil, it is a useful method in oil-removing strategies because of its low
cost compared to conventional treatment (Goodarzi et al., 2019).

In recent years, cryogel has been applied in a wide range of fields, such as
separation, waste-water treatment, biotechnology, and tissue engineering (Baimenov et
al., 2022; Guo et al., 2019; Juan et al., 2022; Bencherif et al., 2015). Cryogel is porous
material obtained by polymerization of polymer precursor; solution containing monomers,
cross-linker, and polymerization initiators, under frozen temperature (cryo-
polymerization) (Kirsebom et al., 2009; Memic et al., 2019; Plieva et al., 2008). In the
process of cryo-polymerization, a phase separation occurs between the unfrozen region

(concentrated monomers) and the frozen one (ice crystals), both inhabited by polymer
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precursor (Kumar et al., 2010). The porous structure that can be formed by melting and
drying porogen (ice crystals) after cryo-polymerization is referred to as a
“supermacroporous structure” in the range of p-meter scale (Kumar et al., 2010). It is
necessary to consider the polymer composition, such as hydrophobic monomer and
hydrophilic monomer, and the preparation method according to the purpose of application.
Therefore, the hydrophobic cryogel, which prefer oil to water, is useful for the adsorption
and separation of organic material from aqueous solutions (Chen et al., 2016).

The monolithic porous structure has a large specific area and high porosity
therefore they are applicable as chromatographic separations (Pfaunmiller ef al., 2013).
Since the monolithic porous structure forms a hierarchically through porous structure
with an interconnected network by the polymer wall, the structure supports efficient
diffusive mass transfer. Herein, the properties of monolithic porous structure are classified
into several parameters. To apply the optimized monolithic porous materials for a specific
purpose, characterization of their properties is required. The parameters include: (i) size
distribution of particle diameter, (ii) standard deviation of the particle diameter, (iii)
coefficient of variation of particle, (iv) bulk density, and (v) size distribution of pore size.
It can be attributed that the characterization of these material parameters helps improve
and optimize their separation efficiency. Furthermore, the macroscopic shape of the
cryogel; (a) cylinder, (b) sheet, (c) disk, and (d) particle is an essential factor in the design
of separation devices such as particle packed column chromatography and monolithic
column one. The various shape of cryogel (a) cylinder, (b) sheet, and (c) disk can be
conventionally prepared by cryo-polymerization in the mold vessel. In contrast,
preparation of cryogel for (iv) particle shape may necessitate a technique. By adopting
the emulsion polymerization method, cryogel particles can be prepared in a
heterogeneous system by cryo-polymerization in the phase which contains polymer
precursor (Zhan et al., 2013; Yun et al., 2013). Since the progression of cryogel research
has accelerated, various preparation methodologies and polymer components have been
developed (Hiramure et al., 2018; Plieva et al., 2006). As a different preparation method,
there is a combination technique we recently developed, inverse Leidenfrost effect and
cryo-polymerization technique (iLF cryo-method) (Takase et al., 2022; Takase et al.,
2022).
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In this chapter, the iLF cryo-method was first adopted to create hydrophobic
monolithic supermacroporous cryogel particles. The cryogel particles revealed a narrow
size distribution of the diameter and numerous pores with monolithic supermacroporous
structures. Furthermore, the physical properties, such as hydrophobicity, were
characterized by using a dyed solvent. Unlike the aqueous droplet, which was kept on the
cryogel particles with repelling properties, the organic droplet was immediately adsorbed
into the particles in contact with each other. The cross section of the cryogel particle after
adsorption of the organic droplet showed that the entire particle was stained, indicating
that the oil diffused into the interior of the particle. For the separation of the oil-in-water
emulsions stabilized with surfactants, the cryogel particles successfully removed

emulsions from the system.

2. Polymer Surface Modification by Lipid Membrane

In the previous chapters, the method to prepare the polymer particles, focusing on
the improvement of the porous characters. The functionalization of the polymer surface
is important for the possible use of these polymer particles as “core materials” for the
sophisticated bioseparation. Here, the porous polymer materials can be -easily
functionalized through the coating of their surface by the amphiphilic molecules by
considering the method to “deliver” the amphiphiles onto the polymer surface with

keeping the “membrane structure”.
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Figure 5-1. The status of lipid molecules for using coating on polymer surface (a) vesicles

(b) O/W emulsions, and (c) dispersed molecules.
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As shown in Fig.5-1, the modification methods for porous polymer particles by lipid
membrane are summarized as a general classification of three categories: (1) vesicle
fusion method (delivery of amphiphiles-on-vesicle), (2) O/W emulsion method (delivery
of amphiphiles-on-emulsion), and (3) lipid impregnation method (delivery of
amphiphiles-in-solvent and washout of the excess). In vesicle fusion method, the
phospholipids or amphiphiles that formulate the bilayer membrane of vesicle are used for
the coating after the vesicle delivery and then, the surface of polymer material can be
modified after the vesicle fusion. As shown in Fig.5-1(1-a), vesicles are first injected into
an aqueous solution dispersing the polymer material, as shown in Fig.5-1(1-b), the
dispersed vesicles are approaching on polymer surface and, then, as shown in Fig.5-1(1-
¢), the vesicles are ruptured their membrane onto surface of polymer, resulting that the
lipid membrane are coated on the polymer surface. In O/W emulsion method, the
surfactants or appropriate amphiphiles that are utilized for the stabilization of the
emulsions are utilized for the modifiers of the polymer surface. Basic strategy of this
method is similar with that of the above vesicle fusion method, where the lipid molecules
or amphiphiles are accumulated on the interface of oil-(bulk)water phases when the
emulsion dispersed in a bulk aqueous solution as shown in Fig.5-1(2-a). The O/W
emulsions dispersed in bulk aqueous solution are delivered and contacted with the surface
of polymer materials to adsorb oil phase from the emulsion as shown in Fig.5-1(2-b).
During adsorption of the oil, the lipid molecules are transferred from the emulsion onto
the polymer surface, resulting that the solid-liquid interface can be modified with lipid
molecules and the lipid membrane of the accumulated lipids can be formulated as shown
in Fig.5-1(2-¢). The final strategy can be called as “lipid impregnation method”, where
the lipids are efficiently transferred into the internal parts of the materials because of the
porosity (high diffusivity) of the polymer particles. As shown in Fig.5-1(3-a), the porous
polymer particles are prepared as carrier and substrate which the lipid molecules are
delivered, and a lipid membrane are finally formed. As shown in Fig.5-1(3-b), for the
impregnation to the porous polymer particles, the particles are mixed with the solvent
solubilizing the target lipid molecules. Subsequently, the solvent is removed and dried
with rotary evaporator as shown in Fig.5-1(1-c). The lipid molecules used for the

impregnation are entirely transferred onto all the surface of the porous polymer particles
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because of solvent. After the solvent evaporation, the lipid molecules are accumulated on
the surface of the polymer wall. When the impregnated porous polymer particles are
hydrated, the lipid membrane spontaneously form the membrane structure on the polymer
wall. These methodologies for modification polymer surface with lipid membrane are
useful technique for the functionalization of the polymer. Since each method has
advantage/disadvantage, it is necessary to select the most appropriate method depending
on the purpose and experiment condition, considering the characters of polymer materials

and the amphiphilic molecules.

3. Materials and Methods [O/W Emulsion Method]
3.1. Materials

Trimethylolpropane trimethacrylate (Trim), benzoyl peroxide (BPO), etlyl-4-
dimethylaminobenzoate (EDMAB), and nile red were purchased from Tokyo Chemical
Industry Ltd. Acetic acid, toluene, n-hexane, N, N’-dimethylmethacrylate (MBA), liquid
paraffine, sudan (IV), Coomassie brilliant blue G-250 (CBB), and polyoxyethylene
sorbitan monooleate (Tween 80) were purchased from Wako Pure Chemical Industry Ltd.
(Osaka, Japan). Ultra-pure water (conductive 18.2MQecm) from a Merck Millipore. All

materials were used as received without further treatment.

3.2. Preparation of Hydrophobic Cryogel Particles

The hydrophobic cryogel particles were prepared as described in previous works.
Briefly, the cryogel particles were prepared via 2 step process: 1) preparation of frozen
droplets by utilizing iLF effect and 2) cryo-polymerization under frozen temperature.
Trim used as monomer and MBA used as cross-linker were dissolved in acetic acid. Then,
BPO and EDMAB were added as initiators and obtained polymer precursor. Subsequently,
the obtained polymer precursor was dropped onto liquid nitrogen and prepared frozen
droplets. These droplets were transferred to liquid paraffine at -15 °C and polymerized
overnight. After cryo-polymerization, hydrophobic cryogel particles were washed with n-

hexane and lyophilized.

3.3. Observation of Macroscopic Shape

The overall cryogel particles in the bottle of glass were observed as photographic

59



images by a charge-coupled device (CCD, iPhone 12 MJINJ3J/A) camera. In order to
evaluate the size distribution of particles, the diameter of particles was measured from
optical microscope images. The mean diameter of the particles (D,) and standard
deviation (o) were calculated from the optical microscope images by using image J
software. Furthermore, the coefficient of variation (C,) was calculated as according to

Eq.5-1.
Cy = =% 100 [%] Eq.5-1.
Here, the tapped bulk density (psuix) was calculated according to Eq.5-2.

Woarticles
Poute = 2= [g/ml] Eq.5-2

chlinder

The Wparticies and Veyiinaer were represented as the weight of the particles and the volume
of the particles in the graduated cylinder, respectively. The scale of the graduated cylinder
with particles was read after tapping 100 times (Nayk et al., 2011).

3.4. Characterization of Porous Properties

The cryogel particle of porous structure on the surface was observed by scanning
electronic microscope (Hitachi, SU3500, Japan, SEM), operated at 20 keV. As
pretreatment, gold was coated on cryogel for 30 seconds by spattering. The pore diameters
were measured according to Fig.5-2 and the size distribution was analyzed by using

image J software.
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Figure 5-2. The analysis of pore diameters on the surface of cryogel particles.

3.5. Testing Hydrophobicity of Cryogel Particles

The hydrophobicity of cryogel particles was tested by using aqueous and organic
droplets. The water was dyed with CBB as a blue-colored aqueous solution, and the
toluene was dyed with Nile red as a red-colored organic solution, respectively. Then, the
droplet placed on the cryogel particles was observed. Subsequently, the adsorption
behavior of organic solvent by cryogel particles was investigated. The organic solution
dyed as red was floated into the water and the cryogel particles were added to the water.
A CCD camera was used to record the adsorption behavior over time three and ten
seconds after the particle was added. Furthermore, the cryogel particle was cut in half

after being adsorbed with the dyed organic solution and the cross-section was observed.

3.6. Separation of Stabilized Oil-in-Water Emulsion

The oil-in-water emulsion stabilized with surfactant was prepared by mixing 990
pL of n-hexane, 100 mg of Tween 80, and 99 mL of ultra-pure water under ultrasonication.
The characterization of the emulsion after separation was recorded with photograph and
the optical microscope image. To investigate the separation of stabilized oil-in-water
emulsion by cryogel particles, the organic phase of the emulsion was dyed with Sudan [V
during the preparation of oil-in-water emulsion (Wang et al., 2015). Then, the emulsion
was separated by mixing the emulsion and cryogel particles in the glass bottle and kept
for 3h at room temperature. After that, the particles were removed from the solution by

filter, and measured the UV-Vis spectra by spectrophotometer (Shimadzu UV-1800,
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Kyoto, Japan).

3.7. Materials [Lipid-Impregnation Method]

DPPC was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
Monomeric divinylbenzene (DVB) was purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). The DVB was washed with a 10 wt% NaOH aqueous solution to
remove the polymerization inhibitor. 6-Lauroyl-2-dimethylaminonaphthalene (Laurdan)
and other chemicals were also purchased from Wako Pure Chemical Industries, Ltd.

(Osaka, Japan) and were used as received.

3.8. Preparation of PPP Coated with Phospholipid

Briefly, PPPs were prepared from a water-in-oil-in-water (W/O/W) emulsion by
in situ polymerization (Inda et al., 2017). The DVB monomer dissolved in the oil phase
forms the polymer framework. The obtained PPPs and DPPC dissolved in chloroform and
methanol solution (volume ratio of 2:1) were mixed in a round-bottom flask and dried
using a rotary evaporator under vacuum to remove the solvent mixture. This procedure
was repeated three times, and the phospholipid was impregnated in PPPs and kept under

a high vacuum for at least 3 h to obtain DPPC-coated PPPs (DPPC-PPPs).

3.9. Characterization of PPPs Coated with Phospholipid

The surface and cross section of the DPPC-PPPs were observed using a scanning
electron microscope (Hitachi, SU3500, Japan). The distribution of phosphorus atoms at
the surface and cross section was confirmed by elemental mapping using EDX

(AMETEK, USA). All samples were dried under vacuum prior to observation.

3.10. Evaluation of the Phospholipid Impregnated on the Particles
The DPPC-PPPs prepared with different amounts of phospholipids were evaluated

by inductively coupled plasma (ICP) atomic emission spectroscopy (ICP-AES, Shimadzu
ICPS-8100, Japan) to determine the amount of phospholipid deposited on the PPPs. The
prepared DPPC-PPPs were decomposed using a digestion apparatus (Hack, Digesdahl
Digestion Apparatus Models 23130-20, USA). To decompose DPPC-PPPs to a solution,

they were mixed with concentrated sulfuric acid and hydrogen peroxide in a Digesdahl
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digestion flask and heated to 440 °C. After complete decomposition of the particles in the
flask, the solutions were cooled to room temperature and diluted with distilled water. In
addition, the obtained solutions were analyzed using ICP-AES. The amount of

phospholipids deposited on the PPP was determined according to the following Eq. 6-1.

v
Mwp  Wppp

Epppc = [mmol-lipids/g-PPP] Eq.6-1

where Epppc 1s the entrapped amount of DPPC in PPP, Cp is the phosphorus concentration,
V' is the volume of the solution, Mwy is the molecular weight of phosphorus, and Wppp is

the weight of the porous polymer particles.

4. Results and Discussion
4.1. O/W Modification Method [Aqueous Solution]

4.1.1. Macroscopic Shape of pTrim Cryogel Particles

The pTrim cryogel particles were prepared by combining the inverse Leidenfrost
effect and cryo-polymerization technique (iLF cryo-method) (Takase ef al., 2022; Takase
et al et al., 2022). By adding the water droplets containing polymer precursor into an
extremely low temperature bath, inverse Leidenfrost phenomenon was induced and
frozen droplets with spherical shape were formed on the liquid nitrogen. The frozen
droplet was then polymerized under frozen temperature (-15°C). After cryo-
polymerization, the pTrim cryogel particles were obtained by thawing and lyophilization.
Figure 5-3 shows the photo image of pTrim cryogel particles (Fig.5-3 (a)) and the size
distribution of the particles through the observation of optical microscope (Fig.5-3(b)).
As shown in Fig.5-3(a), the pTrim cryogel particles had a spherical shape with white
color. Subsequently, after the diameter of more than 200 individual particles was observed
from the optical microscopic images, the size distribution was then determined. Figure
5-3(b) shows the size distribution of pTrim cryogel particles. As a result, the pTrim
cryogel particle, prepared by our iLF-cryo method, was distributed in the range of 700-
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Figure 5-3. Macroscopic shape of pTrim cryogel particles (a) appearance and (b) size

distribution of particle diameter.

2300 um and have high frequency of around 1600 um. Herein, the basic properties
of pTrim cryogel particles were summarized in Table 5-1; the value of the mean diameter,
D,, and its standard deviation, o, were 1654 um and 220 pum, respectively. Furthermore,
the variation coefficient, C,, was shown to indicate a low value at 13 %. Hence, pTrim
cryogel particles were found to exceed in relation to narrow size distribution and the high
monodispersiblitiy in comparison with that of the conventional droplet (Merakchi et al.,
2019). The tapped bulk density, psuk, was calculated from bulk particle volume in a
graduated cylinder and the weight of the particle, resulting that the ppui value was 0.3
g/ml. Comprehensively, macroscopic properties of pTrim cryogel particles adopted by the

iLF cryo-method were characterized based on these factors D., g, C,, and ppuix.

Table 5-1. Particle Properties of pTrim Cryogel Particles

Dy*[pm] o [-] Gf [%] pou’ [gml]

1654 220 13 0.3
¢ Mean diameter of the particles, ° Stand deviation, ¢ Coefficient of variation, and ¢
bulk density.

4.1.2. Characterization of Porous Properties

In general, cryogel have monolithic porous structure with supermacropores in the
range of p-meter scale. During the cryo-polymerization process, the crystals supplied

from the solvent (i.e. acetic acid) were employed as porogen; the porous structure was
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therefore formed. As shown in Fig.5-4, the porous structure of the surface pTrim cryogel
particle was observed via SEM analysis. The observations were performed for the surface
section of pTrim cryogel particle as described in Fig.5-4(a). From the overall image, the
particles were found to have a rough surface (Fig.5-4(b)). Subsequently, the surface
section of the particle was observed from high magnification SEM image to characterize
its porous structure (Fig.5-4(c)). It was found that the pTrim cryogel particle had a
monolithic supermacroporous structure on its surface. Interestingly, the polymer wall of
the porous structure appeared to have a smooth surface. The fine morphology of porous
structure (i.e. surface roughness, undulation) is changed by employing different porogen
(Kirsebom et al., 2011).
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Figure 5-4. Characterization porous structure of pTrim cryogel particle. (a) schematic
illustration of the morphological observation overall particle and a surface section of high
magnification. (b) overall particle SEM image and (c) surface section at high

magnification. (d) size distribution of pores diameter.
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Herein, the pore diameter was measured from the number of 47 pore diameters
by high magnification SEM image (Fig.5-2) to characterize the porous property. As
shown in Fig.5-4(d), the size distribution of porous diameter was evaluated. The porous
diameters were distributed in the range of 1-12 pm, and the mean porous diameter d, was
4.7 um. The results suggest that pTrim cryogel particles have a unique porous structure

on their surface which is monolithic with supermacroporous structure.

4.1.3. Hydrophobicity of pTrim Cryogel Particles

The hydrophobicity of polymer particles can be investigated by confirming the
behavior of aqueous or organic droplets when they are contacting the polymer particles.
When the aqueous droplet is placed on the hydrophilic polymer, the droplet penetrates the
hydrophilic polymer, while the organic droplet is repelled. In the case of hydrophobic
polymer, where the aqueous droplet is repelled, and the organic droplet is penetrating the
hydrophobic polymer. As shown in Fig.5-5, the hydrophobicity of pTrim cryogel particles
was investigated, where the behavior of droplets; aqueous solution (dyed as blue) and
organic solvent (dyed as red) was placed on the pTrim cryogel particles (Fig.5-5(a)). As
a result, the aqueous droplet was repelled onto the pTrim cryogel particles, whereas the
organic droplet penetrated the particles. The cryogel particles herewith consist of pTrim
and have a hydrophobic surface. Subsequently, the adsorption of organic solvent in the
oil-water system by pTrim cryogel particles was examined in Fig.5-5(b) and (¢). The red
dyed organic solvent was distributed in water in the beaker, and the cryogel particles were
added. As shown in Fig.5-5(b), three seconds after the addition of the particles, the
particles were floated on the liquid surface, resulting in aggregate formation. Furthermore,
the particles rapidly started to adsorb the dyed organic solvent. Eventually, the particles
were found to adsorb all organic solvents in the beaker after only 10 sec (Fig.5-5(c)).
After the adsorption of organic solvent, pTrim cryogel particle was cut in half, and the
appearance of cross section was observed (Fig.5-4(d)). It was confirmed that the pTrim
cryogel particle was colored red including the interior side from the image of the cross
section. Hence, the adsorbed organic solvent was diffused till the interior of the particle.
It is expected that the porous structure of pTrim cryogel particle has internal through
porous and monolithic structure. These results are supported by the evidence that the

monolithic porous structure was formed in pTrim cryogel particle (Fig.5-4). The pTrim
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Fig.5-5. Hydrophobicity of pTrim cryogel particles (a) left; aqueous droplet on the
particles, right; organic droplet on the particles. The adsorption of organic solvent from
water by pTrim cryogel particles (b) 3 sec and (c) 10 sec. (d) appearance cross section of

the particle after adsorption organic solvent.

cryogel particles were thus shown to have a potential to be applied as separation material
because of their substance permeability function with the internal through monolithic

porous structure.

4.1.4. Surface Modification by Stabilized Oil-in-water Emulsion

Based on the characteristics of pTrim cryogel and its fundamental properties, the
possibility to recover the oil-in-water emulsion from the aqueous solution. Typically, the
oil-in-water emulsion can be formed by dispersing and stirring a small amount of oil in
water. The formed oil-in-water emulsion is unstable in long-term and becomes a two-
phase system which is thermodynamically stable state. However, via adsorption of
surfactant on the interface, the emulsion is stabilized and exists long-term in
heterogeneous system. It is difficult to remove organic solvent from the stabilized
emulsion because the emulsion does not spontaneously cause phase separation. Herein,
the separation of stabilized oil-in-water emulsion with surfactant was performed by using

pTrim cryogel particles as shown in Fig.5-6. The emulsions were observed in bulk-scale
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Fig.5-6. Separation of stabilized emulsion by using pTrim cryogel particles. Before
separation of (a) photograph of the emulsion in bulk scale and (b) optical microscope
image, and after separation of (c¢) photograph of the emulsion in bulk scale and (d) optical

microscope image. (¢) UV-vis spectra of emulsion.

image and optical microscope image before separation, and in bulk-scale image and
optical one after separation (Fig.5-6 (a)-(d)). From bulk-scale images (Fig.5-6 (¢) and
(d)), the solution was deeply cloudy in white before the addition of the cryogel particles
while the solution became transparent after that. The color change of these solutions
indicates that the organic solvent was dispersed and became heterogeneous system as a
colloidal state (before the addition of cryogel particles) and then the colloid was removed
(after the particle addition). As shown in Fig.5-6 (b) and (c), the states of solution were
observed by using an optical microscope, the emulsions with several p-meter scales were
dispersed in the solution (before the particle addition), and then there was no colloidal
emulsion (after the particle addition). It is possible that the slight turbidity of the solution
after the particle addition could be caused by dispersed microemulsions that could not be
observed with optical microscope. Subsequently, the separation property of pTrim cryogel
particles was evaluated from UV-Vis spectra of the emulsion in which the organic phase
was dyed with probe (Fig.5-6 (e)). In the spectrum before the particle addition, the
characteristic absorbance peak derived from the dye dissolved in the organic phase was
detected. On the contrary, there was no absorbance peak in the spectra in the supernatant

after the particle addition. The separation was induced simply by adding the cryogel
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particles with macroporous and hydrophobic nature through the interaction between the
hydrophobicity of pTrim and the organic solvent as colloidal state dispersed in the
solution. As a result, the separation of stabilized oil-in-water emulsion with surfactant has

been demonstrated.

4.2. Lipid Impregnation Method [Organic/Aqueous Solution]

4.2.1. Observation of Phospholipid-Impregnated the Particles

The structure of the phospholipid-impregnated PPPs (DPPC-PPPs) was observed
by scanning electron microscopy (SEM), and the distribution of phosphorus atoms in
DPPC-PPPs was clarified by elemental mapping using EDX (Fig.5-7). SEM observations
were performed for the surface and cross-sections (Fig.5-7a). The overall morphology of
DPPC-PPPs was spherical with a sphere diameter of approximately 200 um (Fig.5-7b).
On the surface and in the cross section, rough pores (diameter of approximately 20 pm)
were homogeneously distributed. The pores could be constructed by the cross linking of
DVB during in situ W/O/W emulsion polymerization (Gokmen et al 2012; Sitoh et al.,
2006; Li et al., 2014; Kitabayashi et al; 2013; Matushita ef al., 2011). The large specific
surface area of PPPs was utilized for the deposition of DPPC molecules. Considering that
numerous pores were distributed from the surface to the inside of the particles, it is
expected that mass transfer (or molecular diffusion) from the outside to the inside was
promoted. Notably, the surface and cross-sectional structures of bare PPPs (without
phospholipid impregnation) were almost the same as those of the DPPC-PPPs. It is
suggested that the phospholipid impregnation of PPPs has a negligible influence on the
material structure itself.

The surface and cross section of the DPPC-PPPs were analyzed by elemental
mapping using EDX (Figs.5-7d and 5-7e). The results indicated that phosphorus, derived
from phospholipids, was distributed on the surface and cross section of PPPs, revealing
that phospholipid molecules diffused into the inner pores of PPPs during the impregnation
process, and were successfully deposited onto the PPPs after solvent evaporation. It has
been reported that amphiphiles, that is, trioctylamine and polyoxyethylene-type nonionic
surfactants, were successfully impregnated on polystyrene—~DVB porous resin (Saitoh et
al., 2012; Shiomori et al., 2005. It is suggested that the hydrophobic framework of the

polymer could be suitable for the impregnation of hydrophobic molecules.
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Figure 5-7 SEM-EDX analyses of DPPC impregnated on porous polymer particles. (a)
[lustration of DPPC-PPPs and morphological observation by SEM images DPPC
impregnated on PPP. (b) Surface section image and (c) cross section image. The
distribution of phosphorus element derived from DPPC in (d) surface section and in (e)

cross section were confirmed by the element mapping using EDX.
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Figure 5-8 Relationship between initial amounts of phospholipid used for preparation

and impregnated amount of phospholipid.

To determine the amount of phospholipid deposited on the PPPs, ICP emission
spectroscopy measurements were performed. As a pre-treatment, DPPC-PPPs were
heated and oxidatively decomposed to obtain an aqueous solution. According to Equation
1, the impregnated amount of phospholipid was calculated. Figure 5-8 shows the
relationship between the amount of applied phospholipids and the amount of impregnated
phospholipid per g-PPPs. With an increasing the amount of phospholipids used for
preparation, the impregnated amount of phospholipids increased. A significant amount of
phospholipid was deposited on PPPs because of the large specific surface area of PPPs.
In addition, the polymer matrix of polyDVB (PDVB) was not tightly packed, and the
hydrophobic interactions between the PDVB framework of PPPs and the hydrocarbon
chains of phospholipids could be a main factor in the coating of phospholipids in PPPs.
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4.2.2. Evaluation of the Membrane Properties

The phospholipids impregnated into PPPs formed self-assembled membrane
structures, which were investigated using a conventional fluorescence spectroscopy
method. The fluorescence probe Laurdan was anchored at the phospholipid membrane
and was generally used for membrane characterization at various temperatures, which
resulted in the phase transition behavior of membranes. The Laurdan fluorescence
emission peaks were red-shifted as the phospholipid membrane environment changed
from a non-polar to a polar environment (Okamoto et al., 2017; Suga et al., 2016). The
membrane properties of DPPC-PPPs in response to temperature were evaluated (Fig.5-
9). Laurdan in DPPC liposomes (7m = 41 °C) showed a sharp peak at around 440 nm at
temperatures below the 7y, of DPPC, in which the liposome membrane was confirmed as
the gel phase (ordered phase). Furthermore, the spectrum drastically changed at
temperatures above the 7, where the fluorescence intensity at 440 nm decreased and
shifted to 490 nm. This confirmed that the liposome membrane on the surface was in the
liquid-crystalline phase (disordered phase).

In Fig.5-9 b, Laurdan in DPPC-PPPs showed a peak at 440 nm at a temperature
below Tm; in the case above the temperature of the 71, the intensity of the peak at 440 nm
was decreased and appeared at 420 nm and 490 nm, where the iso-emission point was
observed at 465 nm. These results suggest that the DPPC-PPPs were covered with the
phospholipid membrane, and their membrane properties were similar to those of DPPC
liposomes at temperatures below 7m. In contrast, at temperatures above Tm, the
phospholipid membrane on DPPC-PPPs displayed a disordered state similar to that of
DPPC liposomes; however, the obtained GP340 values were slightly different (Fig.5-9 ¢).
The iso-emissive point in the spectra of DPPC-PPPs revealed the temperature-dependent
phase transition of the phospholipid membranes deposited on the PPPs. In addition,
Figure 5-9d showed the reversibility of ordered/disordered states of the coated
phospholipid membrane on PPPs. The reversibility changes in phospholipid membrane
on PPPs was confirmed by controlling the temperature cycles which was cooling and
heating cycles between 30 °C and 50 °C, and calculated GP340 values. Hence, it was found
that the phospholipid membrane coated on PPPs with similar physical properties as those

of liposomal membranes, which have ability of reversibly change the ordered/disordered
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state of the membrane depending on the temperature change. It was confirmed that DPPC-
PPPs have a lipid membrane in an ordered state at temperatures below 35 °C, which could
be essential for chiral selective adsorption of L-amino acids (Ishigami et al, 2015;

Hiramure et al., 2018; Ishigami et al., 2015).
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Figure 5-9 Temperature dependence of Laurdan spectra in (a) liposome suspension, and
in (b) DPPC-PPPs suspension. (¢) GPss40 values calculated based on Eq. (2), and (d)
reversibility of DPPC-PPPs GPs40 value. All experiments were performed with DPPC-
PPPs of 0.14 mmol-lipid/g-PPP. For liposome experiments, the concentrations of DPPC
and Laurdan were 100 uM and 1 uM, respectively.
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4.3. Comparison of Modification Methods by Lipid Membrane

Two case studies to modify the polymer surface by lipid membrane are shown in
the previous chapters based on the general classification shown in Fig.5-1. As shown in
Fig.5-10, the modification methods for porous polymer particles by lipid membrane are
summarized as a general classification of three categories: (1) vesicle fusion method
(delivery of amphiphiles-on-vesicle), (2) O/W emulsion method (delivery of
amphiphiles-on-emulsion), and (3) lipid impregnation method (delivery of amphiphiles-
in-solvent and washout of the excess). In vesicle fusion method, the phospholipids or
amphiphiles that formulate the bilayer membrane of vesicle are used for the coating after
the vesicle delivery and then, the surface of polymer material can be modified after the
vesicle fusion. As shown in Fig.5-1(1-a), vesicles are first injected into an aqueous
solution dispersing the polymer material, as shown in Fig.5-1(1-b), the dispersed vesicles
are approaching on polymer surface and, then, as shown in Fig.5-1(1-c), the vesicles are
ruptured their membrane onto surface of polymer, resulting that the lipid membrane are
coated on the polymer surface. In O/W emulsion method, the surfactants or appropriate
amphiphiles that are utilized for the stabilization of the emulsions are utilized for the
modifiers of the polymer surface. Basic strategy of this method is similar with that of the
above vesicle fusion method, where the lipid molecules or amphiphiles are accumulated
on the interface of oil-(bulk)water phases when the emulsion dispersed in a bulk aqueous
solution as shown in Fig.5-1(2-a). The O/W emulsions dispersed in bulk aqueous solution
are delivered and contacted with the surface of polymer materials to adsorb oil phase from
the emulsion as shown in Fig.5-1(2-b). During adsorption of the oil, the lipid molecules
are transferred from the emulsion onto the polymer surface, resulting that the solid-liquid
interface can be modified with lipid molecules and the lipid membrane of the accumulated
lipids can be formulated as shown in Fig.5-1(2-c). The final strategy can be called as
“lipid impregnation method”, where the lipids are efficiently transferred into the internal
parts of the materials because of the porosity (high diffusivity) of the polymer particles.
As shown in Fig.5-1(3-a), the porous polymer particles are prepared as carrier and
substrate which the lipid molecules are delivered, and a lipid membrane are finally formed.
As shown in Fig.5-1(3-b), for the impregnation to the porous polymer particles, the

particles are mixed with the solvent solubilizing the target lipid molecules. Subsequently,
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the solvent is removed and dried with rotary evaporator as shown in Fig.5-1(1-¢). The
lipid molecules used for the impregnation are entirely transferred onto all the surface of
the porous polymer particles because of solvent. After the solvent evaporation, the lipid
molecules are accumulated on the surface of the polymer wall. When the impregnated
porous polymer particles are hydrated, the lipid membrane spontaneously form the
membrane structure on the polymer wall. These methodologies for modification polymer
surface with lipid membrane are useful technique for the functionalization of the polymer.
Since each method has advantage/disadvantage, it is necessary to select the most
appropriate method depending on the purpose and experiment condition, considering the
characters of polymer materials and the amphiphilic molecules.

Based on the obtained results and previous findings, the minimal characters of
advantages and disadvantages of these methodologies for modification surface of the
polymer materials were summarized in Table 5-2. In vesicle fusion method, the lipid
bilayer on the surface of the polymer materials can clearly be aligned as bilayer membrane
formulation. Since the step of rupture of vesicles to the substrate, the lipid membrane is
coated with certain orientation (i.e, inner leaflet and outer leaflet). As the disadvantage of
the vesicle fusion method, the kinds of lipid molecules are limited for utilization. When
vesicles are utilized, the membrane must have “soft properties”, that is, it must exist as /g
and /, phase that can be easily rupture. While the experimental procedure is simple, the
oil that is used for the dispersed phase in the emulsion could become contaminants, which
could be retained inside the substrate in the case of O/W emulsion. In the case of the lipid
impregnation method, since the lipid molecules are dispersed in solvent, the lipid
molecules are entirely transferred to the internal region of the polymer particles because
of the large porosity of the polymer particles and, together, high diffusible nature of the
lipid molecules inside the particles. So, the lipid molecules are efficiently utilized for the

modification of the polymer particles.
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Figure 5-10. Schematic illustration of polymer surface modification method by lipid
membrane. (a) Vesicle fusion method, Oil-in-water emulsion method, and (c) lipid

impregnation method.

Table 5-2. List of comparison method for modification polymer with lipid

Method State of lipid Image Advantage Disadvantage

Alignment of

Limited variety of

Vesicle Fusion Vesicles Membrane
lipids
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O/W Emulsion Emulsions : on substrate
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Scheme 5-1. Proposed method to modify polymer surface by lipid membrane.
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5. Summary

The methods to modify the surface of the polymer particles with the amphiphiles
(i.e. phospholipids) were classified, especially, focusing on (a) O/W emulsion method and
(b) lipid impregnation method. In the case of “O/W Emulsion Method”, the pTrim based
cryogel particles were prepared by adopting our developed method; iLF cryo-method.
The particle properties, such as (i) D, (ii) p, (ii1) C,, (1v) opuik, and (v) size distribution of
pore size, were characterized by using optical microscope and SEM. The cryogel particle
was thus found to have monolithic supermacroporous structure. Subsequently, the
hydrophobicity of cryogel particles was tested by placing aqueous and organic droplets
on the particles. While the aqueous droplet was held on the particle by repelling, the
organic droplet was immediately adsorbed into the particle due to the hydrophobic surface
of the particles. Furthermore, it was found that the adsorbed organic solvent was diffused
into entire the particle by observation cross-section of the cryogel particle. The separation
of stabilized oil-in-water emulsion by using cryogel particles was performed. As a result,
the efficient removal of stabilized oil-in-water emulsion has been demonstrated. This
cryogel particle materials can be applied for the separation of oil phase in emulsion state
and, at the same time, the efficient delivery of amphiphile onto the polymer surface. Based
on the Scheme 5-1, modification method for polymer surface with lipid membrane is

comprehensibly classified.
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Chapter 6

Recognition of L-Amino Acid by L-Phospholipid Membrane
Loaded on Porous Polymer Particles

1. Introduction

Porous polymer particles (PPPs) are attracting great scientific and technological
attention in many fields, owing to their superior physical and chemical properties (Wang
et al;2017; Saba et al; 2015; Hou et al., 2003). Furthermore, the polymer structure and
inner morphology can be controlled by polymerization methods and conditions
(Yoshizawa et al, 1995). During the in-situ emulsion polymerization method,
hydrophobic monomers disperse from a continuous aqueous phase and form a layer of oil
phase, while PPPs with internal spherical pores are prepared by water-in-oil-in-water
(W/O/W) emulsion polymerization (Inda et al., 2017). The PPPs have a large specific
surface area originating from numerous pores existing at the surface and inner section.
Owing to these advantages, PPPs are applicable in various fields, such as separation,
purification, and catalyst support (Gokmen et al., 2016). They are also suitable for
separation media or packing materials in chromatography (Causon et al., 2010). Although
such porous materials have been utilized for bioseparation, the hydrophobic nature of the
polymer could lead to unexpected interactions with biomolecules (Zhai et al, 2012).
Therefore, surface modification is one of the most important strategies to increase the
surface function of PPPs (Saitoh et al., 2005).

Self-assembled lipid membranes are self-organized materials consisting of
amphiphilic molecules, wherein their highly ordered interface is enriched with functional
groups such as choline, phosphate, and carbonyl. Furthermore, they feature dynamic
properties such as phase transitions. Since the membrane properties can be controlled by
the molecular composition and by tuning environmental conditions, especially
temperature, self-assembled membranes have been utilized as a platform for molecular

recognition and conversion (Walde et al., 2014, Serrano et al., 2018; Ishigami et al., 2015;
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Zhou et al., 2018; Hirose et al., 2019; Chen et al., 2019; Tsuchiya et al., Okamoto et al.,
2017). For the fundamental interactions of biological molecules, such as amino acids,
sugars, nucleic acids, and proteins in biological systems, molecular chirality plays a key
role (Chen et al., 2020; Wagner et al., 2017; Verkujil et al., 2011; Skolnick et al., 2019).
Hence, chiral separation is one of the most important processes in the production of
pharmaceuticals and drugs (Scriba et al, 2016). In most cases, only one enantiomer is
effective, but the other is inactive or even toxic (Smith et al., 2009; Czerwinska et al.,
2020). Interestingly, the chiral lipids and their self-assemblies can be a chiral selector in
molecular separation process (Hu et al., 2021; Martin ef al., 2021; Penny et al., 2018).

In our previous reports, liposomes were used for chiral recognition of small
molecules (Ishigami et al, 2015; Okamoto et al., 2017; however, there were some
problems, such as the instability of liposomes that makes the recovery and reuse difficult,
toward the practical use of self-assembled membranes. Furthermore, the outer leaflet of
the liposomes could be utilized for interaction with chiral molecules, while the inner
leaflet is utilized as a scaffold to maintain the liposome structure. To overcome this
problem, a self-assembled lipid membrane—polymer composite will be beneficial.
Phospholipid membranes can be immobilized on a solid support Suga et al., 2015;
Kurniawan et al., 2018; Dolstra et al., 2019) and on a polymer matrix (Hiramure et al.,
2018), where the substrate (e.g., glass, mica, hydrogel matrix) would help to maintain the
structure of the self-assembled membrane. To increase the available surface in dispersion,
a material with a high specific surface area is desired.

In this chapter, the chiral selective adsorption of L-amino acid was performed using
PPPs coated with a self-assembled membrane of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC (L-phospholipid)). Herein, a self-assembled membrane in a
highly ordered state (gel phase) was deposited on PPPs, which could enhance the chiral
adsorption of L-tryptophan (L-Trp) (Ishigami ef al., 2015; Hiramure ef al., 2018; Ishigami
et al., 2015). By employing the impregnation method, DPPC molecules were loaded onto
PPPs. Mapping images of energy dispersive X-ray (EDX) analysis revealed a
homogeneous distribution of the impregnated DPPC molecules on the surface and within
the framework of PPPs. The membrane properties of DPPC-PPPs were characterized

from the fluorescence spectra of 6-lauroyl-2-dimethylamino naphthalene (Laurdan),
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which confirmed the ordered state of DPPC membranes in DPPC-PPPs, and corresponded
to the chiral selective adsorption of L-Trp. The chiral selectivity depended on temperature,
revealing the high enantioselectivity of amino acid adsorption by DPPC-PPPs at

temperatures below the phase transition temperature of DPPC.

2. Materials and Methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) was purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Monomeric divinylbenzene (DVB) was
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The DVB was
washed with a 10 wt% NaOH aqueous solution to remove the polymerization inhibitor.
6-Lauroyl-2-dimethylaminonaphthalene (Laurdan) and other chemicals were also
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and were used as

received.

2.2. Preparation of PPPs Coated with Phospholipid

Briefly, porous polymer particles (PPPs) were prepared from a water-in-oil-in-
water (W/O/W) emulsion by in situ polymerization (Inda et al, 2017). The DVB
monomer dissolved in the oil phase forms the polymer framework. The obtained PPPs
and DPPC dissolved in chloroform and methanol solution (volume ratio of 2:1) were
mixed in a round-bottom flask and dried using a rotary evaporator under vacuum to
remove the solvent mixture. This procedure was repeated three times, and the
phospholipid was impregnated in PPPs and kept under a high vacuum for at least 3 h to
obtain DPPC-coated PPPs (DPPC-PPPs).

2.3. Temperature-dependent Chiral Adsorption of L-Amino Acid

The chiral adsorption behavior of amino acids (L- and D-Trp) by DPPC-PPPs was
evaluated at different temperatures. The DPPC-PPPs and PPPs were added to L- and D-
Trp aqueous solutions at 30 °C and 45 °C, and incubated for 70 h. Subsequently, the solid
particles and the adsorbed amino acids were removed by ultrafiltration with the 50,000

Da of molecular weight cutoff (USY-5; Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The
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concentrations of the initial (Cin) and filtered (Cp;) amino acids were measured by UV
absorbance at a wavelength of 278 nm using a UV spectrophotometer (UV-1200,
Shimadzu, Kyoto, Japan). The adsorbed amount of amino acid molecules per DPPC

molecule coated on PPP (¢) was calculated using the following Eq.6-3.

q= (Cini - Cflt) *V/(Epppc * Wepp) Eq.6-3

From the ¢ values of L-Trp and D-Trp, the enantio excess of adsorption was calculated

using the following Eq.6-4.

Enantio Excess [%] = W x 100 Eq.6-4
L-AA D—-AA

where g1-aa and gp-aarepresent the g values of L-Trp and D-Trp, respectively, on DPPC-
PPPs.

2.4. Fluorescence Spectra of Tryptophan

The fluorescence emission peaks of Trp are relevant to its surroundings
(microenvironments). A shift in the maximum fluorescence peak can be attributed to the
hydrophobicity of the solvent (Umakoshi et al., 2012; Zahid et al, 2013; Suga et al.,
2016). The fluorescence spectrum of the L-Trp-adsorbed DPPC-PPPs was measured
using a fluorescence spectrophotometer (FP-8500, JASCO, Tokyo, Japan) at an excitation
wavelength of 280 nm. Before the measurements, the adsorption of L-Trp on DPPC-PPPs
was performed at 30 °C, and then DPPC-PPPs was washed with distilled water to remove
unadsorbed L-Trp.

2.5. Time Course of Amino Acid Adsorption

To evaluate the adsorption behavior, the time course of the adsorption of chiral
amino acids on DPPC-PPPs was measured. DPPC-PPPs and PPPs were incubated in L-
or D-Trp solution at 30 °C, and the absorbance was measured using a UV spectrometer
at each time point. The adsorption amount of amino acids per lipid molecule coated on

PPPs (Cads) was calculated using the Eq.6-3. The DPPC-PPPs with adsorbed amino acids
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were washed with distilled water and dried using the same procedure.

2.6. Optical Resolution of L-/D-Tryptophan

DPPC-PPPs were applied into racemic solution of L-/D-Trp (total Trp conc. 1.0
mM), and then incubated for 70 h at 30 °C. Subsequently, the solid particles and the
adsorbed amino acids were removed by ultrafiltration. The supernatant was analyzed by
using a chiral column chromatography (Waters 1500 HPLC System, Waters, Milford, MA,
USA), equipped with CHIRALPAK ZWIX(+) (3 mm-¢ x 150 mm, particle size: 3 pum)
(DAICEL, Osaka, Japan). Mobile phase was methanol/water (98/2 volume ratio),
including 50 mM formic acid and 25 mM diethylamine, flow rate was 0.5mL/min, and
Trp was detected by UV at wavelength of 254 nm. The retention time of D- and L-Trp
was 4.8 min and 6.3 min, respectively. The concentrations of L- and D-Trp were

determined by peak area.

3. Results and Discussion

3.1 Typical Dependence of Chiral Selective Adsorption of L-/D-Trp

Prior to the research using the DPPC-PPPs, the chiral recognition function of the
DPPC membrane was explained here. It is known that the DPPC liposome bilayer
membranes have ordered structures owing to molecular alignment and can also be
characterized as gradient polarity layers at nano-meter scale. It has already been reported
that the Trp dissolved in the aqueous phase was partitioned to the liposome membranes
by mixing them for 48 hours (Ishigami et al., 2015), where the yield of L-Trp recovery,
calculated by its partitioning behavior from the aqueous phase to the phospholipid phase,
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Fig. 6-1. Time course of adsorbed concentration (Cags) of L or D-forms of amino acids.
Cags of L-Trp (filled) and D-Trp (open). (Ishigami et al., 2015)

was found to be high, while that of D-Trp was extremely low. As a result, the chiral
selectivity in the liposome system showed an extremely high value (~10%) as compared
with other solvent extraction systems. It is thought that the liposome membrane could
provide a suitable environment for the partitioning of the hydrophilic Trp, where some
interactions (i.e. electrostatic interaction, and hydrogen bond) neighboring to the chiral
carbon of the lipid molecules could be related to its chiral recognition. Figure 6-1 shows
the time course for the adsorption of Trp on DPPC liposomes. The adsorbed amounts
of L-Trp gradually increased after 16-hour incubation and reached to be an equilibrium after
48 hours, where almost all of the amino acids adsorbed on DPPC liposomes. On the other
hand, negligible amounts of D-Trp adsorbed on the DPPC liposomes even at 48 hours. As
a result, extremely high chiral selectivity in the Trp adsorption on the DPPC liposome
was observed at the final stage of the adsorption process, while such behaviors were not
found in the solvent-water system modified with DPPC. This result was also implying
that the binding of L-amino acids on the liposome structure can be very weak at the initial
stage of adsorption, considering the previous findings on the adsorption in supported lipid

bilayer (Sarangi, et al., 2012). This is because the amino acids preferably exist in the
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aqueous phase rather than in liposome membranes, judging from the negative values
of LogP. It is thought that the membrane property could be varied after the accumulation
of amino acids on the membranes at the initial stage: such varied membrane properties

could recruit the additional L-Trp partitioned to the membrane at the latter step.

3.2. Chiral Selective Adsorption of Amino Acid on the Coated PPP

DPPC-PPPs were incubated with amino acid enantiomers in aqueous solutions,
wherein L-Trp and D-Trp were treated at 30 °C (below phase transition temperature (7m)
of DPPC) and 45 °C (above the Tm of DPPC). Figure 6-2a shows the chiral adsorption
behavior of amino acids for DPPC-PPPs at different temperatures. DPPC-PPPs adsorbed
L-Trp at 30 °C, whereas the adsorbed amount decreased at 45 °C. In contrast, D-Trp was
not adsorbed on DPPC-PPP, regardless of the incubation temperature. Furthermore, the
bare PPPs, without the impregnated phospholipids, did not adsorb Trp regardless of the
incubation temperature. Herein, the view from chiral selectivity, DPPC-PPP at 30 °C of
enantio excess is remarkably high, whereas DPPC-PPPs at 45 °C did not show chiral
selectivity. These results indicate that the chiral adsorption ability of DPPC-PPPs was
affected by the temperature. The difference in adsorption ability could be due to the
change in the ordered state in the phospholipid membrane (Ishigami et al., 2015; Ishigami
et al., 2015. The phospholipid impregnated PPPs possess self-organized membranes with
a higher molecular ordering at 30 °C; however, the phospholipid molecular ordering could
be reduced at 45 °C due to the phase transition. It is thus assumed that DPPC-PPPs have
the ability to selectively adsorb amino acids at temperatures below the 7, of DPPC. In
previous reports, the key factors in chiral adsorption by phospholipid membranes have
been suggested to be multiple interactions such as electrostatic, hydrophobic, and
hydrogen bond interactions, which synergistically contribute to the adsorption of
enantiomer (Ishigami et al., 2015; Okamoto et al., 2017; Suga et al., 2017).

Adsorbed L-Trp on DPPC-PPPs was furthermore analyzed based on fluorescence
spectroscopy. The fluorescence emission peak position of Trp was highly influenced by
the polarity of its microenvironment such as hydrogen bonding and other non-covalent
interactions. Generally, a blue shift of Trp was observed in a lower dielectric environment

(Ghisaidoobe et al., 2014. The fluorescence spectrum of L-Trp adsorbed on DPPC-PPPs
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was used for comparison (Fig.6-2 b). The maximum fluorescence peak of L-Trp (aq.)
was detected at 352 nm, whereas the adsorbed L-Trp was at 329 nm. Therefore, it was
revealed that the L-Trp adsorbed on DPPC-PPPs was located in hydrophobic environment.
Such blue shifts were usually observed by an intrinsic Trp of protein, and by a Trp in a
transmembrane segment. The adsorbed L-Trp could be migrated into the hydrophobic
sites of DPPC-PPPs, such as PDVB framework (¢ ~ 2 (Fu et al.,, 2001).) and acrylchain
region of lipid membrane (¢ < 6 (Cevc et al., 1990)).
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Figure 6-2 (a) Temperature dependence of L- and D-Trp adsorption by PPPs and by
DPPC-PPPs. All samples were incubated 70 h at 30 °C and 45 °C, the initial concentration
of Trp and DPPC-PPPs were 0.5 mM and 1.0 g/mL, respectively. Enatio excess (e.e.)
values were calculated based on Eq. (4). (b) Fluorescence emission spectra of L-Trp in
aqueous solution (blue line) and in DPPC-PPPs suspension (red line). L-Trp and DPPC-
PPPs were preliminary incubated at 30 °C, and unadsorbed L-Trp was removed before
measurement. All experiments were performed with DPPC-PPPs of 0.14 mmol-lipid/g-
PPP.

In DPPC liposome system, the Trp adsorbed onto DPPC liposome did not display
blue-shifted fluorescence, suggesting the binding of L-Trp at the hydrophilic-
hydrophobic interface region. Hence, the DPPC molecule could play dual roles: a chiral
selective interaction with L-Trp by the lipid head group, and a compartment for the
adsorbed L-Trp by the lipid tail. In contrast in DPPC-PPP system, the adsorbed Trp
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displayed blue-shifted fluorescence, suggesting more hydrophobic surrounding of the Trp
adsorbed in DPPC-PPPs. Because DPPC molecules were impregnated to PPPs via
hydrophobic interaction, the hydrophobic tail region of the DPPC and PPP could be
smoothly connected that Trp can bind onto the surface of DPPC-PPPs, and

enantioselectively, adsorbed Trp can diffuse into the inner part of PPPs.

3.3. Time Course Adsorption and Optical Resolution

To investigate the adsorption behaviors of L- and D-Trp by DPPC-PPPs, the time
course of Trp adsorption was examined for fresh DPPC-PPPs and reused DPPC-PPPs
(Fig.6-3). DPPC-PPP started the adsorption of L- and D-Trp at approximately 16 h.
Subsequently, L-Trp adsorption gradually continued, whereas D-Trp adsorption almost
reached a plateau at 30 h. In the L-Trp adsorption by DPPC-PPPs, the lag time exists in
the incubation time range of 21-31 h and 39-53 h. According to previous reports, the
membrane property was inalterable during lag-phase (t <I16h), and then the membrane
property was gradually altered together with the L-Trp adsorption (Ishigami et al., 2015;
Hiramure et al., 2018. This suggests that the adsorbed L-Trp can disturb the tightly packed
DPPC membrane. Considering the blue-shift of Trp fluorescence (Fig.6-4b), it is assumed
that 1) L-Trp in aqueous phase interacts with the DPPC membrane on DPPC-PPPs, 2) L-
Trp starts adsorption into DPPC membrane after lag-phase, 3) adsorbed Trp diffuses into
the inner part (hydrophobic environment) of DPPC-PPPs. Although this adsorption
pathway is plausible, the first step could be regarded as rate-limiting step because the
membrane of DPPC-PPPs could be tightly packed as well as DPPC liposome (Fig.6-3).

After the first-round L-Trp adsorption, the DPPC-PPPs were washed with distilled
water, dried under vacuum, and then incubated with L-Trp and D-Trp. Reused DPPC-PPP
with L-Trp exhibited a lag time of several hours, and the adsorption continued until 80 h,
while the second-round D-Trp adsorption amount by reused DPPC-PPPs was
approximately the same value as the first-round D-Trp adsorption amount. It is
hypothesized that the chiral selective adsorption of amino acids by DPPC-PPPs involved
several steps. First, both L- and D-Trp were adsorbed on the surface of the DPPC-PPPs.
Then, only L-Trp was dispersed into the inner part of the DPPC-PPPs over time. Hence,
the kinetics of adsorption of L-Trp was higher than that of D-Trp. The impregnated DPPC
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could act as a chiral selector when the surface-adsorbed Trp was distributed into the inner
section of the particles. Overall, the reused DPPC-PPPs displayed a superior ability for
L-Trp adsorption compared with fresh DPPC-PPPs. These results suggest that the
deposition of DPPC membranes onto PPPs was necessary for the chiral selective
adsorption of L-amino acids, which could perform chiral selectivity as well as free-

suspended phospholipid liposomes in water.
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Figure 6-3 Time course of L- and D-Trp adsorption on DPPC-PPPs, and on reused DPPC-
PPPs. () DPPC-PPPs with L-Trp, (O) DPPC-PPPs with D-Trp, and ( A) reused DPPC-

PPPs with L-Trp. Adsorption experiments were carried out at 30 °C. All experiments were
performed with DPPPC-PPPs of 0.14 mmol-lipid/g-PPP.

The L-Trp selective adsorption by DPPC-PPPs was evaluated in racemic solution.
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As shown in Fig.6-4, DPPC-PPPs preferentially adsorbed L-Trp, then the supernatant
enriched with D-Trp. Therefore, the DPPC-PPPs was found that DPPC-PPPs could
perform optical resolution of amino acid in racemic solution. The adsorbed ratio of each
enantiomer and enantio excess for DPPC-PPPs are summarized in Table 6-1. The
performance of optical resolution using DPPC-PPPs in enantio excess of D-Trp was
>60%. Thus, DPPC-PPPs have the potential of chiral selective adsorption of L-amino

acid, which can used as chiral separation materials.

Column: CHIRALPAK ZWIX (+)
Mobile Phase: Methanol/Water (98/2)
Wavelength: 254 nm, Flow: 0.5 ml/min
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Figure 6-6 Optical resolution of racemic Trp mixture treated by DPPC-PPPs. Unadsorbed
Trp was evaluated by HPLC chromatogram. CHIRALPAK ZWIX (+) was used as column,
and Trp was detected by UV absorbance at 254 nm. Retention time of D- and L-Trp was

4.8 and 6.3 min, respectively.
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4. Summary

In this chapter, prepared porous materials that could perform chiral selective
adsorption of amino acids were successfully prepared. L-Phospholipid-coated porous
polymer particles (DPPC-PPPs) were characterized by EDX and ICP, revealing the
successful deposition of DPPC molecules at the surface and inner sections of PPPs. The
physicochemical membrane properties of DPPC-PPPs were investigated by Laurdan and
revealed that DPPC-PPPs could possess well-ordered membranes at the temperatures
below 7w of DPPC similar to conventional DPPC liposomes. It was demonstrated that
DPPC-PPPs had a chiral adsorption ability for L-Trp, where a higher amount of L-Trp
was adsorbed at temperatures below the 7 of DPPC, while the adsorption decreased at
temperatures above Tm. Thus, it was proved that the phospholipid membrane, particularly
the state of the membrane, could play a crucial role in chiral selective adsorption.
Phospholipid-membrane-coated porous polymer particles are expected to be applied in
chiral separation devices, such as chiral columns. Consequently, the modification method
for polymer surface with phospholipid membrane via impregnation method was revealed
that the modified lipid membrane on polymer surface have membrane properties and

function similar to liposome membrane.
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Chapter 7

Bio-separation by Lipid Membrane Coated Cryogel Particle

1. Introduction

Cryogel are attractive materials with unique porous structure and sponge-like
mechanical properties (Shirbin ef al., 2016). Through polymer of the cryogel composed
with biocompatible (Bolgen et al., 2010), it can be utilized for aqueous media such as
bio-separation material (Senta et al., 2014), organ-mimic material (Lilandra et al., 2021).,
bio-scaffold (Ankur et al., 2015). Furthermore, the physicochemical properties of cryogel
is able to manipulate with modification such as coating, composing, blending (Damania
et al., 2018; Selin et al., 2019; Liaila et al., 2021). The modification of materials to be
functionalized have the potential to create that innovative material have some possibility
to breakthrough. Here, focusing on “separation”, the principles are represented as rate-
governed separation (i.e, centrifugation, chromatography) (Cambiella et al., 2006; Eiji et
al., 2005) and equilibrium separation (i.e, adsorption, crystallization, extraction) (Xinyi
et al., 2018; Ivan et al., 2022; Wu et al., 2019) and both of the principles are practically
utilized. Although the number of more improved techniques with the principle are
developed, there are still remained inevitable problem which realize both high-selectivity
and high-efficiency. When the high-selectivity is required for drugs such as chiral
molecules (Xiaoju et al., 2020) and biomolecules such as exosomes (Justyna et al., 2013),
the efficiency is abandoned. In contrast, the high-efficiency is required such as large-scale
separation, the selectivity such as sensitive operation is abandoned. For the breakthrough
of the relationship, it is required that comprehensive design from the macroscopic
material properties to microscopic properties at molecular level.

Here, for the manipulation of microscopic properties, life and biological systems
have the key point. These systems are understood to be complex and hierarchical systems.
In living organisms, various biological reactions such as enzymatic reactions and immune
responses are known to be induced at the molecular level. Even in a biological
environment with complex molecular intermingling, biological macromolecules correctly

recognize the target molecules and control competing biochemical reactions and their
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pathways (complex concurrent reactions). Substances and byproducts involved in
reactions are appropriately supplied in "advanced separation" ( = molecular
identification) and "advanced reactions" (=molecular transformation and metabolism),
and are also separated and discharged as waste products. In this way, "molecular unit
operations" and "molecular unit reactions" on the micro- and meso-scale constitute a
complex system that interacts across hierarchical levels, triggering responses at the cell,
tissue, and organ levels, which are higher levels, and ultimately maintains homeostatic
physiological functions. Although a vast amount of data has been accumulated, the
approach of existing research is considered to be limited to the "science of life and living
systems.

Hence, in this chapter the sophisticated separation material with high-selectivity
and high-efficiency is developed by combining sponge-like material which have a large
specific surface area and elastic mechanical properties and soft material which self-
assembled ordered at molecular level. As shown in Figure 7-1, the concept of this chapter
was designed the separation materials through macroscopic to microscopic. To separation
for biomolecules, the lipid membrane modified at interface of cryogel particles were used.
The lipid membrane was mechanically perturbed by compression of the particles and the
membrane properties were induced to change that revealed from analysis of the
fluorescence behaviors. Subsequently, the separation properties via mechanical

compression as driven-force were revealed.

Figure 7-1. Conceptual illustration of chapter 7.
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2. Materials and Methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) (Aldrich) and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar Lipid
Inc.(Alabaster, AL), and were used as received. Hexadecilbromide, diethyliminodiacetate,
triethylamine, 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan), and
dimethylpolysiloxane were purchased from Sigma Aldrich (St. louis, MO, USA).
Acrylamide (AAm), N,N’-methylenebisacrylamide (MBA), ammonium persulfate (APS),
N,N,N’,N’-tetramethlethylenediamine (TEMED), liquid paraffine, ethanol, methanol,
chloroform, tetrahydrofuran (THF), n-hexane, acetonitrile, and cupper (II) sulfate were
purchased from Wako Pure Chemical (Osaka, Japan) and were used without further

purification.

2.2. Preparation of Lipid Membrane Coated Cryogel Particles

Briefly, cryogel particles was prepared via iLF cryo-method, reported our previous
works. For modification of cryogel particles with phospholipid membrane, the
impregnation method was adopted. Dissolved phospholipid with methanol and cryogel
particles were mixed in round-bottom flask and evaporated the solvent by rotary
evaporator. Then, lipid impregnated cryogel particles was dried under pressure. The dried
lipid coated cryogel particles were hydrated in ultra-pure water at 60 °C. After that, the

dispersed lipid molecules (did not coated) were removed by ultracentrifugation.

2.3. Analysis of Steady-state Laurdan Spectra

Fluorescence probe, Laurdan located near the interfacial region within lipid
membrane, is sensitive to the polarity around them, which allows the membrane polarity
to be determined (Watanabe et al., 2018). The fluorescence spectrum of Laurdan in the
DPPC lipid membrane coated cryogel particles, DPPC liposome, and non-coated cryogel
particles were recorded with excitation wavelength of 340 nm, at appropriate emission
wavelengths from 400 to 600 nm at difference temperature at 25-60 °C, and the general

polarization (GPs40) for each emission wavelength is as follows the Eq. 7-1.
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GPsyp = (I440—1490) Eq. 7-1.

(I440+1490)

Where 7449 and 1499 are the emission intensities of Laurdan at 440 and 490 nm, respectively.

2.4. Time-resolved Emission Spectrum (TRES) Measurement

Time-resolved fluorescence measurements were all performed using the time-
resolved emission spectroscopy (Delta flex, Horiba). For the excitation of the samples, a
diode laser with a light source of 378 nm was used. Emission decays were obtained from

400-540 nm in 10 nm steps with 64-picosecond resolution.

2.5. Compression of Lipid Membrane Coated Cryogel Particles

The lipid membrane coated cryogel particles were mechanically compressed and
their macroscopic shape was deformed in the lcm X lecm cuvette. To compression the

particles, the PDMS stamp was manufactured as syringe.

2.6. Synthesis of HIDA

The chemical structures for synthesis of HIDA were as shown in Figure 7-2. The
synthesis was reacted according to Figure 7-2 (e). Diethyl iminodiacetate (1.7g),
bromohexadecane (07ml), and triethylamine (1.33ml) were added into three-pronged
flask. After that, the THF: Acetronitrile = 1:1 was also added as solvent. The precursor
was reacted for 48h at 80 ° under reflux by nitrogen gas. After reacted, HIDA was
extracted with water-chloroform. The product of HIDA was confirmed by using fast atom
bombardment mass spectra (JMS-700, JEOL, Tokyo, Japan) in the negative ion mode
with 3-nitrobenzyl alcohol as the matrix and xenon gas to confirm HIDA molecule. As
shown in Figure 7-2 (f), the mass spectrum of HIDA molecule was measured. A peak

derived from the molecular weight of HIDA was detected.
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2.7. Adsorption Cu (II) by Lipid Membrane Coated Cryogel Particles

The synthesized HIDA and DPPC was coated on cryogel particles via impregnation
method. The ratio of HIDA/DPPC = 6:4 were used for coating cryogel particles. The
adsorption Cu (II) experiments were performed with 10mM CuSOs4 (2ml). The
absorbance of Cu (II) were measured at 810 nm by using UV-Vis spectrometer at room
temperature. The adsorption Cu (II) concentration of Cuay was calculated according to Eq.

7-2.

Cogy = ME Bq. 722,

Cini

where Ci, and Cy, are represented initial concentration and filterer concentration after

adsorption.
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Figure 7-2. Chemical structures using for synthesis of HIDA (a) diethyliminodiacetate,
(b) hexadecilbromide, and (c) triethylamine, and (d) HIDA and (e) reaction protocol,
and (f) mass spectra of HIDA molecule.
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3. Results and Discussion

3.1 Compression Induced Changes in Membrane Properties

In biological systems, the advanced separation (i.e, molecular recognition) and the
advanced reaction (i.e, enzyme reaction and immune responses) are controlled by self-
assembly membrane with highly ordered interfaces at the molecular level. Taking
"biological systems" as the starting point, for example, by preparing "Bio-Inspired
Materials" in which self-assembled molecules are oriented on the surface of a base
material, the physical functions (e.g. elasticity) should better be added to solid polymer
materials that have been conventionally utilized, where the mechanical and physical
stimuli in a macro scale can be used as driving forces to interactively create a "bio-
inspired material" that can be used for the development of new materials. By preparing
"Bio-Inspired Materials," in which self-assembled molecules are oriented on the surface
of the base material, we can create innovative separation materials in which the physical
properties of the meso/micro-scale self-assembled interface can be controlled in tandem
with the driving force of mechanical and physical stimuli on the macro-scale. The
required basic material is a polymer carrier with elasticity and high material
processability/manipulability. By combining the "inverse Leidenfrost effect (iLF effect)"
and the "cryogelation method," we have developed an original method for preparing
sponge-like cryogel particles without using a surfactant, which was essential for existing
particle design. Herewith, the iLF-Cryo method is highly versatile, and the possibility of
controlling particle size was also investigated by utilizing microfluidic channels.
Furthermore, it has a bimodal internal structure, and is suitable for the separation and
recovery of various emulsions. The lipid-membrane-modified polymer supports (Bio-
Inspired materials) was also prepared and it has been shown that they can be applied to
optical resolution of amino acids and mechanochemical separation of high-molecular-
weight biomolecules. For the application to bio-separation, the modified material is
created by cryogel particles which have shape-memory function with high elasticity and
large capacity as a carrier modified their polymer wall by phospholipid membrane. As the
strategy for inducing the sophisticated bio-separation, it can be expected to be achieved
by manipulating the orientation of the modified lipid membrane by deforming the

macroscopic shape of the material.
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Figure 7-3. Model of sophisticated separation materials with high-performance and

high-efficiency.

3.2. Membrane Properties of Coated on Cryogel Particles

The fluorescence probe Laurdan is known to be sensitive to the polarity around
itself, which allows the membrane polarity of lipid membrane to be determined. The polar
environment of the lipid membrane coated on cryogel particles was characterized as
shown in Fig.7-4. It was found that the coated lipid membrane on cryogel particles have
a temperature dependence of membrane properties that are similar to liposome membrane,
whereas unmodified cryogel particles show no temperature dependence (Figs.7-4 (a), (b),
and (c)). The fluorescent spectra of Laurdan on the coated cryogel particles have a peak

at 440 nm at 25-45 °C and the peak was drastically red-shift around at 490 nm from 50
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°C (Fig.7-4(a)). The fluorescent spectra of liposome system were shown to indicate be
same behavior of temperature-dependent manner (Fig.7-4(b)). It was indicated that the
peak shift of the spectra caused a phase transition from ordered phase (.S,) phase to liquid
disordered (/s) phase by temperature. From the temperature dependence of fluorescence
spectra of the coated cryogel particles and liposome membrane, lipid membrane coated
on cryogel particles shows similar membrane properties as those of intact liposome
membrane. Subsequently, the GP values was calculated based on Eq.7-1; it was shown
that the GP value of non-coated cryogel particles was kept same upon the temperature
change, whereas the coated cryogel particles have significantly decreased above 50 °C
similarly in the case of intact liposome membrane (above 45 °C). At the difference of
temperature points for changing temperature between the lipid coated particles and
liposome, it can be considered that the phase transition temperature (7,) of the coated
lipid membrane was slightly increased because the lipid membrane supported on cryogel

particles as hydrophilic substrate and be stable.
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Figure 7-4. Steady-state spectra of Laurdan (a) DPPC coated cryogel, (b) DPPC-

liposome (c¢) non-coated cryogel, and (d) GP values.
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3.3. Effect of Compression for Distribution of T and A

Typically, the lipid membrane depended on composition of lipid kinds is behaved as rigid
soft-material at below 7, whereas become tender behavior above 7,,.. For example T, of
DPPC membrane is 41°C, and DOPC is -17 °C. Interestingly, the phase states of lipid
membrane (i.e, l4, l,, and s,) are affected in response to environmental changes such as
pressure, solvent, salt concentration not only for temperature. Here, the change of the
phase states of the lipid membrane could also be induced via mechanical compression.
Since the curvature of the lipid membrane could be varied to become negative or positive,
it 1s expected that the phase transition of lipid membrane could be induced among the
different phases that depend on the curvature. In order to characterize the phase states of
lipid membrane, the fluorescent spectra analysis of Laurdan is useful to know the polarity
of the membrane interface (Justyne et al,, 2013). The fluorescence probe, Laurdan, in
microenvironment of phospholipid bilayer membrane is known to have several emission
peaks, such as 440 nm and 490 nm, that depend on the hydrophobic environment around
itself. From the relative intensity of the fluorescence peaks, the polarity of lipid membrane
was identified as GP34 at the conventional steady-state measurement mode. Recently, a
new method to analyze the Laurdan fluorescence at kinetical measurement mode has been
reported (Watanabe et al, 2018a, 2018b); the method can be called as time-resolved
fluorescent emission spectra analysis (TRES). It has been reported that the kinetic
behaviors of the Laurdan fluorescence can herewith be analyzed as the fluorescence
lifetime (1) and peak position (1) and these analyzed parameters are varied in dependent
manner on the microenvironment of the phospholipid membrane. Thus, the membrane
properties of phospholipid membrane coated on cryogel particles via lipid
implementation method were comprehensively analyzed by the TRES, as shown in Fig.7-
5. At the shorter lifetime (), the values of T and A for phospholipid coated bimodal cryogel
particles were not significantly changed regardless of the lipid composition that differs in
the phase state before and during compression. On the contrary, at the longer lifetime, the
T was shifted to be slightly shorter for DPPC-membrane coated on the cryogel.
Subsequently, for the shorter lifetime, the t value for lipid coated monomodal cryogel
particles was slightly shifted to shorter as compared with the states that the longer lifetime

was not significantly changed. As shown in Fig.7-6, the plots for fluorescence intensity
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along with both t vs. A axis could be visually displayed to know the induced change of
the membrane properties via mechanical perturbation. As summarized in Fig.7-6, in the
DOPC system above T, both 1 values for longer lifetime and shorter lifetime were not
changed regardless of the type of cryogel particles when they are compared before
compression and during compression. Furthermore, in DPPC system above 7, they are
not also changed. Interestingly, the T value was shifted to shorter one for both type of
cryogel particles below 7,. For the bimodal cryogel particles, the lifetime, t, became
longer, whereas it became the shorter for the monomodal cryogel particles. It was thus
found that, among possible phase states of the phospholipid membrane, only s, state could
be affected by the mechanical compression of the cryogel and, among the porous
structures of cryogel particles, the membrane properties on the bimodal particles could be
affected in the longer lifetime of the TRES analysis while those of monomodal particles
were not affected in the shorter lifetime. It is hypothesized that the change of membrane
properties at micro-/meso-scale could be regulated via macroscopic mechanical
perturbation because of the change of the variation of the curvature at both micro-/meso-
and macro-scopic viewpoints, especially in the case of the “rigid lipid-states” and the

“porous properties of the cryogel particle”.
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Figure 7-5. Membrane fluorescence map of Laurdan. The filled and open plots indicated
as used carrier material; monomodal and bimodal porous cryogel particles, respectively,
and the colored as blue and red represented as the before compression state and during

one.
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Figure 7-6. The plots of intensity vs. T vs. A for DPPC coated on monomodal cryogel
particles. (a) the before compression and (b) during compression at 25 °C, and (c¢) the

before compression and (d) during compression at 50 °C.

3.4. Metal-affinity of Lipid Membrane Modified Polymer Particles

In order to achieve the sophisticated separation that has high performance with high-
selectivity and high-efficiency, it is a key point that the core material must hierarchically
be designed from macroscopic to microscopic viewpoint. Herewith, the ordered
alignment of the phospholipid molecules at the self-assembled membrane at “molecular
level” could be deformed via the mechanical perturbation after the macroscopic
compression of the supported carrier material. It is herewith indicated that the membrane
properties have a potential to be changed by mechanical force expect other eternal force
(i.e, temperature, pH, solvent, concentration of salt).

By inducing the membrane properties change from other external forces, except for
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mechanical perturbation, as driven-force, the effects of the external forces on the target
molecules cannot be ignored, where it could also affect the membrane properties and,
therefore, the critical understanding of the molecular mechanism, resulting in the specific
application especially in the case of “bio-inspired” separation. Therefore, the designed
material is expected to widely utilize for application to bio-separation, analysis of
biological event, and bio-sensor with the different aspect of typical material.

As shown in Fig.7-7, the adsorption behavior of cupper via the lipid membrane
coated on cryogel particles. From the absorbance spectra of cupper, the concentration in
bulk solution was decreased 3 hours after the addition of the cupper solution into the
aqueous solution suspending the cryogel particles modified with phospholipid membrane.
As a result, it was revealed that the lipid membrane coated on the cryogel particles have
the potential of metal affinity. The metal affinity function of the particles was caused by
the composition of membrane on the cryogel particle. Here, the HIDA molecules were
performed as metal affinity ligand because have the imidazole functional group at head

of itself.
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Figure 7-7. Adsorption behavior of cupper by using lipid membrane coated cryogel

particles.
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3.5. Model of Sophisticated Bioseparation

The overall design for separation material at macro/meso/micro scale is essential to establish
the sophisticated bioseparation. As shown in Fig.7-8, the schematic illustration of sophisticated
bioseparation model by phospholipid membrane modified polymer particles are described. In
macroscopic scale, the core material designed that cryogel particles have sponge-like mechanical
properties with high porosity. Since cryogel particle drastically deforms and restores its shape at macro
scale by mechanical force at state of released and compressed, the deformation ratio can be evaluate
from the A4 by microscope image. According to the macroscopic deformation, the lipid membrane
modified on the surface of polymer particles can be affected, at meso scale, membrane properties
because membrane curvatures are changed. The change of membrane properties can be revealed by
the fluorescence analysis technique (i.e, steady-state spectra and TRES). Focusing on TRES analysis
for state of compression and release, the state of lipid membrane can be controlled as So-like and /4-
like on the polymer surface. Subsequently, the change of membrane properties can be implied that the
interactions between lipid membrane and target molecules (i.e, metals, biomolecules, drug molecules),
at micro scale, can be expected to control. Since the membrane curvature is changed as positive,
neutral, and negative, the orientation of lipid molecules can be attributed by microshape of polymer
surface. Hence, the adsorption/desorption properties by mechanical stimuli for phospholipid

membrane modified polymer particles can be expected to manipulate.
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Figure 7-8. Schematic illustration of sophisticated separation by phospholipid
membrane modified polymer particles.
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4. Summary

In this chapter, a case study of the sophisticated bio-separation has been
demonstrated that the lipid membrane coated on cryogel particles adsorbed metal ion
from aqueous solution. This work was described following there three points; (i)
preparation of lipid membrane coated cryogel particles, (i) TRES investigation of the
changing membrane properties coated on cryogel particles via mechanical compression,
and (i11) characterization of metal affinity properties by using affinity-ligand lipid coated
cryogel particles. Firstly, the lipid membrane coated cryogel particles were prepared by
adopting lipid impregnation method, as described on chapter 5, revealing the formation
of lipid membrane on the cryogel particles by characterization of temperature dependence
steady-state fluorescence analysis. Since the Laurdan fluorescence behavior was similar
with that of liposome, the supported lipid membrane on cryogel particles were shown to
have similar membrane properties with liposome membrane. Subsequently, for TRES
investigation, the changing membrane properties by mechanical compression were
comprehensibly characterized from the relevance fluorescent intensity, at distinct
conditions that differ in A and t. It was therefore found that the variation of the lipid
membrane with rigid state (i.e, So) was induced by the changing membrane property under
the mechanical compression. Interestingly, the behavior of changing membrane property
was also related with porous structure of the carrier cryogel particles. Finally, the
separation of metal ion was achieved by using metal-affinity ligand lipid coated cryogel
particles. Hence, the affinity-ligand lipid coated cryogel particles could have a potential

to applicate for separation device such as chromatography.
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Chapter 8

General Conclusion

The cone materials for the sophisticated bioseparation was established in order to
realize high-performance separation material with high-selectivity and high-efficiency.
To develop the material, it is essential to comprehensively design the material from
macroscopic scale and microscopic scale. From the macroscopic viewpoint, it was
focused on substrate material which have elasticity and porous structure for modification
self-assembly molecules such as lipid membrane. Subsequently, from the microscopic
viewpoint, the lipid membrane which is highly-ordered by self-assembly was selected as
the modified of the polymer particle because it has potentials which can manipulate their
properties via mechanical stimuli. By employing these elastic porous substrate and lipid
membrane, the possibility to develop a sophisticated bioprocess that could induce a
breakthrough in conventional bioprocess was investigated.

In Chapter 2, the preparation method for sponge-like elastic cryogel particles with
porous structure was established. For preparation of cryogel particles, the process was
described as two steps; 1) preparation of frozen particles by using inverse Leidenfrost
effect and 2) cryo-polymerization under frozen temperature. According to the
characterization of prepared cryogel particles, it was found that the monolithic
supermacroporous structure was observed by using SEM. Furthermore, the swelling
degree and the porosity of cryogel particles with HEMA (monomer) and MBA (cross-
linker) could be controlled by ratio of monomer/cross-linker. The cryogel particles were
confirmed to poses elasticity and shape-memory function, resembling those of a sponge.
Notably, the shape deformation ratio of the cryogel particles reached 93.4 %, while
exhibiting good reversibility features. Overall, the method proposed herein is prospected
to provide an auspicious platform for the design and preparation of various polymer
materials with sponge-like mechanical properties. In particular, the cryogel particles
obtained here are attractive for the design of mechanical stimuli-responsive materials,
such as biosensors with added bio-separation/purification functionalities.

In Chapter 3, the versatility of preparation method was revealed by demonstrated
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to preparation with adopting different type of precursor (i.e. hydrophobic monomer,
hydrophilic monomer, and natural polymer). As the notably point, the preparation method
for polymer particles, was designed without “surfactant” in whole the process. All type
of prepared cryogel particles via the method were systematically and comprehensively
characterized. The particle size, sphericity, porosity, and elasticity were characterized as
the physical properties of cryogel particles. It was revealed that all type of cryogel
particles have high sphericity (> 92 %) with large porosity (> 74 %). As the result of
mechanical properties, there are some slight difference in detail characteristic. The type
of hydrophobic cryogel particles with using HEMA, NIPA, AAm for precursor show the
shape-memory function; deformation and restoration of the shape by mechanical
compression. Nevertheless, type of pTrim did not have shape-memory function. In the
case of agarose type, it takes time for restoration of shape. Totally, this preparation method
was found to be versatile and could possibly be beneficial for the “failor-made” because
of no-limitation caused by detergents for emulsion formation.

In Chapter 4, the hierarchical porous structure of cryogel particles was controlled
aspect of size (i.e. supermacropores, and macropores) and shape (i.e. directional pores
and open-pores). It was expected that controlled porous structure was optimized for
separation material. As a whole, morphologies of cryogel particles were revealed from
SEM images and MIP analysis. For the monomodal porous cryogel particles, it has
monolithic supermacroporous structure on surface side and directional porous structure
was distributed from surface to interior of the particles. For the bimodal porous cryogel
particles, it was found that monolithic supermacroporous structure with microporous
structure as open-pore shape formed on the polymer wall and directional porous structure
was also distributed with the macropores on the polymer wall. Subsequently, the
performance of cryogel particles was confirmed from macroscopic diffusion test and
kinetics of swelling degree. It was found that bimodal porous cryogel particles could be
beneficial for the mass transfer to the entire the particle through the pores and could have
ultrafast swelling ability. Therefore, the porous designed cryogel particles have potential
to application to separation carrier with those porous properties.

In Chapter 5, the polymer surface modification method with lipid membrane was

systematically and comprehensively designed and suggested. The method was
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categorized as (1) vesicle fusion method, (2) O/W emulsion method, and (3) impregnation
method. Based on Scheme 5-1, it can be designed the optimal polymer particles modified
with phospholipid membrane. Beforehand, the hydrophobic cryogel particles were
characterized with focusing on particle properties such as D,, p, Cv, opu, and size
distribution of pore size. Furthermore, the hydrophobicity of cryogel particles was tested
by placing aqueous and organic droplet on the particles. While the aqueous droplet was
held on the particle by repelling force, the organic droplet was immediately adsorbed into
the particle due to the hydrophobic polymer surface. It was found that the adsorbed
organic solvent was diffused into entire the particle by observation cross-section of the
cryogel particles. As the case study, it was demonstrated that the separation of O/W
emulsions stabilized with surfactant were accomplished by using hydrophobic cryogel
particles. It can be indicated that the surfactant using for emulsion stabilization distributed
and modified on the polymer surface through the separation process.

In Chapter 6, the utility of impregnation method was demonstrated by impregnation
lipid molecules with solvent in porous polymer particles and evaporated the solvent. It
was compared the functions with lipid membrane modified with the particles and
liposome membrane. The hydrophobic polymer particles modified with phospholipid
membrane were performed the chiral recognition of amino acid above 7, and below T,
of phospholipid membrane. As the result, the modified lipoid membrane on polymer
surface was accomplished chiral recognition below 7, similar as liposome membrane
system. Aspect of analysis of UV-spectra for the particles after chiral adsorption, it could
be implied that the adsorbed amino acid was diffused into hydrophobic region of lipid
membrane. For the practical application, the chiral separation of amino acid by using lipid
modified polymer particles were performed under racemic solution. It was found that the
modified polymer particles preferentially adsorbed L- amino acid. Thus, it has potential
of chiral selective adsorption of amino acid which can used as optical resolution materials.
Since the modified lipid membrane have a molecular recognition function same as
liposome membrane, the utility of impregnation method was revealed.

In Chapter 7, the whole designed the material at molecular scale to at bulk scale
was investigated the physicochemical properties of the modified lipid membrane.

Consequently, the changing membrane properties was induced by mechanical
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compression of cryogel particles. As the macroscopic view, the sponge-like cryogel
particles were drastically changed their shape by mechanical compression. According to
the shape deformation, the modified lipid on polymer surface could be caused the
membrane curvature at meso scale. Thus, the orientation of molecules with highly-
ordered and self-assembly by mechanical stimuli as microscopic scale at molecular level
have potentially attributed to change the various kinds of interactions.

In summary, it is expected that the sophisticated bioseparation can be designed
based on two schemes for polymer particles and for their modification with lipid
membrane by the interactions of target molecules on lipid membrane are controlled by

mechanical compression of cryogel particles.
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Nomenclatures

A = area of the particle after compression [um?]
Ao = area of area of the particle before compression [um?]
Cini = initial concentration of amino acid [mM]
Cn = filtered concentration of amino acid [mM]
Cp = phosphorus concentration [mM]
C, = coefficient of variation [-]

do = needle’s interior diameter [um]
D, = The mean diameter of the particles [um]
D = pore diameter of porous polymer particle [um]
e.e. = Enantiomer excess [%]
Epppc = entrapped amount of DPPC in PPP [mol]
g = gravitational force [g*cm/s?]
1 = Intensity of fluorescence [-]
Log P = partition coefficient [-]
M, = molecular weight of phosphorus [g/mol]
P = mercury pressure [psia]
q = adsorbed amount of amino acid per DPPC molecule [-]

R = Maximum diameter of cryogel particle [um]
r = Minimum diameter of cryogel particle [um]
S = Sphericity of cryogel particle [%]
T = Phase transition temperature [°C]
Veyiinder = Volume of particles in gradual cylinder [cmq]

110



Va = Volume of precursor droplet

Vs = Volume of solution

w = Weight

p = density of solution

Phulk = tapped bulk density

o = surface tension

y = surface tension of mercury
0 = contact angle of liquid mercury
T = fluorescence lifetime

A = peak position

€ = relative dielectric constant
® = porosity of cryogel particle
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List of Abbreviations

AA Amino acid

AAm Acrylamide

AES Atomic emission spectroscopy

APS Ammonium persulfate

BPO Benzoyl peroxide

CCD Charge-coupled device

CCB Coomassie brilliant blue G-250

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine
DPPC 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
DVB Divinylbenzene

EDMAB Ethyl-4-dimethylaminobenzoate

EDX Energy dispersed X-ray

GP349 General polarization calculated at exciting light at 340 nm
HEMA 2-Hydroxyethylmethacrylate

His Histidine

HIDA N-Hexadecyl iminodiacetic acid

ICP Inductively coupled plasma

iLF inversed Leidenfrost effect

KPS Potassium persulfate

Laurdan 6-Lauroyl-2-dimethylamino naphthalene
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la Liquid disordered phase

Lo Liquid ordered phase

MBA N, N’-Methylenebisacrylamide

MIP Mercury intrusion porosimeter

NIPA N-Isopropylacrylamide

o'W Oil-in-water

AA Amino acid

PIPS Polymerization induced phase separation
PPP Porous polymer particle

RNA Ribonucleic acid

SD Swelling degree

SEM Scanning electronic microscope

So Solid ordered phase

TEMED N,N,N',N'-tetramethylethylenediamine
THF Tetrahydrofuran

TIPS Temperature induced phase separation
Tn Phase transition temperature

TRES Time-resolved emission spectra

Trim Trimethylolpropane trimethacrylate
Trp Tryptophan

UV-Vis Ultraviolet-visible

W/O/W Water-in-oil-in-water
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