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1. Introductory remarks 
1.1. Background 

Separation processes play an important role in the chemical and pharmaceutical industries, 

where they account for 40−70% of the capital and the operating costs.1 In particular, they are very 

important in the context of wastewater treatment, diagnostics, chemical and biological analyses, and 

food processing. In these areas, suitable separation materials have to fulfill several requirements, which 

include e.g. low cost, high efficiency, selectivity, and reusability.2-6 One of the most used separation 

materials are "polymeric materials", such as membranes,7,8 resins,9,10 and gels,11,12 because they can 

be synthesized on a large scale and easily modified by chemical reactions to meet the stipulated criteria 

for specific industrial applications, resulting in great advantages for the chemical industry. For example, 

starting in the late 1960s, membrane processes have been gradually introduced to industrial 

applications in order to provide feasible alternatives for, and to complement more traditional 

purification and separation processes such as distillation, evaporation, adsorptions, extraction, and 

chromatography.13-17 This has been mostly motivated by the benefits that membrane technology offers 

relative to conventional techniques, specifically in terms of costs, environmental impact, and safety. 

 Apart from such bulk materials, "polymer microspheres" have also attracted much attention 

in material science.18-24 Generally, polymer microspheres are dispersed in media such as water, and 

can move microscopically via Brownian motion. Their typical size is below ~ 10 μm, and they exhibit 

a large specific surface area, fast response, the potential to be used in mass production, high 

diffusibility, as well as ease of recovery and handling. In the context of this thesis, hydrogel 

microspheres (microgels) refer to polymer microspheres dispersed in aqueous solution that are 

composed of hydrophilic polymers. In contrast to microspheres composed of hydrophobic polymers 

(solid microspheres), these microgels exhibit a three-dimensional cross-linked structure that swells in 

water25-35 and permits the controlled uptake/release of functional molecules. Indeed, target molecules 

can enter the inside of the microgels via diffusion, and exit the microgels upon applying an external 

stimulus,36-40 whereby the response of the microgels is extremely rapid compared to that of bulk gels. 

Such swollen gels afford the microgels with high dispersion stability on account of the steric 

stabilization. Owing to the unique properties of these microspheres, they have been used as 

templates,41-44 sensors,45-50 catalysts,51-55 and coatings56-60, and they represent promising prospects for 

advanced chemical technologies such as drug carriers.61-69 In particular, polymer microspheres could 

potentially be used as nanocarriers for chemical/biological separations. 
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 One can envisage that polymer microspheres could be useful for drug/gene-delivery systems, 

i.e., for the adsorption, transportation, and release of drugs via the polymer microspheres. Indeed, the 

number of reported papers on polymer microspheres in drug-delivery systems accounts for most of the 

reports on molecular separation carriers (Figure 1.1). 

 

 
Figure 1.1 Number of publications on target molecules for polymer microspheres using the following 
search terms. Drug: polymer particles AND drug; protein: polymer particles AND protein; DNA: 
polymer particles AND DNA; cell: polymer particles AND cell; ions: Polymer particles AND ions; 
dyes: polymer particles AND dyes; surfactant: polymer particles AND surfactant; reactive substrate: 
polymer particles AND reactive substrate. These values were obtained from Web of Science (Clarivate 
Analytics Co., Ltd.).
 

In the 1960s, Speiser focused on developing nanoparticulate systems for vaccination processes.70 Since 

then, marketed products based on nanotechnology have become available, while others are at the 

clinical trial stage. Nowadays, researchers focus on microspheres with a view to maintain chemical 

reactivity and to target specific compounds. The design of smart microspheres is subject to several 

requirements:71 i) the targeted delivery of an active compound that may include the penetration of

membranes and endocytosis in order to reach the target site; ii) the ability of the carrier to escape from 

biological protective mechanisms such as opsonization and the reticuloendothelial system clearance; 

iii) communication and recognition of environmental changes. Therefore, the modification and 

functionalization of the surface of microspheres with moieties that are responsive to a range of different 
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stimuli is beneficial. These stimuli can be endogenous (e.g., redox, enzyme, or pH value changes) or 

exogenous factors (e.g., light, ultra sound, or magnetic fields), as well as either endogenous or 

exogenous factors (temperature).72-75 

In addition to drug and biomolecule carriers, polymer microspheres have been used as the 

absorbents to remove impurities from wastewater. Different organic, inorganic and biological 

impurities are added to water from anthropogenic and natural sources.76 The presence of especially 

heavy metals in water inflicts serious harm to biological life. Moreover, organic impurities may include 

toxic dyes, antibiotics, herbicides, and aromatic compounds. Some of these pollutants can accumulate 

in the environment and become part of living organisms through the food chain.77 Heavy metals may 

react with organic compounds and thus damage living organisms.78,79 When microspheres are used to 

remove heavy metals from wastewater, coagulation and flocculation followed by sedimentation and 

filtration is usually employed. Coagulation is the destabilization of colloids by neutralizing the forces 

that keep them apart. Many coagulants that are widely used in conventional wastewater treatment 

processes, such as aluminum, effectively remove wastewater particulates and impurities by charge 

neutralization of polymer microspheres and by enmeshment of the impurities on the formed amorphous 

metal-hydroxide precipitates.80 

Coagulation and flocculation of the microspheres are, however, undesirable in living bodies 

(e.g., in drug delivery systems) as the aggregation of these carriers in small spaces such as a blood 

vessels may cause thrombosis. Moreover, the aggregated microspheres suffer from poor reusability 

due to the decrease in their specific surface area and the increased number of process steps for re-

dispersion.81 Therefore, many researchers use swollen microgels to remove these impurities82-86 

because they exhibit high colloidal dispersion stability due to the sterically stabilized hydrogel 

networks as well as high stimuli-responsiveness for the controlled uptake/release of target molecules.  

For example, Morris and Vincent et al. have reported the removal of Pb2+ from aqueous 

solutions using anionically charged poly(N-isopropyl acrylamide-co-acrylic acid) microgels, 

henceforth denoted as p(NIPAm-co-AAc) microgels. The deprotonated acrylic acid moieties in the 

microgels thereby strongly interact with the Pb2+ cations via attractive electrostatic forces.87,88 It was 

demonstrated that in the swollen state at low temperature, where the pNIPAm chains adopt a coil 

structure in water, flocculation of the microgels does not occur due to the adsorption of Pb2+. 

Conversely, above the lower critical solution temperature (LCST) of pNIPAm, where the pNIPAm 

chains undergo a coil-to-globule transition, the microgels aggregate. Thus, such temperature-induced 

flocculation could be used in a water clean-up system as a recovery mechanism for microgels 
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containing Pb2+. For the removal of organic impurities, Parasuraman et al. have demonstrated the 

removal capacity of p(NIPAm-co-AAc) microgels for the organic dye Orange .89,90 It was observed 

that the dye uptake capacity increases with increasing AAc content in the microgels, and the thermo- 

and pH-responsive behavior of the microgels allows controlling the uptake efficiency. 

The adsorption/desorption mechanisms of surfactants on the polymer microspheres have been 

investigated from a viewpoint that is different from removal, because surfactants, including sodium 

dodecyl sulfate (SDS), 4-hexylphenylazosulfonate, reactive sodium dodecyl allyl sulfosuccinate, are 

sometimes used to control the size and size distribution of the microspheres when they are synthesized 

by polymerizations, such as emulsion polymerization and precipitation polymerization.91-100 Pelton has 

reported thermo-responsive pNIPAm microgels for the first time in 1986101 and investigated the effect 

of SDS adsorption on the structural changes in the pNIPAm microgels by dynamic light scattering 

(DLS), small-angle neutron scattering, and binding isotherm measurements.102 It was proposed that 

SDS binds to the hydrophobic isopropyl groups on the pNIPAm microgels in units that contain a small 

number of SDS monomers. Furthermore, the uptake/release of functional surfactants as medical 

reagents has also been achieved. For example, Nerapusri et al. have demonstrated that the 

uptake/release of cetylpyridinium chloride, which is strongly bactericidal and antifungal, can be 

controlled by using thermo- and pH-responsive microgels.103 This result may lead to applications such 

as the release of bactericides into food processing lines, or even to the release of bactericides from 

teeth and gum surfaces in the mouth. 

 Additionally, the molecular uptake/release behavior of microgels is an important phenomenon, 

especially for novel functional microgels, such as oscillating microgels104-107 or organic/inorganic 

hybrid microgels that are used for catalysis,108-110 as the diffusion and adsorption of reactive substrates 

into the microgels directly determines the oscillation properties and reaction rate. Recently, it has been 

accepted that water-immiscible monomers such as styrene and glycidyl methacrylate can diffuse into 

swollen microgels, resulting in the formation of solid polymer composite microgels by seeded 

emulsion polymerization (SEM).111-114 In order to understand and improve the separation functions of 

microgels, the characterization of microgel networks at the molecular level is necessary as the target 

molecules interact and diffuse through these networks. In the context of this thesis, the relationship 

between the microscopic network structure was investigated, which was characterized by small-angle 

X-ray scattering, and the uptake behavior with respect to organic dyes.35,115,116 For that purpose, 

pNIPAm-based microgels were selected as model microgels given their thermo-responsive behavior 

and considering that they can be obtained in uniform size. These results indicate that hydrophobic 
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interactions between the hydrophobic domains of the constituent isopropyl groups and rhodamine 6G 

or erythrosine, which are cationic and anionic organic dyes, respectively, affect the uptake behavior 

(Figure 1.2). 

 

 
Figure 1.2 Illustration of the uptake behavior of thermo-responsive pNIPAm microgels with respect 
to organic dyes. Below the volume phase transition temperature (VPTT) of the pNIPAm microgels, 
the organic dyes are incorporated by the microgels, while above the VPTT, the dyes strongly interact 
with the deswollen pNIPAm microgels via hydrophobic interactions, which results in an increased 
uptake of dye quantities. Reprinted in part with permission from Kureha, T.; Sato, T.; Suzuki, D. 
Relationship between Temperature-Induced Changes in Internal Microscopic Structures of Poly(N-
isopropylacrylamide) Microgels and Organic Dye Uptake Behavior. Langmuir 2014, 30, 8717−8725; 
copyright 2014, American Chemical Society. 
 

 In addition to the internal structure of the microgels, the stimuli-responsiveness of the 

microgels is also important to improve the separation functions, especially with respect to a controlled 

release of the guest molecules. However, it was discovered that in conventional thermo- and pH-

responsive microgels such as p(NIPAm-co-AAc), the individual modes of response usually interfere 

with each other, which represents an intrinsic unsolved problem for such multi-responsive materials. 

Furthermore, in the presence of oppositely charged molecules, uncontrollable deswelling can occur 

due to adsorption.116 In contrast to the hitherto reported microgels, we developed in the context of this 
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thesis mechanically cross-linked microgels, in which thermo-responsive polymers were cross-linked 

by rotaxane networks.117 The aggregation/disaggregation between cyclodextrins in the rotaxane 

network, which can be controlled by the pH value, endows the microgels with a repeatable 

swelling/deswelling behavior. This mode of response does not interfere with the thermo-responsive 

behavior of the polymer backbone, both in the presence and absence of oppositely charged molecules. 

Therefore, these conceptually new microspheres may lead to the development of new design guidelines 

with applications that require a retention of their response even in environments that may contain 

foreign ions, for example, in in vivo experiments. 

Against this background, it is feasible to assume that the polymer microspheres could be very 

useful as molecular separation carriers, and the development of the required separation functions is 

currently in progress. Except for the aforementioned target molecules, such as metal ions, proteins, 

and DNA, the selective separation of "halogen compounds" has, to the best of our knowledge, not yet 

been achieved although many halide compounds act as drugs and require delivery, or need to be 

removed from wastewater.118-120 

Some anionic chlorine- and bromine-containing pollutants in industrial wastewater or natural 

water sources are of particular concern for safe drinking water due to their toxic, mutagenic, 

carcinogenic, or radioactive properties.118,119,121 For example, bromate has been proven to be both toxic 

and mutagenic in both in vitro and in vivo studies, as well as carcinogenic in animal studies. Conversely, 

iodine is an essential element for the healthy development of the thyroid gland, and iodine compounds 

such as liothyronine sodium are accordingly required in a certain concentration in the blood. The 

average intake of iodine required for optimal health is 80-150 mg/day, but a significant number of 

people around the word currently suffer from iodine deficiency.119 Thus far, the removal of anions of 

the halogen elements from aqueous solutions has been achieved predominantly using metallic 

materials, such as layered double hydroxides (LDHs).120-122 However, the release of adsorbed halide 

anions from these LDHs is necessary in order to carry out their reduction,121 which is usually 

accompanied by a release of chloride as a byproduct into solution, resulting in an increased number of 

reaction steps and hence removal costs. 

A strategy that would allow a fast uptake and controlled release of halogen-containing 

compounds at low cost independent of time and place should be highly attractive for applications that 

include water treatment and medical technologies. With this objective in mind, we focused on the use 

of polymer microspheres, as they exhibit the aforementioned properties. The driving force for the 

adsorption of halogen compounds in the context of this thesis is halogen bonding, which occurs via 
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noncovalent interactions and results in anomalously short intermolecular distances, under concomitant 

formation of strong atomic interactions and high selectivity. 

 Halogen bonding is a noncovalent form of interaction that is in some ways analogous to 

hydrogen bonding. It has been known since the 19th century that Cl2, Br2, and I2 can form complexes 

with Lewis bases such as ammonia and methylamines.123,124 Such interactions have previously been 

described as “charge–transfer” or “electron donor–acceptor” interactions. Mulliken125 and later 

Flurry126,127 have developed theoretical formalisms to describe such interactions. Eventually, it was 

recognized that not only dihalogens and interhalogens, but also many organic halogen-containing 

compounds can form such complexes. An important advance in understanding the noncovalent 

interactions of halogen atoms came from the analysis of large numbers of crystal structures from the 

Cambridge Structural Database128-130 by Murray-Rust et al., who were looking for anomalously short 

intermolecular distances, i.e. less than the sum of the van der Waals radii, of the atoms involved. Such 

distances were used as an indicator for unusually strong atomic interactions. For halogens linked to 

carbons, certain characteristic trends were observed. Close contacts with electrophiles, such as metal 

ions, occurred largely at angles of 90°–120° with the carbon-halogen bond. However, with 

nucleophiles such as oxygen and nitrogen atoms, the preferred angles were between 160° and 180°. 

These generalizations apply to Cl, Br and I. The near-linear interactions with nucleophiles have since 

been labelled “halogen bonding”.131-134 

The working hypothesis of this thesis was thus based on the notion that polymer microspheres 

with electronegative methoxy groups should be suitable for the bonding of halogen-containing 

compounds, given that the electron-donating groups such as methoxy and amino groups, should play 

an important role for the halogen-bonding acceptor. Thus, hydrophobic poly(2-methoxyethyl acrylate) 

(pMEA) and analogue polymers were selected as the microsphere backbone. Moreover, the adsorption 

behavior toward halogen compounds was compared to several control microspheres (Figure 1.3). 
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Figure 1.3. Chemical structures of the microspheres examined in this thesis. 

 

In this thesis, the separation of halogen compounds by polymer microspheres was attempted 

(Figure 1.4) as outlined below. 
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Figure 1.4. Summary of halogen-separating polymer microspheres in this thesis. Reproduced in part 
with permission from i) Kureha, T.; Suzuki, D. Nanocomposite Microgels for the Selective Separation 
of Halogen Compounds from Aqueous Solution. Langmuir 2017, in press, DOI: 
10.1021/acs.langmuir.7b01485; copyright 2017, American Chemical Society; and ii) Kureha, T.; 
Nishizawa, Y.; Suzuki, D. Controlled Separation and Release of Organoiodine Compounds using 
Poly(2-methoxyethyl acrylate)-analogue Microspheres. ACS Omega 2017, 2, 7686−7694; copyright 
2017, American Chemical Society. 
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1.2. Outline 

 This thesis covers three research topics. In Chapter I, the synthesis and characterization of 

pMEA microspheres is presented as a basis to understand the adsorption behavior of halogen 

compounds. The pMEA microspheres can be synthesized via conventional radical polymerizations 

and exhibit properties suitable for biological applications and coatings. In Chapter II, the adsorption 

behavior of pMEA microspheres is discussed. The addition of a stimuli-responsive gel matrix is a key 

factor for the release of halogen compounds. Chapter III reports the effect of halogen-bonding 

strength on the adsorption capacity of the microspheres, and the development of pMEA-analogue 

microspheres that contain side-chains with the ability to engage in halogen bonding with iodine-

containing compounds is discussed.  
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2. Chapter Ⅰ 

"Synthesis of poly(2-methoxyethyl acrylate) (pMEA) Microspheres" 
 
*Part of this work was published in Colloids and Surfaces B: Biointerfaces. Reprinted with permission from 

Kureha, T.; Hiroshige, S.; Matsui, S.; Suzuki, D. Water-immiscible bioinert coatings and film formation from 

aqueous dispersions of poly(2-methoxyethyl acrylate) microspheres. Colloids and Surfaces B: Biointerfaces, 

2017, 155, 166-172; copyright 2017, Elsevier B. V. 

 

2.1. Introduction 

To achieve the controlled separation of halogen compounds, the pMEA microspheres were 

prepared and characterized. So far, it is widely accepted that the pMEA is a new-generation bioinert 

polymer exhibiting poor water solubility.1 Tanaka et al. classified the structure of water adsorbed onto 

pMEA through differential scanning calorimetry into three types: nonfreezing water (nonfreezing 

bound water), intermediate water (freezing bound water), and free water (freezing water).2 They 

concluded that the intermediate water interacts with the methoxy moiety in the pMEA side-chain 

terminal with a small water cluster and it plays an important role in the bioinertness of pMEA.3 

Intermediate water also exists in poly(ethylene glycol) (PEG) and poly(methacryloyloxyethyl 

phosphorylcholine) (pMPC).2,4 Furthermore, pMEA chains have a glass transition temperature (Tg) of 

~ −50°C,1 resulting in a rubber-like state under body environment. Thus far, linear pMEA chains 

dissolved in organic solvents have been used as bio- and antifouling-coating agents for artificial 

heart/lung fabrication and metal products manufacturing.5 

Therefore, the author hypothesize that pMEA microspheres also show excellent 

biocompatibility and are suitable for applications such as bioseparation, sensors, and films’ formation. 

In addition, the revelation of the surface properties of pMEA microsphere helps me to understand the 

adsorption behavior of halogen compounds afterward.  

Here, the syntheses of pMEA-based microspheres have been achieved through various 

methods, as reported in previous literature. For example, microspheres with a size of less than 100 nm 

composed of pMEA and poly(poly(ethylene glycol) methyl ether methacrylate) (PPEGMA), which is 

used as a macromolecular chain transfer agent, were prepared by dispersion polymerization of MEA 

in water using a redox initiator, resulting in the formation of core–shell microspheres with a pMEA-

rich core and a PPEGMA-rich shell owing to the amphiphilic character of poly(MEA-b-PPEGMA).6 

In addition, (poly(MEA-co-poly(ethylene glycol)methyl ethyl acrylate))/poly(N,N’-dimethyl 
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acrylamide)) core–shell microspheres were prepared through reversible addition–fragmentation chain 

transfer (RAFT)-mediated dispersion polymerization, and their volume transition temperatures were 

controllable by tuning the monomer ratio.7  

Although, pMEA-based microspheres have been synthesized and considered as promising 

colloidal carriers, very few studies have been reported about their biocompatibility.[26] Since the pMEA 

chains in these microspheres are usually copolymerized with other water soluble polymers such as 

PEG-based6,7 and poly(N-vinylcaprolactam),8 checking their resistance to non-specific protein 

adsorption and the potential capacity of pure (or non-cross-linked and non-functionalized) pMEA 

microspheres is important to obtain the design concept for pMEA-based microspheres for future 

bioapplications.  

Moreover, to the best of my knowledge, the rubber properties of pMEA-based microspheres 

have not been discussed with respect to film formation despite the fact that polymer microspheres are 

suitable for the formation of tailorable films.9,10 This is an important research area as a majority of 

commercially produced latex polymers are typically being cast into films or are being used as binders. 

Particularly, rubber-state (i.e., low Tg) microspheres are soft and deformable, resulting in an easy 

fusion between them through the evaporation of water without the impurities such as surfactants, other 

polymers, and organic solvents.11 In addition, free-standing films have recently been researched 

extensively; it was observed that they are required to sustain their shape and maintain their properties 

after they are detached from the substrates and subsequently transferred to other surfaces.12,13 Indeed, 

in this chapter, an adhesive, flexible, and transferable free-standing film composed of soft pMEA 

microspheres is formed and characterized under mild and biocompatible conditions for applications in 

biomedical engineering. Previously, pMEA coatings were prepared by casting organic solvents such 

as 1,4-dioxane, toluene, and methanol and dissolving pMEA chains prepared through conventional 

solution polymerization.1-3 A large amount of organic solvents are expected to be required to synthesize 

pMEA chains and form free-standing films composed of these pMEA chains. Furthermore, although 

the pMEA chains prepared by living radical polymerization in water have been studied, the copolymer 

such as poly(2-hydroxyethyl acrylate) is necessary to dissolve the pMEA chains in water.14-16 

 Therefore, this chapter primarily aims at clarifying the properties of pure pMEA microspheres 

in terms of protein adsorption resistance and film formation. First, monodisperse pMEA microspheres 

are synthesized via aqueous free-radical precipitation or emulsion polymerization without any 

dispersion stabilizers such as surfactants and other polymers. The plasma protein adsorption behavior 

of the pMEA and other typical polymer microspheres is characterized in terms of the amounts of 
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plasma proteins adsorbed by the dispersed pMEA microspheres in a bulk solution. Moreover, a 

substrate coated with pMEA microspheres and a free-standing film is formed through water 

evaporation in the pMEA dispersion.  

 

2.2. Experimental Section 

Materials 

2-methoxyethyl acrylate (MEA, purity 98%), styrene (St, 99%), methyl methacrylate (MMA, 98%), 

ethyl acrylate (EA, 99%), butyl acrylate (BA, 99%), potassium peroxodisulfate (KPS, 95%), 2,2'-

azobis(2-methylpropionamidine) dihydrochloride (V-50, 98%), disodium hydrogenphosphate (99%), 

human serum albumin (HSA, 95%), fibrinogen from human plasma (FIB, 90%), and immunoglobulin 

G (IgG, 90%) were purchased from Wako Pure Chemical Industries and used as received. The water 

used for microsphere preparations was distilled and then ion-exchanged (EYELA, SA-2100E1), and 

Milli-Q water (Merck Millipore, LCMQ96001) was used for the polymer purifications, 

characterizations, and protein-adsorption experiments. 

 

Synthesis of pMEA and Control Microspheres 

The pMEA and other microspheres were prepared via aqueous soap-free precipitation or emulsion 

polymerization using the water-soluble anionic initiator KPS. Polymerizations were performed in a 

300-mL three-neck, round-bottom flask equipped with a mechanical stirrer, condenser, and nitrogen 

gas inlet. The initial total concentrations of each monomer are listed in Table 1. Monomer solutions 

were dissolved in 95 mL water in the round-bottom flask and heated to 70°C under a stream of nitrogen 

with constant stirring at 250 rpm. The solutions were allowed to stabilize for at least 30 min prior to 

initiation to purge oxygen. Free-radical polymerizations were then initiated using KPS (0.054 g) 

dissolved in water (5 mL). The solutions were stirred and allowed to react for 24 h. After the 

completion of the polymerizations, these dispersions were cooled to room temperature. Each 

microsphere was purified via centrifugation/redispersion with water twice using a relative centrifugal 

force (RCF) of 20000 × g followed by dialysis for a week with daily water changes.  

 

Characterization of the microspheres 

The hydrodynamic diameter (Dh) of the microspheres was determined through dynamic light scattering 

(DLS, Malvern Instruments Ltd., Zetasizer Nano S). The time-dependent scattering intensity was 

detected at a total scattering angle of 173°, corresponding to a scattering vector (q) of 0.0264 nm−1 in 
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aqueous media. The microspheres’ Dh was calculated from the measured diffusion coefficient using 

the Stokes–Einstein equation (Zetasizer software v6.12). The DLS experiments were conducted at a 

microsphere concentration of 0.001 wt%. The samples were allowed to thermally equilibrate at 25°C 

for 10 min prior to each measurement. The autocorrelation functions were an average of 15 

measurements with an intensity acquisition time of 30 s.  

The electrophoretic mobility of the microspheres was measured using a Zetasizer Nano ZS instrument 

(Malvern). The samples were allowed to thermally equilibrate at 25°C for 10 min prior to measurement. 

The electrophoretic mobility was measured at a microsphere concentration of 0.001 wt%, and NaCl 

was used to adjust the total salt concentration to 1 mM. The zeta potential was calculated from the 

measured mobility using the Smoluchowski equation (Zetasizer software ver. 4.20), which was applied 

when the radius of the microspheres was much larger than the thickness of the diffused electric double 

layer. 

Atomic force microscopy (AFM) images under ambient conditions were recorded using SPM-9500J3 

(Shimadzu, Kyoto, Japan) to visualize the microspheres deposited on the circular mica substrates 

(radius = 1.5 mm) operating in the contact mode. For sample preparation, the microsphere dispersion 

(0.5 μL) at the required concentration was applied on the freshly prepared mica and dried for 60 min. 

AFM imaging was performed using a Si3N4 probe (Olympus, OMCL-AC240FS). The scanning speed 

was 0.2 Hz and the operating voltage was 0.3 V. The scanning area was 30 μm × 30 μm, which is the 

full scale of this equipment. For the film preparation, a silicone template (10 mm × 10 mm × 1 mm, 

AS ONE corporation) was used. The microsphere dispersion (100 μL) was injected into the template 

and was dried for 12 h at room temperature. 

 

Protein adsorption experiment. 

HSA, FIB, and IgG were used as model plasma proteins and dissolved in sodium phosphate buffer 

(SPB, pH 7.0). The tested microsphere dispersions in SPB were poured into a vial. The final 

microsphere concentrations were 0.1 wt% for all experiments. The microsphere dispersions were 

allowed to thermally equilibrate at 25°C for 1 h with constant stirring at 300 rpm in an incubator (CN-

25C, Mitsubishi Electric Engineering Co., Ltd.). After the solution was stabilized in the incubator, the 

appropriate protein stock solution was injected into the vial. The final concentration of the tested 

proteins was adjusted appropriately for the individual conditions (50–2000 μg/mL). After exposure for 

60 min, the mixture was divided into three centrifuge tubes (SC-0200, Ina-Optika Co., Ltd.). The 

mixtures were centrifuged at an RCF of 20000 g to accumulate the microspheres at the bottom of each 
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tube. The three supernatants were carefully removed from the centrifuge tubes without disturbing the 

microsphere pellet at the bottom. The amount of proteins in the aqueous medium was determined using 

the bicinchonic acid (BCA) method, in which proteins reduce Cu2+ to Cu+ in the alkaline condition 

and the Cu+ forms a complex with BCA.17 These reactions proceed quantitatively. Therefore, the 

absorbance at 562 nm, which is characteristic of the complex, provides the protein amount. 

 

2.3. Results and Discussion 

2.3.1. Synthesis of pMEA Microspheres in Aqueous Solution 

 The pMEA and other polymer microspheres were synthesized via precipitation or soap-free 

emulsion polymerization in water (Table 2.1).  

 

Table 2.1 Summary of synthetic conditions and characterization for anionic polymer microspheres. 

 
a The yield was calculated using a dry-weight method of microsphere dispersions after purification. 
b The data were measured when the microspheres were dispersed in a pH 7.0 SPB (80 mM). 

 

 When the concentration of MEA monomer was 100 mM, MEA was completely dissolved in 

water because the solubility of MEA is ~290 mM (37.7 g/L at 25°C) and pMEA was insoluble in water. 

Therefore, MEA is a potential candidate for meeting the requirements for demonstrating aqueous 

precipitation polymerization. Furthermore, in the case of 500 mM and 1000 mM, the MEA monomer 

was not completely soluble in water, and the polymerization followed the soap-free emulsion 

polymerization mechanism and not the precipitation polymerization mechanism. The difference in the 

polymerization mechanisms did not influence the resultant pMEA microspheres adversely because the 

yields of the series of pMEA microspheres obtained were approximately 90%, which is similar to that 
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observed in other control polymer microspheres, i.e., pSt, pMMA, pEA, and pBA (Table 2.1), and the 

resultant microspheres were uniform size, as determined from the AFM images (Figure 2.1).  

 

 
Figure 2.1 AFM images of polymer microspheres; (a) pMEA214, (b) pMEA450, (c) pMEA1050, (d) 
pMEA+, (e) pSt, (f) pMMA, (g) pEA, and (h) pBA. The coefficient of variation (CV) of each 
microsphere is also shown (N = 50), indicating that the size these microspheres is uniform. 
 

In addition, the size of the pMEA microspheres can be controlled from ~200 nm to ~1 μm by tuning 

the monomer concentration (100–1000 mM), which is similar to that of a typical microsphere synthesis, 

for instance, polystyrene18 and poly(methyl methacrylate).19 In addition, the dispersion stability of 

these microspheres was provided by the electrostatic repulsion originating from the sulfate groups 

introduced by the initiator, which caused a negatively charged surface as evidenced by the zeta 

potential, ζ (Table 1). Thus, the microspheres were stable even though other polymers or surfactants 

did not exist on the surface. As mentioned above, pMEA-based microspheres with well-defined 

structures have been synthesized by RAFT dispersion polymerization through a complicated process, 

which requires the use of a synthesized macromolecular chain transfer agent and organic solvents such 

as dioxane and N,N’-dimethylformamide.6,7 In contrast to these pMEA-based microspheres, the 

resultant pMEA microspheres in this study were prepared through simple and green methods using 

only a monomer, an initiator, and water. In addition, the pMEA microspheres have clean surfaces and 

a uniform size. Therefore, it is easy to conduct theoretical experiments for the characterization of the 

microsphere surface, including film formation and adsorption behavior of proteins as described below. 
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2.3.2. Characterization of Plasma Protein Adsorption Behavior of pMEA Microspheres 

 To characterize the plasma protein adsorption resistance of dispersed pMEA microspheres 

in bulk solution, adsorption studies were conducted using HSA, FIB and IgG, which are the major 

components of plasma proteins, in a pH 7.0 SPB. At pH 7.0, HSA and FIB were negatively charged 

and IgG was positively charged, because the isoelectric points of HSA,20 FIB,21 and IgG22 are 5.3, 5.5, 

and 9.0, respectively. The anionic pMEA microsphere with the size of ~200 nm (pMEA214, Table 1) 

was selected mainly for the adsorption experiments because it had the largest specific surface area 

among the microspheres studied here. Figure 2.2 shows the adsorption isotherm of the HSA, FIB, and 

IgG proteins onto the tested anionic microspheres as a function of the protein concentration. Here, the 

adsorbed amounts of the proteins were normalized against the total surface area of each microsphere 

at 0.1 wt% because the size of the tested microspheres was different for each chemical species (Table 

1). Except for pMEA, HSA, FIB and IgG exhibit significant non-specific adsorption despite the fact 

that the net charge of HSA, FIB, and the tested microspheres was negative at pH 7.0 (Fig. 2.2a,b). 

This may be because of the occurrence of the two interactions, a hydrophobic interaction between the 

hydrophobic surface of the microspheres and the proteins, and an electrostatic attractive force as the 

uneven distribution of the charges on the surface of the proteins leads to a dipole moment of 

appreciable magnitude. Therefore, the adsorption of HSA and FIB was induced by the electrostatic 

attractive force between the protein and the microspheres, which is similar to that of cationic IgG.  

 

Figure 2.2 The adsorbed amounts of plasma proteins per unit surface area of anionic pMEA (open 
diamonds), pSt (solid circles), pMMA (open circles), pEA (solid triangles), pBA (open triangles), and 
cationic pMEA microspheres (solid diamonds) at 0.1 wt% in a pH 7.0 sodium phosphate buffer as a 
function of protein concentration; anionic human serum albumin (a, HSA), anionic fibrinogen (b, FIB), 
and cationic immunoglobulin G (c, IgG). 
 

 In contrast, the adsorbed amounts of the plasma proteins per unit surface area of the anionic 

pMEA microspheres were much lower than those of the other polymer microspheres, and the plasma 
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protein adsorption onto the negatively charged pMEA microspheres was suppressed even when the 

protein concentrations increased to 2000 μg/mL (i.e., ~3.8 μg/cm2 for pMEA and ~85.5 μg/cm2 for pSt 

in the case of HSA, Figure 2.2), suggesting that the energy required for the dehydration of the sulfate 

group and the ionic group of the proteins surpasses the electrostatic attractive force, which removes 

the water localized at the surface and causes the adsorption of proteins.23  

 In many studies of pMEA chains, the surface potential of the pMEA coated surface was 

approximately 0 mV because the pMEA chains were usually prepared through free radical 

polymerization using a nonionic initiator, 2,2’-azobis-isobutyronitrile.1-3 Thus, the effect of the charge 

on the protein adsorption behavior of pMEA has not been discussed. In the present study, the amount 

of cationic IgG adsorbed by the anionic pMEA microspheres was slightly higher than that adsorbed 

by anionic HSA and FIB (e.g., ~3.8 μg/cm2 of HSA and 7.6 μg/cm2 of IgG at 2000 μg/mL, Figure 

2.2a,c). Thus, to confirm the effect of the charged state of the pMEA microspheres on the protein 

adsorption, cationic pMEA microspheres (pMEA+) were synthesized through precipitation 

polymerization with the cationic initiator V-50 (2 mM) at a monomer concentration of 100 mM. The 

polymerization was conducted under the same conditions as in the case of anionic pMEA214 

microspheres. As a result, the hydrodynamic diameter Dh and the zeta potential ζ of pMEA+ dispersed 

in pH 7.0 SPB were found to be 243 nm and 21.3 mV, respectively. Furthermore, they were uniform, 

as evidenced from the AFM image (Figure 2.1). The amounts of the tested plasma proteins adsorbed 

by cationic pMEA+ are also shown in Figure 2.2, indicating that the amounts of proteins adsorbed per 

unit surface area are close to those for the anionic pMEA microspheres. Especially, the amounts of 

IgG are slightly smaller than that of anionic pMEA microspheres, but this difference is within the error 

range (~ 3 μg / cm2). It seems reasonable to interpret that intermediate water, which is bound to the 

bioinert polymer, including uncharged pMEA chains,1 PEG, 1 and pMPC,4 also exists at the surface of 

the charged pMEA microspheres synthesized in this chapter. Therefore, it is assumed that similar to 

the uncharged pMEA linear chain, the oxygen atom of the methoxy group in the pMEA microsphere 

also interacts with the intermediate water, and plays an important role for bioinertness. Notably, the 

pMEA microsphere size does not affect the amounts of plasma proteins adsorbed, i.e., the pMEA 

microspheres (pMEA450 and 1050) are able to suppress non-specific protein adsorption (Figure 2.3). 
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Figure 2.3 The amounts of plasma proteins (a; HSA, b; FIB, and c; IgG) adsorbed by pMEA 
microspheres with different sizes as a function of the protein concentration. 
 

 

2.3.3. Coating and Formation of Films of pMEA Microspheres 

In this chapter, pMEA microspheres are obtained in a batch through aqueous free radical 

polymerization and they exhibit a suppression of non-specific adsorption of proteins, suggesting that 

the easy film formation by these microspheres can have many bioapplications, such as that in implant 

devices and protein adsorption-preventing barriers. Therefore, to form a pMEA microsphere film by 

depositing a pMEA dispersion and evaporating water, the author investigated the effect of the pMEA 

concentration on the substrate surface coverage. Figure 2.4 shows the AFM images of the adsorbed 

pMEA microspheres with different concentrations (wt%) measured under ambient conditions. The 

analysis of the AFM images presented in Figure 2.4 provides the coverage of the substrate by adsorbed 

pMEA microspheres with different sizes, and the average coverage is plotted as a function of the 

microsphere concentration in Figure 2.5. Note that, the pMEA microspheres are adsorbed on the 

substrate without spin-coating and precoating, which results in the variable arrangement of the 

microspheres on the substrate when the film thickness is nearly equal to the microsphere diameter 

because the immersion capillary forces between the microspheres can be operative and responsible for 

the experimentally observed two-dimensional microsphere aggregation and ordering during 

evaporation in a thin liquid layer.24,25 Indeed, the white turbid part and the transparent part are observed 

for the same pMEA microsphere thin films, for instance, 3 wt% for pMEA450, and the coverage differs 

depending on the location of the substrate when the pMEA concentration is low (e.g., 0.1 and 1 wt% 

for pMEA1050, as shown in Figure 2.8). Thus, the average coverage is determined from the ten images, 

as shown in the Figures 2.6, 2.7, and 2.8, and the typical images are shown in Figure 2.4. 
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Figure 2.4 Typical AFM images (scan size: 30 × 30 μm2) of the adsorbed pMEA microspheres with 
different sizes at each concentration (0.1–5 wt%); pMEA214 (a-d), pMEA450 (e-h), and pMEA1050 
(i-l). The insets show photographs of pMEA microsphere thin films formed after drying the 
microsphere dispersions. 0.5 μL of pMEA dispersions were dried on fresh mica substrates at room 
temperature (25 ± 2°C). Humidity was less than 30% in all cases.
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Figure 2.5 Mean coverage of adsorbed pMEA microspheres with different sizes against the 
concentration obtained from the AFM images with a scan size of 30 × 30 μm2 (N = 10), as shown in 
Figures 2.4, 2.6, 2.7, and 2.8. 
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Figure 2.6 AFM images (scan size: 30 × 30 μm2) of pMEA214 microspheres with different 
concentrations (0.1–5 wt%). Scale bars are 10 μm. The coverage (θ) of adsorbed pMEA microspheres 
on the substrate is shown at each image, and the average coverage is calculated and displayed in Figure 
2.5. 
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Figure 2.7 AFM images (scan size: 30 × 30 μm2) of pMEA450 microspheres with different 
concentrations (0.1–5 wt%). Scale bars are 10 μm. The coverage (θ) of adsorbed pMEA microspheres 
on the substrate is shown at each image, and the average coverage is calculated and displayed in Figure 
2.5. 
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Figure 2.8 AFM images (scan size: 30 × 30 μm2) of pMEA1050 microspheres with different 
concentrations (0.1–5 wt%). Scale bars are 10 μm. The coverage (θ) of adsorbed pMEA microspheres 
on the substrate is shown at each image, and the average coverage is calculated and displayed in Figure 
2.5. 
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Here, as indicated from the results of the AFM cross-sectional analysis (Figure 2.9), the 

adsorbed pMEA microspheres on the substrate are deformed at the dried state. The formation of a dry, 

homogeneous film from a polymer microsphere dispersion in water is described as a series of three 

sequential processes: (1) water evaporation to concentrate the microspheres and overcome the 

repulsion that maintains colloidal stability,26 (2) microsphere deformation into space-filling 

polyhedra,27-29 and (3) interdiffusion of the polymer chains to blur the microsphere boundaries and 

build cohesive strength.30-32 Thus, the deformation of pMEA microspheres is the key factor for the 

film formation and substrate coverage. Here, the deformation degree (Dd) is defined as the value 

obtained by dividing the hydrodynamic diameter by the height (h) of the pMEA microsphere adsorbed 

on the substrate, which are obtained by DLS and AFM measurements, respectively. The average values 

of h and Dd are shown in Table 2.2. By increasing the hydrodynamic diameter of pMEA microsphere 

from 214 nm to 1050 nm, Dd of the pMEA microspheres is found to decrease (e.g., Dd ~ 4.0 for 

pMEA214, Dd ~ 2.4 for pMEA450, and Dd ~ 1.8 for pMEA1050) when the average value of h is 

calculated from that of the individual microspheres on the substrate (i.e., the aggregation height of 

microspheres is not measured).  

 

 

Table 2.2. Summary of pMEA microsphere deformation data. 

 
a The height of the adsorbed microspheres was calculated from the AFM images (N = 50). 
b The deformation degree Dd was defined as Dh (dispersed state)/h (dried state). 
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Figure 2.9 AFM images of pMEA microspheres (top) and the cross-sectional analysis (bottom). The 
displayed cross-sectional data reflect the results of the microspheres drawn using white lines in the top 
panels.
 

The modern approach to adhesion between elastic bodies, including microspheres, in a contact 

is based on the classical work by Johnson, Kendal, and Roberts (JKR)33 that extended the Hertz 

theory34 of the elastic contact by accounting for the effect of adhesion in the contact area. According 

to this model, the height of the deformed microsphere is defined as Δh  Rp(W/KRp)2/3. Rp is the 

radius of an elastic sphere, W is the work of adhesion, and K is rigidity of microsphere (= 2G / (1 − ν)), 

where G is the sphere shear modulus and ν is the Poisson ratio. This means that the microspheres are 

more deformed (i.e., the changes in height become pronounced) when the size of the pMEA 
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microsphere increases, assuming that the pMEA microspheres have the same rigidity. However, as can 

be seen from the Dd values, a series of pMEA microspheres shows the opposite tendency; smaller 

microspheres are deformed more than the larger microspheres. Indeed, the sphere shape of pMEA214 

aggregation and the boundary between them cannot be clearly observed when the aggregation of the 

pMEA microspheres is observed using enlarged AFM images (Figure 2.10a). In contrast, the sphere 

shape of pMEA1050 aggregation is maintained (Figure 2.10c) compared with that of pMEA214. The 

pMEA microspheres do not contain the chemical cross-linking, indicating that the sphere shape is 

maintained by physical cross-linking, such as entanglement and interpenetration between pMEA 

chains. Therefore, the author infers that the synthetic method affects the rigidity of the resultant pMEA 

microspheres, but this is unclear in the present study and it will be clarified in our following studies. 

Moreover, a higher microsphere weight leads to an increase of the average coverage. Particularly, the 

coverages of pMEA microspheres are close to ~90% for the same concentration (5 wt%), even when 

the size of the pMEA microspheres is different (Figure 2.5). With decreasing pMEA microsphere size, 

the concentration of pMEA dispersion in which the coverage is close to above 80% decreases (e.g., 1 

wt% for pMEA214 and 5 wt% for pMEA1050). This may be because of the fact that the number and 

Dd of pMEA214 is larger than that of pMEA450 and 1050 for the same concentration. 

 

 
Figure 2.10 The enlarged AFM images of adsorbed pMEA microspheres; (a) pMEA214, (b) 
pMEA450, and (c) pMEA1050. The concentration of deposited pMEA dispersions at each image is 5 
wt%. 
 

In addition to the formation of pMEA coating, the free-standing film, which is strong enough 

not to be deformed even when it is removed from the template, can be formed by simply injecting the 

pMEA dispersion into the template without an additive, such as a precoating layer, and a microsphere 

cross-linker. Figure 2.11a shows the film composed of pMEA1050 microspheres with different 

concentrations. The concentration of pMEA microspheres is an important factor for obtaining a useful 



 

 38 

film, because films are found to be deformed by removing the template when the injecting weight to 

the template is low (e.g., 5 and 10 mg in Figure 2.11a). Therefore, the interdiffusion between the soft 

and deformable microspheres serves as a physical cross-linking point of the whole film, resulting in 

an increase in the strength and thickness to maintain the film’s shape. If the strength of the 

microspheres increases and/or the interdiffusion between the surfaces of the microspheres is linked by 

chemical cross-linking, stable films will be formed even at low concentrations.11,35 However, there is 

a possibility that the biocompatibility of pMEA microspheres may decrease when the cross-linking 

agent is added to the microsphere system. This may be because flexibility and mobility are important 

factors for the pMEA chains’ bioinertness,36 as characterized by 13C dipolar decoupled magic-angle 

spinning and cross-polarization magic-angle spinning NMR methods, besides the intermediate water 

on the polymer surface, allowing me to infer that the flexibility of polymer chains may be decreased 

by chemical cross-linking. 

Here, the free-standing pMEA film was successfully transferred from a silicone substrate to 

a glass substrate and it adhered to the substrate strongly (Figure 2.11b). The adsorbed film was stable 

when soaked in pH 7.0 SPB for a week and disintegration of the film was not observed (Figure 2.11c). 

After the film was transferred and it adhered onto a flexible silicone substrate, it covered the desired 

location of the substrate (Figure 2.11d). These results suggest that the pMEA microsphere film may 

be used to modify body surfaces like human skin or organs that cannot be accomplished through direct 

self-assembling.12 As mentioned above, it is expected that it may be necessary to form and case organic 

solvents dissolving pMEA linear chains to develop a free-standing film. In addition, the free-standing 

pMEA film can probably be made through bulk polymerization. However, it is necessary to perform 

polymerization each time for the preparation of many films and remove both the residual monomer 

and heat of polymerization. In this chapter, pMEA microspheres are suitable for the formation of clean 

and sustainable coatings or free-standing films because the organic solvents are not used for the 

preparation of pMEA microspheres and their applications, and the tailorable film cannot be formed by 

only injecting pMEA aqueous dispersion and evaporating the aqueous medium. Indeed, the required 

shape film is obtained by tuning the template shape (Figure 2.11e). 
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Figure 2.11 (a) Photographs of pMEA microsphere films with different injecting weights (5–25 mg) 
to the template (10 mm × 10 mm × 1 mm) after removal from the template, except for the left panel at 
5 mg. Scale bars are 10 mm. (b) the transferred pMEA1050 film (15 mg) from a silicone substrate to 
a glass substrate, (c) the soaked film in pH 7.0 SPB after a week, (d) the adsorbed film on the flexible 
silicone substrate, and (e) the different shapes of the pMEA1050 (15 mg) films adsorbed on the glass 
substrate. The films are indicated by the arrows. 
 

2.4. Conclusions 

The author found that non-functionalized and non-cross-linking pMEA microspheres could 

be obtained by aqueous soap-free precipitation and emulsion polymerization in water. These pMEA 

microspheres showed a suppression of non-specific protein adsorption, which was confirmed through 

a plasma protein adsorption experiment; the adsorption amounts of the HSA, FIB, and IgG were much 

lower than those on other surfaces of the polymer microspheres in bulk solution, regardless of the 

charged state of the pMEA microspheres. Moreover, the injectable pMEA dispersion could be applied 
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to form the pMEA coated substrate and the adhesive and transferable free-standing film owing to the 

rubber property of the pMEA microspheres without any impurities and organic solvents, which are 

usually used to form the pMEA chains and their applications.  
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3. Chapter Ⅱ 

"Characterization of the Halogen Compound Separation Capacity of pMEA 

Microspheres and pMEA Composite Hydrogel Microspheres" 
*Part of this work was published in Langmuir. Reprinted with permission from Kureha, T.; Suzuki, D. 

Nanocomposite Microgels for the Selective Separation of Halogen Compounds from Aqueous Solution. 

Langmuir 2018, 34, 837-846; copyright 2018, American Chemical Society. 

 
3.1. Introduction  

 In Chapter Ⅰ, the non-functionalyzed pMEA microspheres can be synthesized easily and 

characterized in terms of bioinertness and coating ability. Thus, in this chapter, the adsorption capacity 

for the halogen compounds of pMEA microspheres is investigated. Moreover, the author designs 

nanocomposite microgels, wherein the solid pMEA components are distributed and dissolved in the 

entire swollen microgel at the molecular level because the gel network permit the controlled 

uptake/release of functional molecules. This should afford a high specific adsorption volume, high 

dispersion stability, and the ability to release the target molecules from the solid pMEA domains. In 

this chapter, the pMEA components were incorporated in swollen microgels and their functions, such 

as selective separation, controlled release, and usability are also discussed. 

 

3.2. Experimental Section 

Materials  

2-methoxyethyl acrylate (MEA, purity 98%), styrene (St, 99%), methyl methacrylate (MMA, 98%), 

ethyl acrylate (EA, 99%), butyl acrylate (BA, 99%), potassium peroxodisulfate (KPS, 95%), disodium 

hydrogenphosphate (99%), eosin Y (EoY, 95%), phloxine B (PhB, 98%), erythrosine (Ery, 95%), rose 

bengal (RB, 95%), orange II (OrII, 98%), tartrazine (Ttz, 98%), and sea sand (methanol washed, 425-

850 μm, 20-35 mesh) were purchased from Wako Pure Chemical Industries and used as received. 

Poly(ethylene glycol) methyl ether methacrylate (OEG, av. Mn = 300 g/mol) and ethylene glycol 

dimethacrylate (EGDMA, 98%) were purchased from Sigma-Aldrich and used as received. Water used 

for microsphere preparations was distilled and then ion-exchanged (EYELA, SA-2100E1). 

 

Synthesis of pMEA, control, and pMEA composite microspheres 

All microspheres were prepared via aqueous soap-free precipitation or emulsion polymerization using 

potassium peroxodisulfate (KPS). Polymerizations were performed in a three-necked round-bottom 
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flask (300 mL) equipped with a mechanical stirrer, condenser, and nitrogen gas inlet. For p(MEA-co-

NIPAm) and p(MEA-co-AAm) microgels, the initial total monomer concentration was held constant 

at 100 mM. Mixtures of NIPAm (0.555 g, 49 mol%) or AAm (0.348 g, 49 mol%), MEA (0.651 g, 50 

mol%), and BIS (0.015 g, 1 mol%) were prepared as the monomer solution. For highly cross-linked 

pMEA composite microgels (pM6O4E5), the initial total monomer concentration was held constant 

at 100 mM. Mixtures of MEA (0.781 g, 60 mol%), OEG (1.050 g, 35 mol%), and EGDMA (0.099 g, 

5 mol%) were prepared as the monomer solution. All monomer solutions were dissolved in water (95 

mL) in the round-bottom flask and heated to 70 °C under constant stirring (250 rpm) and a stream of 

nitrogen. The solutions were allowed to stabilize for at least 30 min prior to initiation. Free-radical 

polymerizations were subsequently initiated using KPS (0.054 g) in water (5 mL). The solutions were 

stirred for 24 h, and after the completion of the polymerizations, the obtained dispersions were cooled 

to room temperature. Each microsphere was purified via two cycles of centrifugation/re-dispersion in 

water using a relative centrifugal force (RCF) of 20000 × g, followed by dialysis for a week with daily 

water changes.  

 

Characterization of the microspheres 

The hydrodynamic diameter (Dh) of the microspheres was determined by DLS (Malvern Instruments 

Ltd., Zetasizer Nano S). The time-dependent scattering intensity was detected at a total scattering angle 

of 173° in aqueous solution. Dh values of the microspheres were calculated from the measured 

diffusion coefficient using the Stokes–Einstein equation (Zetasizer software v6.12). The DLS 

experiments were conducted at a microsphere concentration of 0.001 wt%. The samples were allowed 

to thermally equilibrate at the desired temperature for 10 min prior to each measurement. The 

autocorrelation functions used an average of 15 intensity measurements (acquisition time: 30 s). The 

electrophoretic mobility of the microspheres was measured using a Zetasizer Nano ZS instrument 

(Malvern) at a microsphere concentration of 0.001 wt%. Samples were allowed to thermally equilibrate 

at 25 °C for 10 min prior to each measurement. The zeta potential of the solid microspheres was 

calculated from the measured mobility using the Smoluchowski equation (Zetasizer software ver. 4.20). 

Atomic force microscopy (AFM) images were recorded under ambient conditions using an SPM-

9500J3 microscope (Shimadzu, Kyoto, Japan) operating in contact mode to visualize the microspheres 

deposited on circular mica substrates. For the sample preparation, microsphere dispersions (0.5 μL) at 

the required concentration were applied on freshly prepared mica substrates and dried for 60 min. AFM 
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images were recorded using an Si3N4 probe (Olympus, OMCL-AC240FS; scanning speed = 0.2 Hz; 

operating voltage = 0.3 V). 

 

Dye adsorption experiments 

Stock solutions of anionic dyes (20 mM) in a sodium phosphate buffer (SPB; 80 mM, pH = 7.0) were 

prepared. The tested microsphere dispersions were poured into a vial. The final concentration of the 

microsphere was 0.1 wt% for all experiments. The microgel dispersions were allowed to thermally 

equilibrate at the desired temperature for 1 h under constant stirring (300 rpm) in an incubator (CN-

25C, Mitsubishi Electric Engineering Co., Ltd.). After the solutions had stabilized in the incubator, the 

appropriate dye stock solutions were injected into the vials. The final dye concentrations were adjusted 

appropriately for the required conditions (0.1-2 mM). After 1 h of exposure, the mixtures were divided 

into three centrifuge tubes (SC-0200, Ina-Optika Co., Ltd). The mixtures were centrifuged (RCF; 

20000 × g) to pack the microspheres at the bottom of each tube. The supernatants were carefully 

removed from the centrifuge tubes without disturbing the microsphere pellets at the bottom and the 

absorbance of each supernatant was measured using a UV–vis spectrophotometer (JASCO, V-

630iRM).  

Analysis of the adsorption isotherms. The Langmuir model is based on the assumption that maximum 

adsorption corresponds to monolayer formation of the adsorbate layer on the adsorbent surface. The 

energy of adsorption is constant and no transmigration of adsorbate occurs on the surface.1 The 

mathematical form of Langmuir equation is 
Ce

Qe
= 

Ce

Qm
 + 

1
Qmb

… (1) 

where Ce (mg L-1) represents the equilibrium dye concentration in solution, Qe (mg g-1) the amount of 

adsorbed dyes by the microspheres, Qm (mg g-1) the adsorption capacity, i.e., the amount of dye that 

can be absorbed by a unit mass of the adsorbent for the formation of monolayer on the surface, and b 

(L mg-1) the Langmuir constant, which is related to the affinity between the dyes and microspheres. A 

dimensionless equilibrium parameter (RL), known as the separation factor can be calculated using the 

following equation:2 

RL = 
1

(1 + bC0)
… (2) 

where C0 (mg L-1) is the initial dye concentration in solution. 

The Freundlich isotherm can be used to describe the adsorption on both homogeneous and 
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heterogeneous surfaces.3 The linearized form of Freundlich isotherm is: 

log Qe= log KF+ 
1
n

 log Ce… (3) 

where KF and n represent the Freundlich constants that describe the adsorption capacity at unit 

concentration and intensity of adsorption, respectively. 

 

Dye release experiments  

The optimal conditions for the adsorption of dyes were used to prepare a mixture of the microspheres 

and dyes. After the supernatant was removed from each centrifuge tube, each microsphere pellet was 

re-dispersed in a different buffer solution at 25, 40, or 70 °C, and placed in the centrifuge tubes at the 

same concentration used in the adsorption experiment. Each dispersion was subsequently mixed for 1 

h using a thermomixer (Thermomixer R, Eppendorf) at 25, 40, or 70 °C. This period was selected for 

all microspheres, as complete re-dispersion occurred under all conditions used for the release 

experiments. Each mixture was then centrifuged (RCF; 20000 × g) and the supernatants were removed 

from the centrifuge tubes. The absorbance of each supernatant was measured using a UV–vis 

spectrophotometer. 

 

Preparation of the microsphere films and columns 

For the preparation of the free-standing film, a silicone template (10 × 10 × 1 mm3; AS ONE 

corporation) was used. A microsphere dispersion (50 mg, 100 μL) was injected into the template and 

dried for 12 h at room temperature. For the preparation of the microsphere-packed column, 

microsphere powder was obtained by freeze drying (FDU-1200, Tokyo Rikakikai Co., LTD.). Cotton 

wool was packed on the inside bottom of a Pasteur pipette (IWAKI IK-PAS-5P, IWAKI&CO., LTD.), 

followed by sea sand (0.10 g) in order to prevent the pMEA microspheres (0.05 g) or microgels (0.05 

g) from escaping the pipette with the dye solution. Prior to the injection of the dye solutions, the 

columns were washed by injecting pure water.  

 

3.3. Results and Discussion 

3.3.1. Adsorption Behavior of Halogen Compounds on pMEA Microspheres 

First, hydrophobic pMEA was selected as the solid component, as i) pMEA can be easily 

obtained by free-radical polymerization,4-8 and ii) pMEA chains exhibit good compatibility with 

human blood,4-7 which may be beneficial for the development of biological applications. Pure, i.e., 
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non-fractionalized and non-cross-linked pMEA microspheres with uniform size were synthesized via 

precipitation and soap-free emulsion polymerization in water (Table 3.1 and Figure 3.1).8 In addition, 

given the low glass-transition temperature of the pMEA chains (Tg ~ −50 °C),4 polystyrene (pSt), 

poly(methyl methacrylate) (pMMA), poly(ethyl acrylate) (pEA), and poly(butyl acrylate) (pBA) were 

selected as solid control microspheres that cover a wide Tg range. These solid microspheres exhibit 

negatively charged surfaces on account of the sulfate groups introduced by the initiator, which is 

reflected in the zeta potential, ζ (Table 3.1), allowing us to ignore the effect of electrostatic attraction 

between the microspheres and the tested anionic dyes on the halogen-bonding intensity.  

The chemical structures of the tested dye are shown in Figure 3.2, and their visible absorption 

spectra are shown in Figure 3.3. The anionic halide xanthene dyes, eosin Y (EoY), erythrosine (Ery), 

phloxine B (PhB), and rose bengal (RB) were selected as model halogen-containing compounds to 

examine the origin of the halogen bonding, since it is generally accepted that the strength of the donor-

acceptor interaction depends on the polarizability of the halogen atom, which decreases in the order I 

> Br > Cl.9-11 In order to compare the halogen bonding with other, e.g. hydrophobic interactions, other 

anionic dyes that do not contain halogen atoms such as orange II (OrII) and tartrazine (Ttz) were also 

examined. 

 

Table 3.1 Summary of the synthetic conditions for the generation of solid anionic microspheres and 
their characterization.

 
aData were measured on dispersions of the microspheres in sodium phosphate buffer (80 mM) at pH 
= 7.0. 
bTg value of pMEA was from reference 4 in this chapter. 
cTg values were from reference 19. 
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Figure 3.1 AFM images of polymer microspheres: (a) pMEA, (b) pSt, (c) pMMA, (d) pEA, and (e) 
pBA. The coefficient of variation (CV) for each microsphere is also shown (N = 50), indicating that 
the shape of these microspheres is uniform. 
 

 

Figure 3.2 Chemical structures of the anionic dyes tested. The molecular weight and octanol/water 
partition coefficient of each dye is shown under each structure. 
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Figure 3.3 UV-vis spectra of the tested dyes in SPB buffer (pH = 7.0) at several concentrations (25 °C). 
Arrows represent the maximum wavelength for each dye. 
 
 
 Figure 3.4a shows the adsorption isotherm for each dye for the tested microspheres at 25 °C. 

Langmuir (equation 1) and Freundlich (equation 3) models were applied in order to analyze the 

adsorption equilibrium data. These isotherms are shown in Figure 3.5. The adsorption capacity (Qm), 

Langmuir constant (b), intensity of adsorption (n), and Freundlich constant (KF) can be determined 

from the two isotherms. In all cases, the correlation coefficient (R2) of the Langmuir model was close 

to 1 and much larger than that of the Freundlich model, indicating a good fit of the Langmuir model. 

Table 3.2 shows the values of the Langmuir isotherm parameters and all values are summarized in 

Table 3.3. Here, the Qm values determined by the Langmuir model were normalized as moles of dye 

per total surface area of tested microsphere (Nm/s, μmol/m2) in order to compare the adsorption 

behavior considering the different size of these microspheres and the different molecular weight of 

each dye. Furthermore, the essential characteristics of the Langmuir isotherm can be described by a 

separation factor (RL), which is defined by equation 2 (Tables 3.2 and 3.3). The value of RL indicates 

the shape of the Langmuir isotherm and the nature of the adsorption process: irreversible (RL = 0), 

favorable (0 < RL < 1), linear (RL = 1), or unfavorable (RL > 1).2 
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Figure 3.4 (a) Adsorption isotherms for the tested dyes on each microsphere at 25 °C. Each point 
represents an average of three replicate uptake experiments, and the error bars denote the standard 
deviations. (b) Photographs of pellets of each microsphere (0.1 wt%) after centrifugation in the 
presence of erythrosine (0.1 mM).  
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Figure 3.5 Langmuir (top) and Freundlich (bottom) isotherms for the adsorption of the tested dyes 
onto different microspheres (0.1 wt%) at different initial dye concentrations (25 °C, pH = 7.0). 
 
 



 

 52 

Table 3.2 Langmuir isotherm parameters for the adsorption of the tested anionic dyes on the solid 
microspheres at 25 °C. 

 
a[microspheres] = 0.1 wt%.  
bNm/s represents the adsorbed moles of dye per total surface area of the tested microspheres. 
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Table 3.3. Langmuir and Freundlich isotherm parameters for the adsorption (25 °C) of the tested 
anionic dyes on all microspheres synthesized in this chapter. 

 
a[microspheres] = 0.1 wt%. 
bNm/s represents the adsorbed moles of dye per total surface area of the tested microspheres. 
cNm/s could not be determined, as it is difficult to determine the surface area of the microgels. 
dNm/v represents the adsorbed moles of dye per total volume of the tested microsphere. The specific 
volume of the pOEG and pM6O4 microgels was calculated based on the assumption that the fully 
swollen microgels contain ~80% water. 
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 In this chapter, all RL values of the tested microspheres for halide-containing dyes at 0.1 mM 

were < 1, suggesting a favorable adsorption (Tables 3.2 and 3.3). The author found that the 

hydrophobic interactions between the anionic Ery and the hydrophobic domain that is composed of 

isopropyl groups in the anionic pNIPAm microgels are affected by the uptake of Ery at high 

temperature, where the microgels exhibit a volume transition.12 Similar to the present case, 

hydrophobic interactions should occur between the tested dyes and the microspheres, which consist of 

hydrophobic polymers. In this case, the anionic dye Ttz was used for the adsorption experiment, as Ttz 

exhibits the lowest octanol-water partition coefficient (log Kow), which is a measure of the 

hydrophobicity, (log Kow Ttz ~ -10.2; log Kow RB ~ 3.14; Figure 3.2). At the same concentration, the 

quantity of Ttz adsorbed by the solid microspheres was smaller than those of the other halide dyes 

(Figure 3.4a). A similar behavior was also observed for OrII. 

 Conversely, pure pMEA microspheres adsorbed much higher quantities of halide dyes than 

other solid microspheres at the same dye concentration (Figure 3.4a), resulting in facile staining of 

the pMEA paste with e.g. the red color of Ery after centrifugation (Figure 3.4b). Although the RL 

values of the pMEA microspheres for the halide dyes were close to 0 (e.g. RL ~ 0.08 for pMEA at 0.1 

mM RB, RL ~ 0.76 for pSt at 0.1 mM RB; Table 3.2), the quantities of anionic OrII and Ttz, which do 

not contain halogen atoms, adsorbed by pMEA were almost identical to those adsorbed by the other 

solid microspheres (Figure 3.4a). Additionally, the Nm/s of the pMEA for the halide dyes was three to 

four times higher than those of the other solid microspheres (Table 3.2). These results suggest that the 

specific adsorption, i.e., the halogen bonding, occurred between the surface of the pMEA microspheres 

and the halide dyes. 

 Metrangolo and Resnati et al. have investigated the driving force for formation of 

supramolecular architectures that are caused by hydrogen or halogen bonding.13 They found that the 

ability of halogen bonding may overpower hydrogen bonding in a cooperative hydrogen-bonded 

network of non-covalent copolymers in aqueous solution, and that oxygen atoms can form strong 

halogen bonds that successfully rival the hydrogen bonds in controlling the self-assembly of organic 

compounds. Based on these results, the author speculated that the oxygen atom of the methoxy group 

in pMEA may be able to interact with the halogen atoms of the halide dyes in aqueous solution by 

replacing the intermediate water with hydrogen bonds.4-6 Moreover, as expected, the RL values of the 

halide dyes (0.1 mM) for pMEA microspheres followed the ordered EoY (~ 0.24) > Ery (~ 0.21) > 

PhB (~ 0.13) > RB (~ 0.08) (Table 3.2). This order is consistent with the reported characteristics of 

the halogen bonding9-11 and supports our hypothesis, i.e., the reversibility of the adsorption of RB is 
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lower than in other halide dyes on account of i) the higher number of halogen atoms in RB compared 

to those in EoY and Ery, and ii) the strength of the halogen bonding of the iodine atoms in RB should 

be higher than that of the bromine atoms of e.g. PhB (Figure 3.2). 

 The strong halogen bonding between pMEA and the halide dyes was also confirmed by the 

desorption behavior. As maximum adsorption was observed at 25 °C in the presence of 1 mM of dyes, 

pMEA microspheres (0.1 wt%) were subjected to these conditions prior to evaluating the desorption 

behavior of the dyes. Figure 3.6a shows the quantities of released halide dyes from the surface of the 

pMEA microspheres as a function of temperature, indicating that the halide dyes remained strongly 

attached to the pMEA surface, even at 70 °C. This result supports the fact that RL is close to 0, i.e., 

that the adsorption should be irreversible (Table 3.2). 

 

 



 

 56 

 
Figure 3.6 (a) Released amounts of halide dyes per unit surface area of pMEA microspheres as a 
function of temperature. (b) Released amounts of RB per unit gram of pOEG, pMEA, and pM6O4 
microgels as a function of temperature. The white bars at the left of each dye and microsphere represent 
the adsorbed amounts of dye at 25 °C. 
 

3.3.2. Synthesis of pMEA Nanocomposite Hydrogel Microspheres 

 In order to increase the release efficiency by temperature induced dehydration of the gel 

components, pMEA domains were incorporated into thermo-responsive microgels. The author focused 

on the use of the PEG-analogue poly(oligo ethylene glycol methacrylate) (pOEG) as the microgel 

backbone, as pOEG displays a lower critical solution temperature (LCST) in water,14 and as pOEG-

based bulk materials and microgels display all the advantageous non-immunogenic, noncytotoxic, and 

protein-repellent properties of PEG,15,16 which should offer the possibility to use such microgels in 
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vivo. These nanocomposite microgels were synthesized by precipitation copolymerization. For this 

purpose, OEG with an ethylene oxide chain length of 5 or 6 was selected as a comonomer, as the LCST 

of pOEGs is ~ 64 °C,14,17 and the volume transition temperature of p(MEA-co-OEG) can be tuned by 

changing the monomer ratio (mol%) of OEG and MEA. The synthetic protocols for the preparation of 

various pMEA composite microgels are listed in Table 3.4 (denoted as pMXOY, whereby M and O 

represent MEA and OEG, respectively, while X and Y refer to the molar feed ratios of MEA and OEG 

during the polymerization.). 

 

Table 3.4 Synthesis conditions used and properties of the resulting p(MEA-co-OEG) microgels 

 
aMeasured for microspheres dispersed in sodium phosphate buffer (80 mM) at pH = 7.0.  
bThe swelling ratio is defined by: α = Rh3 at 25 °C / Rh3 at 85 °C, where the tested composite microgels 
were deswollen completely. 
cThe yield was calculated using a dry-weight method of microsphere dispersions after purification. 
 

 As evident from the AFM images (Figure 3.7), p(MEA-co-OEG) microgels were 

successfully prepared for all monomer ratios using ethylene glycol dimethacrylate (EGDMA) (1 

mol%) as the cross-linker. However, different morphologies were observed for the ratios. Especially 

substrate-adsorbed pM6O4 microgels dried at 25 °C formed dotted nanospheres in the entire 

microspheres (Figure 3.8a, left), which suggests that the MEA segments initially copolymerized 

randomly, before they subsequently aggregated locally in pM6O4 microgels after removal of the water. 

Moreover, the dotted nanospheres were surely incorporated in the microgels, which was confirmed by 

drying the sample at 70 °C, where the composite microgels were highly deswollen (Figure 3.8a, right). 

As a result, the shape of microgels was became spherical, suggesting that the pMEA domain were 

taken into the whole microgels. Therefore, the author concluded that these dotted nanospheres (Figure 

3.8a, left) were composed of hydrophobic pMEA, and were incorporated in pOEG gel networks. 
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Figure 3.7. AFM images of p(MEA-co-OEG) microgels obtained from different monomer feed ratios 
(mol%) of MEA and OEG during the copolymerization.  
 

 

This stands in contrast to the behavior of other dried p(MEA-co-OEG) microgels, which 

afford homogenous spherical shapes similar to pure pMEA or pOEG microgels such as pM5O5 or 

pM8O2 (Figure 3.7). Moreover, upon increasing the feeding monomer ratio of MEA, the thermo-

responsiveness of the p(MEA-co-OEG) microgels was almost lost according to the results of DLS 

measurements (e.g. pM9O1: Dh ~ 114 nm at 25 °C and Dh ~ 91 nm at 85 °C; Figure 3.8b), under 

concomitant decrease of the swelling ratio (α = Rh3 at 25 °C / Rh3 at 85 °C; Table 3.4). Notably, N-

isopropyl acrylamide (NIPAm) and acrylamide (AAm), which are the most typical monomers as gel 

components, were also selected as the comonomer. However, the synthesis of the corresponding 

microgels was unsuccessful when MEA and NIPAm or AAm were used in a ratio of 1:1 (Figure 3.9). 

This may be due to the fact that the LCST of p(MEA-co-NIPAm) and p(MEA-co-AAm) is lower or 

higher, respectively, compared to that of p(MEA-co-OEG). Accordingly, the critical chain length for 

the globule state should be too short or too long to form stable nuclei for the formation of the 

microspheres during the copolymerization of NIPAm or AAm with MEA. 
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Figure 3.8. (a) AFM images of pM6O4 microgels dried at 25 °C (left) and 70 °C (right). (b) The 
hydrodynamic diameter (Dh) of a series of p(MEA-co-OEG) microgels as a function of the temperature. 
The displayed sample code for each microgel corresponds to those listed in Table 3.4. (c) Schematic 
diagram of the swollen pM6O4 nanocomposite microgels in the presence of halogen compounds. 
 

 
Figure 3.9 Photographs of samples obtained from precipitation copolymerization of MEA with (a) 
NIPAm or (b) AAm. When aggregates were observed during the polymerizations, stable microgels 
were not obtained. 
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 However, the author expected pM6O4 microgels to be suitable for the reversible selective 

adsorption and release of halogen compounds, given that their Dh values changed in a wide temperature 

range (Figure 3.8b), which allowed us to control the physical properties of the pM6O4 microgels. In 

addition, different from poly(NIPAm-co-acrylic acid) microgels, which exhibited a decreased Dh as a 

result of the electrostatic interaction between the microgels and cationic dye molecules,18 the Dh of the 

pM6O4 microgels did not decrease in the presence of RB, and the swelling ratio was not significantly 

affected (Figure 3.10), which indicates that the pMEA domains suppress the loss of thermo-

responsiveness of the entire microgels as intended. Here, although the hydrophobic MEA segments 

could be expected to suppress the swelling of composite microgels, the swelling ratios of pM5O5 and 

pM6O4 microgels were larger than those of pure pOEG microgels (Table 3.4). In addition, the 

quantities of RB that were adsorbed by a series of p(MEA-co-OEG) microgels for the same 

concentrations of microgel (0.1 wt%) and RB (1 mM) decreased with increasing monomer ratio of 

MEA during the copolymerization (Figure 3.11). These results suggest that the MEA segments act 

effectively as adsorption points due to the diffusion of RB into the inside of the nanocomposite 

microgels, and that the copolymerized MEA segments are dissolved in the microgels at the molecular 

level, which results in the increase of the effective adsorption area (Figure 3.7c). 

 

 
Figure 3.10 Hydrodynamic diameters (Dh) of pM6O4 microgels (0.1 wt%) at various concentrations 
of RB: 0 mM (black circles), 1 mM (blue diamonds), 3 mM (red squares), and 5 mM (green triangles). 
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Figure 3.11 Quantities of RB adsorbed at 25 °C by a series of p(MEA-co-OEG) microgels at the same 
concentrations of microgel (0.1 wt%) and RB (1 mM). Each bar represents an average of three replicate 
experiments, and the error bars denote the standard deviations. 
 

Even though the RB uptake in the pM5O5 microgels was almost identical to that in pM6O4, 

the Dh did not change significantly upon increasing the temperature to 50 °C (Figure 3.8b), suggesting 

that the number of OEG segments was higher in pM5O5 than in pM6O4, and that the volume 

transition temperature increased. As a result, the swelling ratio of pM5O5 was slightly smaller than 

that of pM6O4 (Table 3.4). It should also be noted that although the polymerization mechanisms of 

this series of p(MEA-co-OEG) microgels still remains unclear so far, the author observed excellent 

separation behavior towards halogen compounds for pM6O4 microgels. 

 

3.3.3. Adsorption Behavior of Halogen Compounds in Nanocomposite Hydrogel Microspheres 

 The dye-adsorption behavior of the pO6M4 composite microgel was investigated in terms 

of its isotherm (Figures 3.4a and 3.5), and the obtained isotherm parameters are shown in Table 3.5 

and Table 3.3. In this case, the Qm values determined by the Langmuir model were also normalized as 

moles of dye per total volume of tested microsphere (Nm/v in μmol/m3) to avoid potential problems in 

those cases where it is impossible to determine the surface area of the pOEG and pM6O4 microgel 

adsorption behavior. Except for pMEA, pure pOEG microgels were able to adsorb higher quantities 

of the tested halide dyes per unit gram than the solid microspheres (Figure 3.4a), indicating that the 
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dyes, which were dissolved in water, diffused into the microgel network and adsorbed onto the 

microgels.  
 Among the tested microspheres, which include pure pMEA, the highest adsorption capacity 

(Qm) for halide dyes was observed for pM6O4 microgels (Figure 3.4a and Table 3.5), although the 

total size of the pMEA microspheres was smaller than that of pM6O4 microgels in water (e.g. pMEA: 

Dh ~ 214 nm; pM6O4: Dh ~ 840 nm at 25 °C). This result suggests that the effective adsorption area 

of the copolymerized pMEA segment was larger than that of pure pMEA at the same weight (0.1 wt%). 

It is noteworthy that these dyes were adsorbed by the swollen, pOEG-rich domains in pM6O4 similar 

to pure pOEG microgels, which resulted in an increased uptake. However, the RL values for the halide 

dyes were close to those for pure pMEA (Table 3.5), which could be explained by the fact that the 

pMEA domain incorporated in the composite microgel inherits the properties of the pure pMEA 

microsphere.  

 Moreover, it seems that the crosslink density does not significantly affect the uptake and 

release behavior toward e.g. for RB, considering that highly crosslinked pM6O4 microgels 

(pM6O4E5; constant 5 mol% EGDMA during the polymerization) exhibit a behavior similar to 

pM6O4 microgels (Figure 3.12).  

 

 
Figure 3.12 Adsorbed and released quantities of RB per unit gram of pM6O4 and pM6O4E5 
microgels as a function of temperature. The white bars at the left of each dye and microgels represent 
the incorporated quantities of dye at 25 °C. 
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Table 3. Langmuir isotherm parameters for the adsorption of the tested anionic dyes on solid and 
hydrogel microspheres at 25 °C. 

 
a[microspheres] = 0.1 wt%. 
bNm/v represents the adsorbed moles of dye per total volume of tested microsphere. The specific volume 
of the pOEG and pM6O4 microgels was calculated based on the assumption that the fully swollen 
microgels contain ~80% water. 

3.3.4. Releasing Halogen Compounds from Nanocomposite Hydrogel Microspheres 

Under the same conditions as for the pure pMEA microspheres, the pM6O4 microgels also 

exhibited a controlled release of the halogen dyes (Figure 3.6a). The most strongly interacting dye 

with pMEA in this study is RB, and the released amounts of RB per unit gram are shown in Figure 

3.6b. In the case of pOEG microgels, in the absence of halogen bonding, ~ 90% of the dyes were 

released by a single washing regardless of the release temperature.  

Similar to pure pMEA microspheres, the release efficiency of RB from pM6O4 was low (7%) 

at 25 °C, due to the strong interactions. Surprisingly, at 40 °C, where the pM6O4 microgels are 
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partially deswollen (Figure 3.8b), the release efficiency of RB increased to 28% (Figure 3.6b), and a 

release efficiency of ~ 90% was achieved after four washings at 40 °C. Furthermore, at 70 °C, where 

the pM6O4 microgels are drastically deswollen, the release efficiency reaches ~ 80% with a single 

washing, even though pure pMEA microspheres release the dyes only sparingly. Indeed, the deswollen 

pOEG domains in the nanocomposite microgels did not seem to hamper the release of RB upon 

increasing the temperature from 40 to 70 °C. Considering that the Dh of pOEG microgels decreases 

(Table 3.4), the amounts of RB adsorbed by pure pOEG should decrease accordingly (Figure 3.13). 

The release behavior will be discussed in Chapter Ⅲ described below. 

 

 
Figure 3.13 Quantities of RB adsorbed by pOEG microgels (0.1 wt%) at different temperatures ([RB] 
= 1 mM). Each value represents an average of three replicate experiments, and the error bars denote 
the standard deviations.
 
3.3.5. Selective Adsorption on Nanocomposite Hydrogel Microspheres and Applications 

Halogen bonding in pM6O4 microgels allows a selective separation of halide dyes in the 

presence of several other halogen-free anionic dyes. Anionic RB was selected as a target halide-

containing dye, and anionic EoY, OrII, and Ttz were selected as competitive inhibitors for the uptake 

of RB (Table 3.5). The visible absorption spectrum of a mixture of these four dyes is shown in Figure 

3.14a. It should be noted that the exact uptake of each dye cannot be quantified using the calibration 
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curve derived from the absorption spectrum of the dye mixture, due to the overlap of absorption peaks 

when Ery and PhB are employed.  

Figure 3.15 shows the uptake rate of the tested dyes by pM6O4 microgels (0.1 wt%), 

indicating that the adsorbed amount of RB was highest when the concentrations of all dyes were 

comparable. When each dye concentration is 2 mM, the uptake of RB accounts for ~ 91% of all dyes 

once the microgels reach the saturated adsorption state with respect to RB (Figure 3.4a). For low dye 

concentrations, the halide-containing dye EoY was also preferentially adsorbed on pM6O4 compared 

to OrII and Ttz (e.g. EoY: ~ 23% at 0.1 mM and ~ 11% at 0.5 mM), suggesting that halogen bonding 

also occurs between EoY and the pM6O4 microgels via the residues of the pMEA domain that are not 

involved in the adsorption of RB.  

Finally, the author demonstrate an application by exploiting the high formability of pM6O4 

microgels: although the pure pOEG microgels cannot form the free-standing film, a free-standing 

pM6O4 microgel film can be obtained by evaporating the water from a dispersion in the absence of a 

cross-linker for bonding between the microgels (Figure 3.15b). This result indicates that the 

interdiffusion between the soft and deformable pMEA domains serves as a physical cross-linking point 

for the whole film due to their rubber-like properties that are similar to pure pMEA microspheres as 

described in the chapter Ⅰ (Figure 2.11). In addition to the formation of a film, a simplified column, 

packed with pM6O4 microgel powder obtained from freeze drying in a Pasteur pipette, showed that 

RB can be removed effectively from a contaminated water sample (V = 2 mL; [RB]initial = 1 mM; 

[RB]final = 4.5 × 10-5 mM; t = 5 min; Figures 3.15c and 3.14b), despite the fact that this cannot be 

observed when using a pure pMEA microsphere column under identical conditions (Figure 3.14c). In 

contrast, when using pMEA powder, the flow of a similar RB solution was hampered and complete 

draining of the water required ~ 2 hours, while the efficiency of the removal of RB was decreased 

([RB]final = ~ 0.4 mM). This result suggests that the specific adsorption area for RB in pM6O4 is larger 

than that in the pMEA microspheres. Thus, it should be the hydrophilic gel domains that afford the 

benefits to the pMEA domains, i.e., stimuli-responsiveness, high dispersion stability, and water 

passage. 
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Figure 3.14 (a) UV-vis spectra of dye mixtures of RB, EoY, OrII, and Ttz at several concentrations in 
SPB buffer (pH = 7.0) measured at 25 °C for the calculation of the adsorbed quantities of dyes in the 
selective adsorption experiments. The arrows represent the maximum wavelength for each dye. (b) 
UV-vis spectra of the extracted water obtained from the column adsorption experiment (Figure 3.15c). 
The absorbance of RB measured by the UV-vis spectrophotometer is not clearly visible due to the 
detection limit, indicating that [RB] ≤ 4.5 × 10-5 mM. (c) The photographs of the column packed with 
the powder of pMEA microspheres (0.05 g) before and after the extraction of an RB solution (1 mM, 
2 mL). The concentration of RB in the extracted water is ~ 0.4 mM. 
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Figure 3.15 (a) Uptake rate for each dye by pM6O4 microgels at different initial concentrations of 
dye mixtures at 25 °C. Photographs of (b) a pM6O4 film (injection weight: 50 mg; template: 10 × 10 
× 1 mm3) after removal from the template, and (c) columns packed with pM6O4 microgel powder 
before and after the extraction of an aqueous RB solution (1 mM). 
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3.4. Conclusions 

The concept of halogen bonding was applied for the first time in polymer microsphere systems. 

Microspheres consisting of pMEA exhibited the capability of halogen bonding in water without the 

need for prior surface modifications. The adsorption isotherms of several anionic dyes showed that the 

methoxy groups in the pMEA side chains play an important role for the halogen bonding, resulting in 

strong adsorption of halide-containing dyes on the anionic pMEA microsphere surfaces. In addition, 

nanocomposite microgels with pMEA domains were prepared by precipitation copolymerization of 

MEA and OEG. The solid nanodomains suppressed deswelling in the presence of the target compounds, 

and control over the volume transition temperature of the whole microgels was possible upon 

copolymerization, which permitted a controlled release of the halide-containing dyes by changing the 

temperature. These nanocomposite microgels may thus be suitable for various applications, including 

the formation of microgel films and columns, due to the high formability and ease of handling. These 

results indicate that such nanocomposite microgels with solid domains as halogen bonding points 

should represent an important first step towards a new generation of separation materials for halogen-

containing compounds. 
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4. Chapter Ⅲ 

"Controlled Separation of Organoiodine Compounds  

using pMEA Analogue Microspheres" 
*Part of this work was published in ACS Omega. Reprinted with permission from Kureha, T.; Nishizawa, Y.; 

Suzuki, D. Controlled Separation and Release of Organoiodine Compounds using Poly(2-methoxyethyl 

acrylate)-analogue Microspheres. ACS Omega 2017, 2, 7686−7694; copyright 2017, American Chemical 

Society. 

 
4.1. Introduction  

Chapter Ⅱ reported that polymer microspheres selectively adsorb and release halogen 

compounds. These microspheres consist of hydrophobic pMEA and pOEG hydrogel matrix. In such 

microgels, the methoxy groups of the pMEA side chains are crucial for the halogen bonding. 

Consequently, halogen bonding in composite microgels leads to a strong adsorption of halogen 

compounds in the presence of other compounds under concomitant formation of strong atomic 

interactions and high selectivity. 

Organoiodine compounds play an important role in everyday life. For example, functional 

iodine compounds have found applications as antibacterial and antiviral drugs, X-ray absorbers, and 

as components for food and cosmetics.1-7 Especially, marine-derived organoiodine compounds are 

highly valuable, and they have received much attention due to their biological activity, which includes 

inhibitory activity against cancer and diabetes.8-10 However, the variety and abundance of marine 

iodine compounds are much lower than those of the corresponding chlorine and bromine analogues.9 

Moreover, the organic syntheses of new iodine-containing drugs produces in many instances the 

corresponding iodine-free compounds in addition to the targeted organoiodines.1 Thus, the selective 

recovery and reuse of the target iodine compounds as starting materials, catalysts, and synthesized 

products in aqueous solution should be highly desirable, irrespective of the concentration of these 

compounds in solution. On the other hand, the presence of mass-produced organoiodine compounds 

in industrial wastewater or natural water resources are of particular concern for safe drinking water, as 

organoiodine compounds can be toxic, mutagenic, or carcinogenic, and their removal from drinking 

water is highly important.11 

 However, for low concentrations of several compound mixture, where iodine-, bromine- 

chloride-, and halogen free-compounds coexist in water, the iodine-free compounds are usually also 

absorbed by the composite microgels (Chapter Ⅱ, Figure 3.15), indicating that the selectivity of the 
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adsorption of iodine-containing compounds is still low. The very strong interactions between pMEA 

and halogen-containing compounds thus occur irrespective of the nature of the halogen atom, which 

stands in contrast to the behavior of halogen atoms with Lewis acids, wherein the strength of the donor-

acceptor interaction depends on the polarizability of the halogen atom, which decreases in the order I 

> Br > Cl.12-16 

A strategy that allows the highly selective adsorption of iodine-containing compounds at low 

cost and independent of time and place would be highly attractive for industrial (e.g., water treatment 

and iodine-recycling systems) and medical applications (drug development). With this objective in 

mind, the author changed the number and position of oxygen atoms, which are the Lewis-basic 

acceptors for the halogen bonds, in the polymer chain to control the strength of halogen bonding 

between the microspheres and the iodine-containing compounds. The induced dipole moment of 

oligo(ethylene glycol) depends on its molecular weight, and the polarizability of the polymer chain 

can thus be changed by the number of carbon-oxygen bonds.17-19 The strength of halogen bonding 

relating to the polarizability should accordingly decrease with increasing number of carbon-oxygen 

bonds in the polymer side-chain. Therefore, the author hypothesized that pMEA analogues, which 

have more than two methoxy or ethoxy groups in their side-chains, should be able to interact 

specifically with the iodine compounds due to the decreased polarity. In this chapter, the author 

synthesized the first pMEA-analogue microspheres by free-radical polymerization in water, and 

subsequently examined their separation potential with respect to iodine-containing compounds. 

 

4.2. Experimental Section 

Materials 

2-methoxyethyl acrylate (MEA, purity 98%), styrene (St, 99%), butyl acrylate (BA, 99%), potassium 

peroxodisulfate (KPS, 95%), sodium dodecyl sulfate (SDS, 95%), disodium hydrogenphosphate (99%), 

eosin Y (EoY, 95%), phloxine B (PhB, 98%), erythrosine (Ery, 95%), rose bengal (RB, 95%), orange 

II (OrII, 98%), tartrazine (Ttz, 98%), and ethanol (EtOH, 99.5%) were purchased from Wako Pure 

Chemical Industries and used as received. 2-(2-ethoxyethoxy) ethyl acrylate (ET2A, 98%), 4-

methoxystyrene (MSt, 98%), N-isopropylacrylamide (NIPAm, 98%), and N,N'-methylenebis 

(acrylamide) (BIS, 97%) were purchased from Tokyo Chemical Industry and used as received. 2-(2-

Methoxyetoxy) ethyl acrylate (ME2A, 95%) was purchased from Monomer-Polymer and Dajac Labs, 

Inc. 2-[2-(2-Methoxyethoxy) ethoxy]ethyl acrylate (Me3A, 98%) were kindly donated by Kyoeisha 

Chemical Co., Ltd. The cross-linker, ethylene glycol dimethacrylate (EGDMA, 98%) were purchased 
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from Sigma-Aldrich and used as received. Water used for microsphere preparations was distilled and 

then ion-exchanged (EYELA, SA-2100E1). 

 

Synthesis of pMEA analogues and control microspheres 

All microspheres were prepared via aqueous precipitation or emulsion polymerization using potassium 

peroxodisulfate (KPS). Polymerizations were performed in a three-necked round-bottom flask (300 

mL) equipped with a mechanical stirrer, condenser, and nitrogen gas inlet. The initial total 

concentrations of each monomer for solid and hydrogel microspheres are listed in Table 4.1, 

respectively. For pNIPAm microgels, the initial total monomer concentration was held constant at 150 

mM. Mixture of NIPAm (1.613 g, 95 mol%), BIS (0.116 g, 5 mol%), and SDS (2.8 mg, 0.1 mM) was 

prepared as the monomer solution. All monomer solutions were dissolved in water (95 mL) in the 

round-bottom flask and heated to 70 °C under constant stirring (250 rpm) and a stream of nitrogen. 

The solutions were allowed to stabilize for at least 30 min prior to initiation. Free-radical 

polymerizations were subsequently initiated using KPS (0.054 g) in water (5 mL). The solutions were 

stirred for 24 h (4 h for pNIPAm), and after the completion of the polymerizations, the obtained 

dispersions were cooled to room temperature. Each microsphere was purified via two cycles of 

centrifugation/re-dispersion in water using a relative centrifugal force (RCF) of 20000 × g, followed 

by dialysis for a week with daily water changes.  

 

Characterization of the microspheres 

The hydrodynamic diameter (Dh) of the microspheres was determined by DLS (Malvern Instruments 

Ltd., Zetasizer Nano S). The time-dependent scattering intensity was detected at a total scattering angle 

of 173°. Dh values of the microspheres were calculated from the measured diffusion coefficient using 

the Stokes–Einstein equation (Zetasizer software v6.12). The DLS experiments were conducted at a 

microsphere concentration of 0.001 wt%. The samples were allowed to thermally equilibrate at the 

desired temperature for 10 min prior to each measurement. The autocorrelation functions used an 

average of 15 intensity measurements (acquisition time: 30 s). The electrophoretic mobility (EPM) of 

the microspheres was measured using a Zetasizer Nano ZS instrument (Malvern) at a microsphere 

concentration of 0.001 wt%. Samples were allowed to thermally equilibrate at 25 °C for 10 min prior 

to each measurement. The zeta potential of the solid microspheres was calculated from the measured 

mobility using the Smoluchowski equation (Zetasizer software ver. 10.0). Atomic force microscopy 

(AFM) images were recorded under ambient conditions using an SPM-9500J3 microscope (Shimadzu, 
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Kyoto, Japan) operating in contact mode to visualize the microspheres deposited on circular mica 

substrates. For the sample preparation, microsphere dispersions (0.5 μL) at the required concentration 

were applied on freshly prepared mica substrates and dried for 60 min. AFM images were recorded 

using an Si3N4 probe (Olympus, OMCL-AC240FS; scanning speed = 0.2 Hz; operating voltage = 0.3 

V). 

 

Dye adsorption experiments 

Stock solutions of anionic dyes (20 mM) in a sodium phosphate buffer (SPB; 80 mM, pH = 7.0) were 

prepared. The tested microsphere dispersions were poured into a vial. The final concentration of the 

microsphere was 0.1 wt% for all experiments. The microgel dispersions were allowed to thermally 

equilibrate at the desired temperature for 1 h under constant stirring (300 rpm) in an incubator (CN-

25C, Mitsubishi Electric Engineering Co., Ltd.). After the solutions had stabilized in the incubator, the 

appropriate dye stock solutions were injected into the vials. The final dye concentrations were adjusted 

appropriately for the required conditions (0.1-2 mM). After 1 h of exposure, the mixtures were divided 

into three centrifuge tubes (SC-0200, Ina-Optika Co., Ltd). The mixtures were centrifuged (RCF; 

20000 × g) to pack the microspheres at the bottom of each tube. The supernatants were carefully 

removed from the centrifuge tubes without disturbing the microsphere pellets at the bottom and the 

absorbance of each supernatant was measured using a UV–vis spectrophotometer (JASCO, V-

630iRM).  

 

Dye Release Experiments 

The optimal conditions for RB adsorption were then used to prepare a mixture of the microspheres and 

RB in the same manner as described above. After the supernatant was removed from each centrifuge 

tube, each microgel pellet was redispersed in a different buffer solution at 25, 50, or 70 °C, and placed 

in the centrifuge tubes at the same concentration used in the adsorption experiment. Each dispersion 

was subsequently mixed using a thermomixer (Thermomixer R, Eppendorf) at 25, 50, or 70 °C for 1 

h. Each mixture was then centrifuged at an RCF of 20000g, and the supernatants were removed from 

the centrifuge tubes. The absorbance of each supernatant was measured using a UV−vis 

spectrophotometer. 
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4.3. Results and Discussion 

4.3.1. Synthesis and Characterization of pMEA Analogue Microspheres 

The tested microspheres and their synthetic conditions used in this study were listed in Table 

4.1. The atomic force microscopy (AFM) images and the chemical structures of the tested 

microspheres were shown in Figure 4.1. In this chapter, the initiator potassium persulfate (KPS), 

which lead to negatively charged surfaces, was used to start polymerizations in all cases because the 

effect of electrostatic attraction between the microspheres and the anionic halogen compounds can be 

ignored. The electrophoretic motilities (EPMs) of the tested microspheres were negative value (Table 

4.1). Non-functionalized pMEA and pMEA analogue microspheres were prepared by soap-free 

precipitation polymerization, where these monomers were dissolved in water during the 

polymerizations and the resultant polymers were precipitated in water to form the microspheres. In 

order to compare the adsorption behavior of halogen compounds, the polystyrene (pSt), poly(butyl 

acrylate) (pBA) and poly(4-methoxy styrene) (pMSt) were selected as the solid control microspheres. 

Particularly, the methoxy groups in the pMSt microspheres act as the electron donating groups due to 

the resonance effect.20 Thus, the difference of the dielectric polarization between the pMEA 

(analogues) and pMSt microspheres can be discussed. 

 

Table 4.1. Synthesis conditions used and properties of the resulting microspheres. 

 
aMeasurment for microspheres dispersed in sodium phosphate buffer at pH 7. 
bThe cross-linker EGDMA (5 mol%) was added to the polymerizations. 
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Figure 4.1. The represented atomic force microscopy (AFM) images and the chemical structures of 
the tested microspheres. The coefficients of variation (CV) for the microspheres are shown (N = 50). 
 

 

Since poly(2-(2-ethoxyethoxy) ethyl acrylate) (pET2A) chains have lower critical solution 

temperature (LCST) ~ 15 °C,21-23 the solid pET2A microspheres did no disintegrate at room 

temperature without adding of cross-linkers. On the other hand, poly(2-(2-Methoxyetoxy) ethyl 

acrylate) (pME2A) and poly(2-[2-(2-Methoxyethoxy) ethoxy]ethyl acrylate) (pME3A) microspheres 

were not obtained in the absence of cross-linkers during the polymerizations due to the fact that these 

polymers have LCST at ~ 43 °C for pME2A and ~ 63 °C for pME3A, respectively.21-23 Thus, 5 mol.% 

of ethylene glycol dimethacrylate (EGDMA) cross-linker was added to the polymerizations, and thus 

the stable pME2A and pME3A microgels were successfully synthesized (Table 4.1 and Figure 4.1). 

Here, they were thermo-responsive microgels because the hydrodynamic diameters (Dh) of pME2A 

and pME3A microgels were decreased with increasing temperature (Figure 4.2). The difference 

between the solid and hydrogel states of the microspheres also influenced the adsorption behavior of 

the low molecular compounds as discussed below. 



 

 76 

 
Figure 4.2. The hydrodynamic diameter (Dh) of (a) pME2A and (b) pME3A microgels as a function 
of temperature. For these measurements, microgels were dispersed in sodium phosphate buffer (pH = 
7). 
 

4.3.2. Halogen Compound Adsorption Behavior on pMEA Analogue Microspheres 

To examine the origin of the halogen bonding, the anionic halide xanthene dyes, eosin Y 

(EoY), erythrosine (Ery), phloxine B (PhB), and rose bengal (RB) were selected as model halogen-

containing compounds (Figure 4.3). Particularly, the iodine containing Ery and RB have been used in 

food and cosmetics.1 In order to compare the halogen bonding with other, e.g. hydrophobic interactions, 

other anionic dyes that do not contain halogen atoms such as orange II (OrII) and tartrazine (Ttz) were 

also examined. Figure 4.3 shows the adsorption isotherm for each dye for the tested microspheres at 

25 °C. Langmuir (eq. 1) and Freundlich (eq. 3) models were applied to analyze the adsorption 

equilibrium data. These isotherms are shown in Figure 4.4. In all cases, the correlation coefficient (R2) 

of the Langmuir model was close to 1 and much larger than that of the Freundlich model, indicating a 

good fit of the Langmuir model. Table 4.2 shows the values of the Langmuir isotherm parameters, and 

all values are summarized in Table 4.3. Here, the adsorption capacity (Qm) values determined by the 

Langmuir model were normalized as moles of dye per total surface area (Nm/s, μmol/m2) and volume 

(Nm/v, μmol/m3) of tested microsphere to compare the adsorption behavior considering the different 

size and state (e.g., solid or gel) of these microspheres and the different molecular weight of each dye. 

Furthermore, the essential characteristics of the Langmuir isotherm can be described by a separation 

factor (RL) relating to Langmuir constant (b), which is defined by eq. 2 (Tables 4.2 and 4.3). The value 
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of RL indicates the shape of the Langmuir isotherm and the nature of the adsorption process: 

irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1), or unfavorable (RL > 1).24 

 

 

 
Figure 4.3. Adsorption isotherms for the tested dyes on each microsphere at 25 °C. Each point 
represents an average of three replicate adsorption experiments. The error bars denote the standard 
deviations. 
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Figure 4.4. Langmuir (top) and Freundlich (bottom) isotherms for the adsorption of the tested dyes 
onto different microspheres (0.1 wt%) at different initial dye concentrations (25 °C). 
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Table 4.2. Langmuir isotherm parameters for the adsorption of the anionic dyes on the pMEA-, pMEA 
analogues, and control microspheres at 25 °C.  

 
amicrosphere concentration = 0.1 wt %.  
bNm/s represents the adsorbed moles of dye per total surface area of the tested microspheres.  
cNm/v represents the adsorbed moles of dye per total volume of tested microsphere. The specific volume 
of the pME2A and pME3A microgels was calculated based on the assumption that the fully swollen 
microgels contain ~80% water.  
dNm/s could not be determined, as it is difficult to determine the surface area of the microgels. 
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Table 4.3. Langmuir and Freundlich isotherm parameters for the adsorption (25 °C) of the tested 
anionic dyes on all microspheres synthesized in this study. 

 
a[Microspheres] = 0.1 wt %. bNm/s represents the adsorbed moles of dye per total surface area of the 
tested microspheres. cNm/v represents the adsorbed moles of dye per total volume of tested microsphere. 
The specific volume of the pME2A and pME3A microgels was calculated based on the assumption 
that the fully swollen microgels contain ~ 80% water. dNm/s could not be determined, as it is difficult 
to determine the surface area of the microgels. 
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First of all, the significance of the polarization for these polymer side-chain contributing to 

halogen bonding was discussed. Different from pMEA, the methoxy group in pMSt acts as an electron 

donating group, i.e., Lewis acid, due to resonance effect.20 The adsorbed amounts of halogen 

containing dyes on pMSt microspheres were much lower than that of pMEA microspheres, and were 

close to those on pSt and pBA microspheres (Figure 4.3 and Table 4.2). In addition, pMSt paste were 

not stained with e.g. the red color of Ery and EoY after centrifugation, although facile staining of the 

pMEA pastes were observed (Figure 4.5), indicating that the inductive effect due to permanent dipole 

for the methoxy groups in pMEA is important factor for halogen bonding. As reported in the Chapter 

Ⅱ, the hydrophobic interactions should occur between the tested solid microspheres and the dyes 

because the tested dyes were also adsorbed on the control pMSt, pSt, and pBA microspheres, resulting 

in RL < 1 (Tables 4.2 and 4.3). Indeed, the quantity of the hydrophilic dye Ttz, which exhibits the 

lowest octanol-water partition coefficient (log Kow), adsorbed on the solid microspheres was smaller 

than those of the other dyes (Figure 4.3). A similar behavior was also observed for OrII adsorption 

(Table 4.3). 

 

 
Figure 4.5. Photographs of solid pMSt, pMEA, and pET2A microsphere (0.5 wt %) after 
centrifugation in the presence of erythrosine (top) and eosin Y (bottom) at 0.5 mM and 25 °C. The 
displayed values of adsorption capacity, Qm (mg/g), of each microsphere were obtained from the 
isotherm analysis (Table 2). 
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 In the case of solid ET2A microspheres, where the number of oxygen atom in the side-chains 

is two-times more than that of pMEA (Figure 4.1), the adsorbed amounts of iodine containing dyes, 

Ery and RB, per unit gram of pET2A were close to those of pMEA microspheres (Figure 4.3), although 

the hydrodynamic diameter (Dh) of pMEA is smaller than that of pET2A microspheres (e.g., Dh = 214 

nm for pMEA and Dh = 453 nm for pET2A; Table 4.1). As a result, Nm/s of Ery and RB for pET2A 

were bigger than those for pMEA, and RL values of Ery and RB is close to those for pMEA (Table 

4.2), suggesting that the halogen bonding occurred in pET2A microsphere system. Assuming that the 

numbers of each side-chain per surface area of pMEA and pET2A microspheres are the same, the 

number of halogen bonding site (oxygen atom) of pET2A is larger than that of pMEA microspheres, 

which results the increase in adsorbed amounts of iodine compounds.  

On the other hand, in the case of pME2A microgels, where the number of oxygen atom is the 

same with pET2A side-chain (Figure 4.1), the Langmuir constant values of Ery and RB were lower 

than those for pMEA and pET2A microspheres (Table 4.2), indicating that the strength of halogen 

bonding between the pME2A and iodine dyes was lower than those for pMEA and pET2A. Notable, 

the saturated adsorption amounts of Ery and RB per unit gram of pME2A microgels were close to 

those of the solid pMEA and pET2A microspheres (e.g., Qm = 119 mg/g for pET2A and Qm = 129 

mg/g for pME2A in the case of Ery adsorption; Table 4.2), suggesting that the swollen microgels can 

take the low-molecular weight compounds in their inside due to the osmotic pressure.25,26 It is 

supported by the results that the halogen-free dyes Ttz and OrII were also taken up by the pME2A and 

pME3A microgels (Figure 4.3), i.e., the Nm/v values of Ttz and OrII for these microgels were higher 

than those for the control solid microgels (Table 4.3). 

The reason for this result that the Langmuir constants (or RL values) of iodine compounds 

were different between the pET2A and pME2A cannot be explained easily as there are several possible 

factors: i) the ethoxy groups in the pET2A side-chain terminal can aid the polarization more than the 

methoxy group in the pME2A side-chain terminal, resulting in the increase in vectorial sum of dipole 

moment in pET2A. This surmise is proposed based on the results that the polarizabilities of oligo 

ethylene glycol molecules were different from the conformer and the number of ethylene glycol unit,18 

suggesting that the polarizability also changes with the number of carbon atoms, e.g., methoxy and 

ethoxy groups; ii) the hydrophobic interaction between solid pET2A microspheres and the dyes 

supports the adsorption on the surface, which is hard to occur between water-swollen pME2A 

microgels and the dyes. Furthermore, the Langmuir constants of Ery and RB for pME3A microgels, 

where the number of oxygen-carbon bonds increased more than pME2A side-chain (Figure 4.1), were 
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smaller than those for pMEA, pET2A and pME2A (Table 4.2). Therefore, the author concluded that 

the polarizability of whole polymer side-chain contributing to halogen bonding and hydrophobic 

interaction are important factor for the strong adsorption of iodine compounds. 

 Conversely, the adsorbed amounts of iodine-free compounds, including bromine containing 

dyes (EoY and PhB), on the pET2A microspheres were smaller than those of iodine containing dyes 

(Figure 4.3), although the pET2A microspheres have the halogen bonding capacity for iodine 

compounds. Consequently, RL values of EoY and PhB were close to 1 compared to those for pMEA 

(e.g., RL ~ 0.69 for pET2A and RL ~ 0.28 for pMEA at 0.1 mM EoY, Table 4.2), suggesting that the 

strength of halogen bonding at the one adsorption site in pET2A side-chain was decreased compared 

to that of pMEA. The results caused that the iodine-containing Ery was adsorbed on the pET2A 

microspheres, showing the transparent supernatant, although the EoY was also present in the 

supernatant (Figure 4.5). The author infers that the polarizability for pET2A was smaller than that for 

pMEA due to the fact that the dipole moment at pET2A side-chain act to compensate with each other. 

Therefore, the pET2A microspheres exhibit the halogen bonding ability for iodine compounds, while 

do not have the ability for bromine compounds significantly. This trend was also observed in the cases 

of pME2A and pME3A microgels (e.g., for pME2A, RL ~ 0.64 of Ery and RL ~ 0.80 of EoY, Table 

4.2). 

 

4.3.3. Selective Adsorption and Release of Iodine Compounds 

To achieve the high selective adsorption of iodine compounds on the microspheres, the author 

selected the pET2A microspheres, which have the suitable halogen bonding ability for the adsorption 

of iodine compounds more than pMEA microspheres. In the same manner as the Chapter Ⅱ, anionic 

RB was selected as a target iodine-containing dye, and iodine-free EoY, OrII, and Ttz were selected 

as competitive inhibitors for the adsorption of RB. Figure 4.6 shows the adsorption occupancy of each 

tested dyes on the pMEA and pET2A microspheres (0.1 wt.%), indicating that the adsorbed amounts 

of RB on both microspheres were highest when the concentrations of all dyes were comparable. 

However, at low dye concentrations (e.g., 0.1 mM), the bromine containing EoY was preferentially 

adsorbed on pMEA microspheres compared to OrII and Ttz (e.g. EoY: ~ 35% at 0.1 mM and ~ 28% 

at 0.5 mM; Figure 4.6a), suggesting that halogen bonding also occurs between EoY and the pMEA 

via the residues of the methoxy groups that are not involved in the adsorption of RB. This phenomenon 

cause the decrease in the RB adsorption rate, regardless of dye concentrations. 
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Figure 4.6. Adsorption rate for each dye by (a) pMEA and (b) pET2A microspheres at different initial 
concentrations of dye mixtures at 25 °C. 
 

On the other hand, in the case of pET2A microspheres, the adsorption of RB accounts for ~ 

70% of all dyes even when each dye concentration is 0.1 mM (Figure 4.6b). In addition, the maximum 

adsorption rate of RB reached ~ 91% at 1 mM, although the maximum rate of RB adsorbed on pMEA 

reached only 65 % at the same dye concentrations. As intended, the pET2A microspheres have the 

high affinity for the iodine compounds, while do not high affinity for the iodine-free compounds. The 

selectivity of iodine compound adsorption can be improved by using the pET2A microspheres. 

Finally, the author achieved the release of the adsorbed iodine compounds by using pME2A 

microgels. Similar to the pMEA microsphere case (Chapter Ⅱ, Figure 3.6), the adsorbed iodine 

compounds RB on the solid pET2A microspheres were not desorbed easily as evident from the 
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quantities of released RB as a function of temperature (Figure 4.7). Note that as maximum adsorption 

was observed at 25 °C in the presence of 1 mM of RB, the pET2A microspheres (0.1 wt%) were 

subjected to these conditions prior to evaluating the desorption behavior. The result indicates that the 

RB remained strongly attached to the pET2A surfaces, even at 70 °C. Here, the thermo-responsive 

pME2A microgels were selected to release RB because the Dh of pME2A microgels was decreased 

with increasing temperature up to 50 °C (Figure 4.2a). Indeed, the released quantity of RB was 

increased when the temperature increased to 50 °C, and then their release behavior did not dramatically 

change even at 70 °C (Figure 4.7). In Chapter Ⅱ, the pMEA composite microgels, where the pOEG 

with an ethylene oxide chain length of 5 or 6 played the role of the thermo-responsive gel matrix, also 

showed the controllable release of RB by rising temperature (Chapter Ⅱ, Figure 3.6). 

However, these scenarios are different from the thermo-responsive poly(N-isopropyl 

acrylamide) (pNIPAm) microgel case,25,26 where the isopropyl groups form the hydrophobic domains, 

and the uptake of the Ery increases as the temperature increases. The anionic pNIPAm microgels did 

not significantly release the RB when the pNIPAm microgels were highly deswollen at high 

temperature (Figures 4.7 and 4.8). Note that the amount of RB taken up by the pNIPAm microgels, 

which did not have the halogen bonding site, was smaller than that by the pME2A microgels at 25 °C 

(e.g., Adsorbed amount, Qe, of RB at 1 mM is ~ 140 mg/g for pME2A and Qe is ~ 70 mg/g for pNIPAm 

microgels; Figure 4.7). 

Figure 4.7. Released amounts of RB per unit gram of pET2A, pME2A, and pNIPAm microspheres as 
a function of temperature. The white dot bars at the left of each microsphere represent the adsorbed 
amounts of RB at 25 °C. The anionic pNIPAm microgels were cross-linked by N,N'-methylenebis 
acrylamide (5 mol%). 
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Figure 4.8. The hydrodynamic diameter (Dh) as a function of temperature, together with the 
electrophoretic mobility (EPM) at 25 °C of pNIPAm microgels cross-linked by BIS (5 mol%). 
 

The unique release behavior of pME2A microgels may be due to the fact that the thermo-

responsive behavior is different between the pNIPAm and the polymer containing oligo(ethylene 

glycol) side-chains. Lutz, J. F. et. al., proposed the mechanism for explaining the thermo-responsive 

behavior of pOEG-based polymer and gel;27 above their LCSTs, the hydrogen bond cleavage between 

the ethylene glycol units and water was the driving force for the phase transition. The dehydrated oligo 

(ethylene glycol) chains were folded along the apolar backbone due to the hydrophobic interaction, 

because there was no strong hydrogen bond donors in the pOEG-based polymer, i.e., the interaction 

between the oligo(ethylene glycol) side-chains was hard to occur, which were characterized by 1H 

NMR spectra and dynamic light scattering method. On the other hand, above the LCST of pNIPAm, 

the local packing of isopropyl groups of two neighboring chains and/or hydrogen bonds between amide 

groups promoted the formation of small hydrophobic nanopockets, where the association of isopropyl 

groups minimized the exposed surface area.28 Thus, the formation of hydrophobic isopropyl domains 

in the pNIPAm microgels inhibited the release of organic dyes, whereas the deswollen pME2A 

microgels did not hamper the release of RB at high temperature (Figure 4.7). 

 

4.4. Conclusions 

 The high selective adsorption and controlled release of iodine compounds were achieved by 

using the pMEA analogue microspheres, where their side-chains exhibited the capability of specialized 
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halogen bonding towards iodine compounds in water. The two ethoxy groups in the pET2A side-chains 

have the moderate strength of halogen bonding corresponding to polarizability, and thus the iodine 

compounds can be adsorbed, although the bromine compounds were not adsorbed significantly, which 

were characterized by the adsorption isotherms of several anionic dyes. These results lead to the high 

selectivity of iodine compound adsorption in the presence of iodine-free compounds: the target iodine 

containing dye RB accounts for above 90 % of all adsorbed dyes. Moreover, the pME2A microgels 

allow the controlled release of iodine dyes due to their thermo-responsive swell/deswell transition. 

Therefore, these findings should represent an important first step towards the selective separation of 

iodine compounds associated with e.g., the recovely of valuable drug, the reuse of iodine containing 

catalyst, and the removal of harmful iodine compounds in wastewater that need to separate with high 

selectivity. 
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5. Summary 

 In this thesis, pMEA, pMEA composite microgels, and pMEA-analogue microspheres were 

used for the selective separation and release of halogen-containing compounds. The delivery and/or 

removal of halogen-containing compounds is of particular importance in the context of drug delivery 

or the decontamination of drinking water. For the latter, metallic materials, such as layered double 

hydroxides (LDHs), are usually employed, even though this method is not without flaws, as the 

adsorbed halide anions need to be released from the LDHs prior to the reduction of the anions, which 

is accompanied by a release of chloride anions. 

 The results of the present study demonstrate a controlled way to separate and release halogen-

containing compounds independent of time and locus, using commercially available polymers. 

Especially noteworthy is the development of a new concept that is based on pMEA and its analogues 

as the halogen-bonding acceptor. Methoxy and ethoxy groups in the side-chains of the microspheres 

are suitable for the bonding site to adsorb the targeted halogen compounds. In addition, the side-chains 

in the pMEA-analogue microspheres exhibit adequate affinity that is selective for organoiodine 

compounds. As a result, pMEA-analogue microspheres exhibit a high selectivity for the adsorption of 

iodine-containing compounds in the presence of iodine-free compounds, which is important 

considering that iodine-containing dyes account for > 90% of all adsorbed dyes. 

 Moreover, water-immiscible pMEA was incorporated in swollen poly(oligo ethylene glycol 

methacrylate) hydrogels in order to increase the specific adsorption volume and dispersion stability. 

Due to the properties of the soft and swellable microgels, it was possible to control the amount of 

adsorbed halogen-containing compounds that was released, even though the gel network retained the 

benefits to the solid pMEA components, i.e., stimuli-responsiveness, high dispersion stability, and 

increase of effective adsorption volume. 

 The results of the present thesis should be highly attractive for scientists concerned with 

microgel research, and also for those engaging in applications that include water treatment and medical 

technologies. 
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