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1. Introductory remarks 

 
*Part of this section was published in "Shusuke Matsui, Yuichiro Nishizawa, Takayuki Uchihashi, 

and Daisuke Suzuki, ACS Omega 2018, 3, 10836–10842."  

(https://pubs.acs.org/doi/abs/10.1021/acsomega.8b01770) 

Reproduced with permission from Copyright (2018) American Chemical Society. 

"Shusuke Matsui, Kohei Inui, Yuki Kumai, Ryo Yoshida, and Daisuke Suzuki, ACS Biomaterials 

Science & Engineering, in press, DOI: 10.1021/acsbiomaterials.8b00850” 

(https://pubs.acs.org/doi/10.1021/acsbiomaterials.8b00850) 

Reproduced with permission from Copyright (2018) American Chemical Society. 

 
1.1. Background 

“Stimulus-responsiveness” is an essential feature for the development of advanced 

functional materials that exhibit desired functions at specific times. In particular, in nature, living 

organisms have evolved advanced systems to flexibly adapt to the external environment through 

such stimulus-responsiveness.1–4 Inspired by these natural systems, the development of stimulus-

responsive artificial materials has rapidly progressed.1–16 Stimulus-responsive materials show 

dramatic changes in their structure/shape and physicochemical properties in response to changes 

in the environment, and hence, they are referred to as “intelligent materials” or “smart materials”.4–

16 Until now, a wide variety of stimulus-responsive or smart materials have been developed based 

on e.g. metal alloys or inorganic compounds, carbon, and polymers.16,17 In the context of “hard 

matter”, such as metal alloys or inorganic compounds, shape-memory alloys and ceramics have 

been extensively used to fabricate actuators.17 On the other hand, in terms of “soft matter”, 

polymer-based materials, hydrogels, shape-memory polymers, and liquid crystal elastomers have 

been extensively developed owing to their broad advantages, such as good elasticity, light weight, 

low cost, and high transparency.17 In particular, polymeric hydrogels have received much attention 

owing to the significant tunability of their physicochemical properties in response to a variety of 

stimuli.4 The key factors and requirements for stimulus-responsive materials are for the changes 

to be fast, reversible, complex, and robust in response to the external stimuli.4 The response speed 

of hydrogels is dominated by their dimensions, and thus they may show slow response rates arising 

from limited water diffusion into or out of the hydrogel network,4 as described by the Tanaka–
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Fillmore equation.18  

By downsizing hydrogels to the colloidal size scale, they can be stably dispersed in water 

while exhibiting behavior that is distinctly different from that of the corresponding bulk 

hydrogel.19 Hydrogel microspheres (microgels) are stimulus-responsive materials with great 

potential to fulfill the aforementioned requirements. Microgels are very soft colloidal microspheres 

composed of cross-linked hydrophilic polymer networks that are swollen in aqueous media, with 

typical sizes in the range from several tens of nanometers to several micrometers.19–31 In contrast 

to bulk hydrogels, microgels exhibit rapid stimulus-responsiveness, i.e., their physicochemical 

properties such as hydrophilicity/hydrophobicity and surface-charge density can be quickly tuned 

by applying external stimuli such as e.g. changes in temperature or pH value, biomolecular 

interactions, or irradiation with light.19–21,24–33 Poly(N-isopropyl acrylamide) (pNIPAm) microgels 

(or other acrylamide-derived microgels) exhibit a volume phase transition temperature (VPTT) in 

pure water resulting from the lower critical solution temperature (LCST) of the polymer chain.20–

23 PNIPAm-based microgels can be synthesized by aqueous free-radical precipitation 

polymerization, resulting in microgels with uniform size.20,21 In addition, by adding surfactants or 

suitable co-monomers, the size, surface charge density, and charge distribution of the microgels 

can be fine-tuned.34–37 Furthermore, multi-responsive microgels can be obtained by co-

polymerization of functional co-monomers, i.e., by introducing pH-responsive, biomolecular-

responsive,38 or photo-responsive moieties in the microgels.39 Based on these many advantages, 

pNIPAm-based microgels have been extensively investigated not only as model systems for 

crystals and glasses in fundamental colloid research,38–42 but also for potential applications in e.g. 

molecular separations, drug-delivery carriers, sensors, and actuators.43–50 

In contrast to the aforementioned external stimulus-responsive microgels, Suzuki et al. 

have developed “autonomously oscillating microgels” as a new class of stimulus-responsive 

microgels that show periodical and reversible changes in size and assembly state following a 

chemical redox oscillation, i.e., the Belousov–Zhabotinsky (BZ) reaction,53–55 within the 

microgels.56–64 Ruthenium(II) (4-vinyl-4’-methyl-2,2’-bipyridine)bis(2,2’-

bipyridine)bis(hexafluorophosphate) (Ru(bpy)3), which is the metal catalyst for the BZ reaction, 

is covalently bound to a thermoresponsive microgel such as the pNIPAm main chain.56–64 As the 

BZ reaction proceeds, the volume or colloidal stability of the microgels changes periodically under 

the redox oscillation of Ru(bpy)3 in the absence of any external stimulus.56 Up to now, control 
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over such oscillatory behavior56 and the effects of the cross-linking density,57 initial substrate 

concentration,58 viscosity changes,59,60 introduction of a core–shell structure,61 and the 

construction of oscillating soft autonomously actuators62 have been investigated. Therefore, 

autonomously oscillating microgels present great potential as the next generation of stimulus-

responsive nanomaterials.  

As mentioned above, microgels are swollen in water and dispersed in aqueous media, and 

thus, they exhibit dynamic functions at the nanoscale in aqueous solution. Therefore, the 

evaluation and understanding of the dynamic properties of microgels in aqueous solution are 

essential for the further development of novel smart materials. So far, the structure and physical 

properties of microgels have been evaluated by ensemble techniques such as scattering methods,65–

87 spectroscopy,88–113 calorimetry,114–120 sensors121–130 (Table 1.1). Scattering techniques allow the 

quantitative determination of the size and internal structure of water-swollen microgels, and are 

thus frequently used. In particular, small-angle X-ray (SAXS) or neutron scattering (SANS) 

methods are suitable for the investigation of the internal nanoscopic structure of microgels in 

aqueous solution. However, the obtained data provide “static” information. In contrast, “time-

resolved” techniques are powerful methods to evaluate dynamic structural changes in microgels 

with high temporal resolution. In this context, time-resolved SAXS is able to monitor microgel-

to-particle transition processes with high temporal resolution.79 This transition is a two-stage 

process, where very fast collapsed clusters form at the periphery, leading to hollowish core–shell 

structures that slowly transform into globules.79  

Spectroscopy is usually used to analyze the properties of microgels, including e.g. the 

structure, phase transition behavior, and molecular uptake behavior.88–113 For instance, the 

combination of UV-vis spectroscopy and a stopped-flow instrument allows the detection of phase-

transition kinetics of the order of milliseconds.91,93 Dielectric spectroscopy is able to detect dipole 

and charge motions within microgels and also to determine the structural and dynamic properties 

of polymers.110–113 It has been reported that the swelling ability and dehydration dynamics are 

affected by the charge and cross-linking density distributions in the microgels,110 where two-phase 

transition processes exist, i.e., colloidal crystal-to-liquid transitions.113  

 Differential scanning calorimetry (DSC) has been widely employed to characterize 

swelling in pNIPAm gels by detecting endothermic or exothermic events induced by phase 

transitions,21,114–117 while isothermal titration calorimetry (ITC) has been applied to determine the 
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thermo-dynamical parameters of protein binding on colloidal microspheres.118–120 Surface plasmon 

resonance (SPR) or quartz crystal microbalance (QCM) techniques can be used to monitor the 

phase transition dynamics of microgels coated on a substrate in real time.121–130 Li et al. have 

investigated the phase-transition behavior of p(NIPAm-co-acrylic acid) microgel assemblies 

coated on an Au electrode via quartz-crystal microbalance with dissipation (QCM-D) 

measurements.130 They revealed that the changes in the solution temperature and pH value depend 

dramatically on the viscosity of the microgels, the water content in the microgel network, and the 

Au overlayer.130  
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Table 1.1. Classification of ensemble techniques for the evaluation of microgels 

 
 

Although these ensemble techniques present advantages by providing ensemble-averaged 

information of the system, the distribution and inhomogeneities in individual samples are always 

averaged. However, microgels synthesized by free-radical precipitation polymerization present an 

inhomogeneous internal structure,21 implying that the individual properties of the microgels will 

also be averaged and thus overlooked. To overcome these limitations and to gain more reliable 

information on the microgels, a combination of ensemble techniques and single-particle 

measurements (such as imaging techniques) is highly desirable. In this context, various types of 

microscopy techniques, such as optical or fluorescence microscopy,131–140,142,143 electron 

microscopy,144–149 and scanning probe microscopy (SPM),150–158 have been employed to directly 

gain morphological information (Table 1.2).  

 Optical or fluorescence microscopy can be used to directly observe the dynamic behavior 

of microgels both in the swollen and dispersed state, such as Brownian motion and interfacial 
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behavior.131–134 Minato et al. have visualized the dynamic deformation behavior of a single 

microgel using a fluorescence microscope equipped with a high-speed camera with high temporal 

resolution.136 However, despite the many advantages of optical microscopy, the effective spatial 

resolution remains limited to the wavelength of the light source, i.e., in the visible region, implying 

that the nanoscopic structure of microgels cannot be observed. To overcome this limitation, super-

resolution fluorescence microscopy (SRFM) was developed in order to analyze the nanoscopic 

structure of biomolecules such as proteins with nanoscale spatial resolution.142,143 Conley et al. 

have employed SRFM to visualize the three-dimensional structure of individual microgels and 

determine their internal density profiles.142 Nevertheless, the samples must be labeled with 

fluorescent species and real-time observation remains difficult.  

 SEM is a commonly used method for the visualization of the surface morphology of 

microgels. However, the observation must be performed under high-vacuum conditions, i.e., the 

observation of solvent-swollen microgels is difficult.146 To overcome this limitation, Horigome et 

al. have realized the visualization of “swollen” microgels by SEM using ionic liquids, which are 

conductive and nonvolatile even under high-vacuum conditions.146 TEM is also frequently used 

for microgel morphology imaging with high spatial resolution under high-vacuum conditions. 

Cryo-tomography TEM techniques have been employed to reveal the three-dimensional structure 

and morphology of individual composite microgels in the swollen state.148 Liquid-cell in-situ TEM 

allows monitoring microgels in real time in aqueous solution; however, the previous literature 

reports indicate that the spatial resolution is worse than that of cryo-TEM, and that high-contrast 

sample are required.149 

  AFM is an SPM technique that allows the visualization of the surface morphology of 

microgels in any environment, e.g., vacuum, air, and liquid conditions, with high spatial 

resolution.150–158 Indeed, many reports exist on the characterization of the stimulus-responsiveness 

of microgels by AFM. For example, temperature-induced volume and microscopic structural 

changes in single microgels have been visualized by in-situ AFM,150 and the time-dependent 

erosion of degradable single microgels under physiological conditions has been observed by in-

liquid AFM.154 However, tip–sample interactions cannot be neglected and the temporal resolution 

of AFM measurements remains low (about 1 min is typically required to capture an image),163 and 

thus real-time observation cannot be performed.  

On the other hand, a new type of microscopy based on an SPR sensor called single-
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nanoparticle SPR microscopy allows monitoring polypeptide or protein binding to individual 

microgels,159,160 although the detailed morphological changes in individual microgels at the 

nanoscale still cannot be visualized. In summary, despite the considerable progress on the above 

measurement techniques, to the best of the author’s knowledge, the visualization of the dynamic 

behavior of individual microgels in aqueous solution at the nanoscale in real-time has not been 

reported to date.  

 

 

Table 1.2. Classification of single-particle techniques for the evaluation of microgels 
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 Against this background, the author has focused on high-speed atomic force microscopy 

(HS-AFM) to visualize the dynamics of microgels in aqueous solution at the nanoscale. HS-AFM 

has been developed by Ando et al. to directly monitor the structural dynamics of active 

biomolecules (such as proteins) in motion, while retaining their physiological function in aqueous 

solution.161-163 In contrast to conventional AFM, the image acquisition speed and sample 

invasiveness are improved by optimizing the feedback and force control. Such significant progress 

allows to greatly reduce the tip–sample interaction without sacrificing the imaging rate.162-164 On 

the other hand, a few studies exist in the literature on the use of HS-AFM for the evaluation of 

artificial polymeric materials, for instance, the micro-Brownian motion of single polymer 

chains,165 the time-dependent dissolution behavior of photoresists,166 and the dynamic surfactant 

aggregation behavior on mica substrates.167 Although a few reports are available on the use of HS-

AFM to evaluate the dynamics of artificial polymeric materials, to the best of the author's 

knowledge, the study of artificial polymeric colloidal microspheres, especially microgels, remains 

unexplored.  

 In the present thesis, the author employed HS-AFM to study the dynamic behavior, 

including the stimulus-responsive behavior, of individual microgels with high spatio-temporal 

resolution in aqueous solution, aiming also at the establishment of a new design concept for 

stimulus-responsive microgels. In particular, the importance of combining ensemble-averaged 

measurements and real-time single-particle visualization using HS-AFM to understand the real 

behavior of these systems is demonstrated. Finally, as an improvement to conventional stimulus-

responsive microgels, a novel design for autonomously oscillating microgels with enhanced 

oscillating properties, i.e., driving-speed, is proposed. The outlines are described in the following 

section.  

 

1.2. Outlines 

 This thesis covers four research topics. In Chapter Ⅰ, the dynamic adsorption behavior of 

microgels and other polymeric microspheres, such as elastomers and rigid microspheres, at the 

solid–liquid interface is evaluated by means of HS-AFM analysis. The author demonstrates that 

the deformability of microspheres at the solid–liquid interface is crucial for their adsorption 

kinetics. In Chapter Ⅱ, the thermoresponsive behavior of pNIPAm microgels with different cross-
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linking densities is discussed by means of temperature-controlled HS-AFM data. Temperature-

induced morphological changes in individual microgels were investigated by combining a light-

scattering method with direct nanoscopic visualization. Finally, in Chapter Ⅲ, a new design for 

autonomously oscillating microgels that exhibit high-frequency oscillation is described.  
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2. Chapter Ⅰ 

" Adsorption dynamics of microgels at solid–liquid interfaces" 
 

*Part of this work was published in "Shusuke Matsui, Takuma Kureha, Seina Hiroshige, Mikihiro 

Shibata, Takayuki Uchihashi, and Daisuke Suzuki Angewandte Chemie International Edition, 

2017, 56, 12146-12149."  
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2.1. Introduction 

In order to observe the dynamic stimulus-responsive behaviors of individual microgels 

by using HS-AFM, it is necessary to adsorb microgels on a solid substrate in aqueous solution. In 

the first place, understanding dynamic contact and adsorption phenomena of colloidal 

microspheres onto solid surfaces in aqueous solution are highly important in an industrial or 

biological context, for e.g. the coating of solid surfaces with colloidal microspheres, and the 

adsorption of blood platelets onto injured regions in blood vessels, which stops bleeding. In terms 

of pharmaceutical applications, drug delivery vehicles consisting of artificial polymeric 

microspheres have to effectively adsorb onto diseased sites for an effective transportation of drugs. 

Theoretically, the adsorption of rigid colloidal microspheres onto solid surfaces is dominated by 

electrostatic and van der Waals interactions.1 However, the process that occurs between the 

microspheres and the surface at the moment of physical contact is poorly understood.2 Especially 

as colloidal microspheres usually exhibit at least some degree of elasticity (deformability), the 

microspheres can be subject to deformation upon contact with solid surfaces. The deformability 

plays an important role for their biological functionality, e.g. their biodistribution and circulation 

times.3 Such adsorption or deformation of the microspheres on solid surfaces have so far been 

investigated by AFM and so forth.4 However, to the best of our knowledge, how this deformability 

affects the dynamic contact and adsorption behavior of the microspheres onto the surface has not 

yet been addressed, due to the difficulties associated with the direct visualization of the dynamic 

adsorption and deformation behavior of individual microspheres at the nanoscale in real time.  

Against this background, the author first visualized individual microspheres during their 

adsorption and subsequent deformation by using HS-AFM, and discovered that the deformability 
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of individual microspheres strongly impacts the adsorption kinetics. In this chapter, HS-AFM 

techniques have been applied to artificial polymeric microspheres, especially microgels, with 

different softness as model colloids under liquid conditions, and the relationship between the 

adsorption kinetics and the elasticity of the microspheres that adsorb onto solid substrates were 

investigated.  

 

2.2. Experimental Section 

Materials 

N-isopropylacrylamide (NIPAm, 98%), N,N'-methylenebis(acrylamide) (BIS, 97%), acrylic acid 

(AAc, 99%), ethyl acrylate (EA, 97%), methyl methacrylate (MMA, 98%), styrene (St, 99%), 

sodium dodecyl sulfate (SDS, 95%), potassium persulfate (KPS, 95%), and 2,2′-azobis(2-

methylpropinamidine)dihydrochloride (V-50, 95%) were purchased from Wako Pure Chemical 

Industries (Japan) and used as received. 3-Aminopropyltriethoxysilane (APTES) was purchased 

from Shin-Etsu Silicones (Japan). For the synthesis of (4-vinyl-4′-methyl-2,2′-bipyridine)bis(2,2′-

bipyridine)bis(hexafluorophosphate) [Ru(bpy)3 cationic monomer], a previously reported method 

was used.23 Water for all reactions, including the preparation of solutions and the purification of 

polymers, was distilled and subsequently subjected to ion exchange (EYELA, SA-2100E1). 

 

Microgel synthesis 

Poly(NIPAm-co-AAc) (pNA) microgels were synthesized by radical precipitation polymerization 

in aqueous solution. For that purpose, a mixture of NIPAm (1.511 g/89 mol.%, 1.477 g/87 mol.%, 

or 1.443 g/85 mol.%), BIS (0.024 g/1 mol.%, 0.070 g/3 mol.%, or 0.115 g/5 mol.%), AAc (0.109 

g/10 mol.%, 0.108 g/10 mol.%, or 0.108 g/10 mol.%) in water (90 mL) was poured into a three-

necked round-bottomed flask (200 mL) equipped with a mechanical stirrer, condenser, and a 

nitrogen gas inlet. The initial total monomer concentration (150 mM) was maintained. To remove 

any oxygen, the monomer solution was heated to 70 °C in an oil bath under nitrogen sparging (30 

min) and constant stirring (250 rpm). After stabilizing the solution for 30 min, SDS (0.115 g/4 

mM, 0.115 g/4 mM, or 0.115 g/4 mM) was dissolved in water (5 mL) and added to the flask. Then, 

KPS (0.054 g/2 mM, 0.054 g/2 mM, or 0.054 g/2 mM) dissolved in water (5 mL) was added to the 

flask in order to initiate the polymerization. After stirring for 4 h, the dispersion was cooled to 

room temperature. The obtained microgels were purified twice by the following procedure: 
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centrifugation (415 000 g / 15 °C), decantation of the supernatant, and redispersion of the 

precipitate in water. The dispersion was then dialyzed for 5 days, whereby the water was changed 

daily. The microgels were denoted as pNA(1), pNA(3), or pNA(5), whereby the numbers in 

parentheses refer to the mole percentage of BIS in the polymerization feed.  

PolyNIPAm (pN) microgels were synthesized by radical precipitation polymerization in 

aqueous solution. A mixture of NIPAm (1.681 g, 99 mol.%) and BIS (0.023 g, 1 mol.%) in water 

(90 mL) was poured into a three-necked round-bottomed flask (200 mL) equipped with a 

mechanical stirrer, condenser, and a nitrogen gas inlet. The solution was purged as described above. 

After stabilization for 30 min, SDS (0.058 g, 2 mM) dissolved in water (5 mL) was added to the 

flask, and polymerization was initiated by adding KPS (0.054 g, 2 mM) in water (5 mL). The 

dispersion was stirred for 4 h and cooled to room temperature. The thus obtained microgels were 

purified as described above. The dispersion was then dialyzed for 4 days, whereby the water was 

changed daily. 

Cationic poly(NIPAm-co-Ru(bpy)3) (pNRu) microgels were synthesized by radical 

precipitation polymerization in aqueous solution. A mixture of NIPAm (0.224 g, 88 mol.%), BIS 

(0.035 g, 10 mol.%), and Ru(bpy)3 (0.041 g, 2 mol.%) in water (28 mL) was poured into a three-

necked round-bottomed flask (50 mL) equipped with a mechanical stirrer, condenser, and a 

nitrogen gas inlet. The initial total monomer concentration (75 mM) was maintained. After purging 

the solution as described above and stabilization (30 min), the polymerization was initiated by 

addition of V-50 (0.016 g, 2 mM) in water (2 mL). The dispersion was stirred for 4 h, and then 

cooled to room temperature. The thus obtained microgels were purified as described above. The 

dispersion was then dialyzed for 2 days, whereby the water was changed daily. 

 

Synthesis of elastomeric microspheres 

Poly(ethyl acrylate) (pEA) microspheres were synthesized by surfactant-free emulsion 

polymerization. EA (3.008 g, 100 mol.%) in water (95 mL) was poured into a three-necked round-

bottomed flask (200 mL) equipped with a mechanical stirrer, condenser, and a nitrogen gas inlet. 

The initial total monomer concentration (300 mM) was maintained. To remove any oxygen from 

the solution, it was heated to 70 °C in an oil bath under nitrogen sparging (30 min) and constant 

stirring (300 rpm). After stabilization for 30 min, KPS (0.054 g, 2 mM) in water (5 mL) was added 

to initiate the polymerization. The dispersion was stirred for 24 h, cooled to room temperature, and 
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then dialyzed for 7 days, whereby the water was changed daily. 

 

Synthesis of rigid microspheres 

Poly(methyl methacrylate) (pMMA) and polystyrene (pSt) microspheres were synthesized by 

surfactant-free emulsion polymerization. MMA (10.012 g, 100 mol.%) or St (5.2075 g, 100 

mol.%) in water (95 mL) was poured into a three-necked round-bottomed flask (200 mL) equipped 

with a mechanical stirrer, condenser, and a nitrogen gas inlet. The initial total monomer 

concentration (MMA: 1000 mM; St: 500 mM) was maintained. After removing oxygen from the 

solutions as described for pEA and stabilization for 30 min, KPS (0.054 g, 2 mM) in water (5 mL) 

was added to initiate the polymerizations. The dispersions were stirred for 24 h, cooled to room 

temperature, and dialyzed for 7 days, whereby the water was changed daily. 

 

Dynamic light scattering (DLS) measurements 

The hydrodynamic diameters of the microspheres in aqueous solution were estimated by dynamic 

light scattering (DLS; Malvern Instruments Ltd.; ZetasizerNanoS). The DLS data represent 

averages of three individual measurements of 15 consecutive runs of the intensity autocorrelation 

(acquisition time: 30 s). The concentration of the microspheres in the DLS experiments was 

approximately 0.001 wt%. Before the measurements, the samples were allowed to thermally 

equilibrate at 25 °C for 5 min. The time-dependent scattering intensity was detected at a total 

scattering angle of 173° (refractive index n = 1.33). The hydrodynamic diameters of the 

microspheres were calculated from the measured diffusion coefficients using the Stokes–Einstein 

equation (Zetasizer software v6.12). 

 

Electrophoretic mobility (EPM) 

The electrophoretic mobilities (EPMs) of the microspheres were determined by a Zetasizer 

NanoZS system (Malvern, Zetasizer software Ver. 4.20). The EPM data represent averages of three 

individual measurements of 20 consecutive runs. Before the measurements, the samples were 

allowed to thermally equilibrate at 25 °C for 5 min. The microgel concentration in the 

measurements was approximately 0.01 wt%, and the concentration of the elastomeric or rigid 

microspheres was approximately 0.001 wt% in pure water. 
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HS-AFM observations 

A laboratory-built HS-AFM was used in this study, and the instrument has previously been 

described elsewhere.10 All images and movies shown in this paper were acquired in the tapping 

mode, in which a cantilever (length: 6–7 μm; width: 2 μm; thickness: 90 nm) oscillates near a 

mechanical resonance. The cantilever oscillation was detected by an optical-beam-deflection 

detector with a red laser (650 nm). Typical values for the spring constant, resonant frequency, and 

quality factor in aqueous solution of this cantilever are ~0.1 N/m, ~600 kHz, and ~2, respectively. 

An amorphous carbon tip was grown on the original bird-beak tip by electron beam deposition, 

and the carbon tip was subsequently sharpened (radius:  ~4 nm) by plasma etching under an argon 

atmosphere. For the HS-AFM imaging of polymeric microspheres, the cantilever free-oscillation 

amplitude was set to 5~30 nm, and the set-point amplitude was set to 70-90% of the free-oscillation 

amplitude depending on the microsphere size.  

In order to modify the electric properties of the mica surfaces, these were chemically 

modified with 3-aminopropyltriethoxysilane (APTES), which leads to the formation of positively 

charged surfaces.18 For that purpose, an APTES-diluted aqueous solution (1 wt%; 3 μL) was 

dropped on a freshly cleaved mica surface, and the substrate was incubated for 3 min at room 

temperature. After the incubation, the mica surface was rinsed with pure water to remove any 

excess APTES. The adsorption behavior of the microspheres on the APTES-treated mica 

substrates (AP mica) was observed by removing 8 μL of water from the observation solution (80 

μL pure water) and replacing it with the same volume of a microsphere dispersion (0.1 wt%) during 

the recording of the images. All HS-AFM imaging was performed at room temperature (~25 °C) 

under the following conditions: scanning area = 1500 × 1500 nm2; 120 ×120 pixels2; frame rate = 

1 fps. 

 

2.3. Results and discussion 

2.3.1. Synthesis of microgels, elastomers, and rigid microspheres 

 The softness of polymeric microspheres varies from highly soft hydrogels (elastic 

modulus: ~ several tens of kPa),6 to elastomers (elastic modulus: ~ several hundreds of kPa),7 and 

rigid polymers (elastic modulus: ~ several GPa).8 Hydrogel microspheres, i.e., pNA(x) microgels 

(x = molar ratio of cross-linker in the polymerization feed) were synthesized from N-isopropyl 

acrylamide (NIPAm), acrylic acid (AAc, 10 mol.%), and the cross-linker N,N'-
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methylenebis(acrylamide) (BIS; 1, 3, or 5 mol.%) by aqueous free-radical precipitation 

polymerization9 (Table 2.1). Elastomeric poly(ethyl acrylate) (pEA; Tg ~ −8 °C),10 as well as rigid 

poly(methyl methacrylate) (pMMA; Tg ~ 105 °C)10 and polystyrene (pSt; Tg ~ 107 °C)10 

microspheres with different glass-transition temperatures (Tg) were synthesized by soap-free 

emulsion polymerization (Table 2.2). 

 

Table 2.1. Chemical composition, hydrodynamic diameters (Dh), and electrophoretic mobility 
(EPM) of the microgels measured in pure water, as well as the degree of deformation of the 
microgels in aqueous solution (Dh/h). 

 
 

Table 2.2. Chemical composition, hydrodynamic diameters (Dh), and electrophoretic mobility 
(EPM) of the elastomeric and rigid microspheres measured in pure water, as well as the degree of 
deformation of the microspheres in aqueous solution (Dh/h). 

 
 

2.3.2. Effect of electrostatic interactions between the microgels and the substrate on the 

adsorption behavior 

Initially, the author examined the effect of the electrostatic interactions on the adsorption 

behavior between the microspheres and negatively or positively charged substrates in aqueous 

solution (Table 2.3; Figures 2.1-2.3). For this purpose, freshly cleaved negatively charged mica 

substrates, or a mica substrates treated with 3-aminopropyltriethoxysilane (APTES), which are 

expected to exhibit positive net charges (AP mica),11 were used in this study. The author found 

 NIPAm  
(mol.%) 

BIS  
(mol.%) 

AAc  
(mol.%) 

Dh  
(nm) 

EPM 
(10-8 m2V-1s-1) 

Dh/h 

pNA(1) 89 1 10 378 ± 12 −2.50 ± 0.13 16.7 ± 4.9 
pNA(3) 87 3 10 257 ± 5 −2.74 ± 0.18 2.9 ± 0.8 
pNA(5) 85 5 10 242 ± 14 −2.88 ± 0.24 2.2 ± 0.7 

 EA  
(mol.%) 

MMA  
(mol.%) 

St  
(mol.%) 

Dh  
(nm) 

EPM  
(10-8 m2V-1s-1) 

Dh/h 

pEA 100 0 0 198 ± 1 −2.49 ± 0.02 0.7 ± 0.1 
pMMA 0 100 0 402 ± 2 −3.24 ± 0.12 N/A 

pSt 0 0 100 250 ± 2 −1.76 ± 0.03 N/A 
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that electrostatic attractions between the microspheres and the substrates are necessary to adsorb 

the microspheres on the substrates. 

 

 

 

Table 2.3. Chemical composition, hydrodynamic diameters (Dh), and electrophoretic mobility 
(EPM) of weakly anionic and cationic microgels measured in pure water. 

 
 

 

 
Figure 2.1. HS-AFM images of (a) pNA(1), (b) pNA(3), and (c) pNA(5) microgels adsorbed onto 
different substrates (mica or AP mica) in pure water, and typical height profiles of adsorbed 
microgels. A microgel dispersion (3 μL; 0.1 wt%) was dropped onto the surface of freshly cleaved 

 NIPAm  
(mol.%) 

BIS 
(mol.%) 

Ru(bpy)3 
(mol.%) 

Dh  
(nm) 

EPM 
(10-8 m2V-1s-1) 

pN 99 1 0 226 ± 2 −0.64 ± 0.04 
pNRu 88 10 2 166 ± 9 +1.90 ± 0.10 
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mica or AP mica substrates, and incubated for 5 min at room temperature. The substrate was then 
rinsed with pure water to remove any non-adsorbed microgel and placed in the sample folder (filled 
with 80 μL water). The HS-AFM measurement was performed at room temperature. Pixels: 120 × 
120; scan range: 1500 × 1500 nm2; frame rate: 1 fps. Anionic pNA microgels did not adsorb onto 
the negatively charged mica substrates, while they adsorbed onto the positively charged AP mica 
substrates. 
 

 
Figure 2.2. HS-AFM images of adsorbed (a) anionic pEA, (b) pSt, and (c) pMMA microspheres 
in pure water using different substrates (mica or AP mica). Anionic pEA, pSt, and pMMA 
microspheres did not adsorb onto the negatively charged mica substrates, while they adsorbed onto 
the positively charged AP mica substrates. 
 



 

 36 

 
Figure 2.3. HS-AFM images of adsorbed (a) weakly anionic pN and (b) cationic pNRu microgels 
in pure water using different substrates (mica or AP mica). Weakly anionic pN microgels did not 
adsorb onto the negatively charged mica or positively charged AP mica substrates. Cationic pNRu 
microgels adsorbed onto the negatively charged mica substrates, while they did not adsorb onto 
the positively charged AP mica substrates.  
 

 

2.3.3. Observation of the dynamic adsorption behavior of microgels at solid–liquid interfaces 

by HS-AFM 

To observe the real-time adsorption behavior of negatively charged microspheres by HS-

AFM, a positively charged AP mica was initially monitored by HS-AFM in water (80 μL). Then, 

part of the water (8 �L) was removed, and a dispersion of microspheres (0.1 wt%, 8 �L) was 

injected; the dispersion was thoroughly distributed in the water by repeated pipetting during the 

recording of the images (Figure 2.4). 
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Figure 2.4. Schematic illustration of the HS-AFM sample folder. 
 

After the injection of the microgel or elastomeric microsphere dispersions, microspheres 

appeared in the HS-AFM images, and the number of adsorbed microspheres increased with time 

up to saturation (Figure 2.5). On the other hand, after the injection of the rigid pMMA or pSt 

microsphere dispersions, the microspheres diffused on the surface but were not bound onto the 

surface. 
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Figure 2.5.  HS-AFM images of the time-dependent adsorption of microgels with different cross-
linking densities and elastomeric pEA microspheres onto AP mica substrates: (a) pNA(1), (b) 
pNA(3), (c) pNA(5), and (d) pEA; [microspheres] = 0.01 wt%; pixel: 120 × 120; scan range: 1500 
× 1500 nm2; frame rate: 1 fps. 
 

To quantitatively evaluate the observed adsorption behavior, the number of adsorbed 

microspheres within a 1500 × 1500 nm2 area of the HS-AFM images was counted and plotted as 

a function of time. Figure 2.6 shows the number of microspheres adsorbed on the substrates. Here, 

the number is normalized by the saturated number and the adsorption rate is simply estimated from 

dividing the saturated number of microspheres with the time required for the saturation. The 

adsorption rate of the pNA(5) microgels with higher cross-linking density (0.58 s-1) was lower than 
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that of the pNA(3) (1.11 s-1) and the pNA(1) (1.98 s-1) microgels with lower cross-linking densities, 

or that of the elastomeric pEA microspheres (0.24 s-1) (Figure 2.6), indicating that the adsorption 

rate of the microgels decreases with increasing cross-linking density. A significant effect of the 

size of the microgels on their adsorption behavior was not observed under the applied experimental 

conditions (Figure 2.7). These results suggest that the adsorption rate cannot be rationalized 

exclusively by electrostatic interactions, i.e., the adsorption behavior of the microspheres may be 

controlled by their deformability on the substrate rather than by their electrophoretic mobility 

(EPM). This indicates that the adsorption rate should be determined by the balance between the 

electrostatic interactions and the deformability of the microspheres.  

 

 
Figure 2.6. Normalized number of adsorbed microgels with different cross-linking densities and 
of elastomeric pEA microspheres as a function of time (N = 3).  
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Figure 2.7. Normalized number of adsorbed microgels with different size (Dh = 378 nm and Dh = 
541 nm; difference in volume by a factor of ~2.9) as a function of time (N = 3). The adsorption 
behavior of these microgels is comparable. 
 

2.3.4. Relationship between the deformability and adsorption kinetics of microgels 

To confirm the effect of the deformability of individual microspheres on the adsorption 

kinetics, the author evaluated the height (h) of the adsorbed microspheres from the HS-AFM 

images immediately after the adsorption on the substrate (Figure 2.8), while the hydrodynamic 

diameters (Dh) of the microspheres were estimated based on dynamic light scattering (DLS) 

measurements. The degree of deformation induced immediately after the adsorption on the 

substrate was then defined as Dh/h. Figure 2.9 shows the plots of the correlation between the 

adsorption rate and Dh/h of the microspheres. For all microgels, the degrees of deformation were 

> 1 immediately after adsorption (Figure 2.9 and Table 2.1), indicating that all microgels 

immediately deformed on the substrate. The degree of deformation of the pNA(5) microgels  with 

a high cross-linking density (Dh/h = 2.2) was lower than those of the pNA(3) (Dh/h = 2.9) and the 

pNA(1) (Dh/h = 16.7) microgels with lower cross-linking densities. Furthermore, the degree of 

deformation immediately after adsorption affects the net adsorption rate of the microgels onto the 

substrate (Figure 2.9). On the other hand, the degrees of deformation of the elastomeric pEA 
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microspheres were � 1 (Figure 2.9 and Table 2.2), indicating that these microspheres should not 

be deformed on the substrate as much as the microgels.  

 

 

 
Figure 2.8. Time-dependence of the height profiles of the pNA microgels after the adsorption onto 
the substrates (0 -30 s). (a) pNA(1), (b) pNA(3), and (c) pNA(5) microgels. The height of all 
adsorbed pNA microgels immediately after the adsorption (just appeared on the image, 0 s) is 
much smaller than the hydrodynamic diameter in water, indicating high deformation on the 
substrate. After that, the height of the adsorbed microgels decreased and reached almost an 
equilibrium state. 
 

 
Figure 2.9. The adsorption rate of microspheres obtained from HS-AFM images (N = 3; left axis 
and left bar), and the degree of deformation (Dh/h) of the polymeric microspheres immediately 
after the adsorption onto the substrate in aqueous solution (N = 15; right axis and right bar). 
 

According to the JKR theory,12 the total adhesion energy (E0) of two surfaces in 

equilibrium contact under zero load is given by E0 = −1.2 �a0
2�, whereby a0 = (12 �R2�/K)1/3.13 
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Here, � represents the interfacial energy, a0 the contact radius between the spheres and the surface, 

while R and K are the radius and the elastic modulus of a sphere, respectively. In the case of rigid 

microspheres without obvious deformation, the adsorption energy of the microspheres on the solid 

surface should be very small, given by that the contact radius of the microspheres is small due to 

the large elastic modulus. Hence, rigid microspheres can desorb immediately after the adsorption 

onto the substrate. In contrast, soft and deformable microgels with a small elastic modulus deform 

rapidly and collapse on the surface after getting in contact with the surface. This rapid and drastic 

deformation provides a relatively large adsorption energy to the microspheres, as the contact radius 

of the adsorbed microgels increases rapidly. Thus, the adsorption rate should be dominated by the 

instantaneous deformability immediately after the adsorption onto the substrate. 

 

2.4. Conclusions 

In conclusion, the effect of the deformability of individual polymeric microspheres on the 

adsorption kinetics on solid surfaces was examined by monitoring the adsorption processes of 

microspheres onto solid surfaces in aqueous solution using HS-AFM. The adsorption rates in the 

presence of electrostatic attractions greatly depend on the deformability of the microspheres, and 

the adsorption rate decreases in the order pNA(1) > pNA(3) > pNA(5) > pEA, suggesting that 

highly deformable microgels with a low cross-linking density adsorb faster than elastomeric or 

rigid microspheres. This result should lead to the development of new design guidelines for 

polymeric microspheres with applications in biomaterials such as drug delivery vehicles that are 

focused on the “softness” of the microspheres, as it may allow effective adsorption on target sites 

under blood flow conditions.  
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3. Chapter Ⅱ 

"Monitoring the thermoresponsive behavior of individual microgels" 

 
*Part of this work was published in " Shusuke Matsui, Yuichiro Nishizawa, Takayuki Uchihashi, 

and Daisuke Suzuki, ACS Omega 2018, 3, 10836–10842."  

(https://pubs.acs.org/doi/abs/10.1021/acsomega.8b01770) 

Reproduced with permission from Copyright (2018) American Chemical Society. 

 
3.1. Introduction  

In Chapter I, it was found that the softness of microgels plays crucial role for their dynamic 

adsorption onto solid surfaces in aqueous solution, i.e., the softer microgels the faster adsorption. 

In the present chapter, the author has demonstrated direct visualization of stimulus-responsive 

morphological changes in individual microgels with high-spatiotemporal resolution using HS-

AFM and light scattering technique. Especially, how highly water-swollen microgels respond to 

“temperature changes” by combining light scattering technique and temperature-controlled HS-

AFM have been investigated (Figure 3.1). 

 

3.2. Experimental Section 

Materials  

N-Isopropyl acrylamide (NIPAm, 98%), N,N'-methylenebis(acrylamide) (BIS, 97%), sodium 

dodecyl sulfate (SDS, 95%), and potassium persulfate (KPS, 95 %) were purchased from Wako 

Pure Chemical Industries (Japan) and used as received. The water used in all reactions, the 

preparation of solutions, and the purification of polymers was distilled and ion-exchanged 

(EYELA, SA-2100E1). 

 

Microgel synthesis 

PolyNIPAm microgels were synthesized by aqueous free-radical precipitation polymerization. A 

mixture of NIPAm (8.402 g/99 mol% or 8.063 g/95 mol%), BIS (0.116 g, 1 mol% or 0.578 g/5 

mol%), and SDS (0.072 g/0.5 mM for N1) in water (495 mL) was placed in a three-necked round-

bottom flask (1000 mL) equipped with a mechanical stirrer, condenser, and nitrogen gas inlet. The 
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monomer solution was heated in an oil bath to 70 °C under nitrogen sparging (30 min) and constant 

stirring (250 rpm). After stabilization for 30 min, the KPS initiator (0.270 g/2 mM) dissolved in 

water (5 mL) was added to the flask to initiate the polymerization reaction. Thereafter, stirring was 

continued for 4 h before the dispersion was cooled to room temperature. The obtained microgels 

were purified by two cycles of centrifugation (70,000 g or 415,000 g; 15 °C), decantation of the 

supernatant, and redispersion of the precipitate in water. The dispersion was then dialyzed for a 

week with daily water changes.  

 

Dynamic light scattering (DLS) measurements 

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

Ltd., ZetasizerNanoS) measurements in aqueous solution. The DLS data represent averages of 

three individual measurements of 15 consecutive runs (30 s acquisition time of the intensity 

autocorrelation). The microgel concentration was fixed at 0.001 wt%. The samples were allowed 

to thermally equilibrate at each temperature for 10 min before the measurements. The time-

dependent scattering intensity was detected at a total scattering angle of 173°. The Dh of the 

microgels was calculated from the measured diffusion coefficients using the Stokes–Einstein 

equation (Zetasizer software v6.12).  

 

High-speed atomic force microscopy (HS-AFM) 

We used the laboratory-built HS-AFM in this study, the details of which are described elsewhere.1-

2 For the HS-AFM imaging, small cantilevers (length: 6–7 μm; width: 2 μm; thickness: 90 nm) 

developed by Olympus were employed. Typical spring constant, resonant frequency, and quality 

factor values for the aqueous solution of the cantilever are ~0.1 N/m, ~600 kHz, and ~2, 

respectively. Because the small cantilever has only a blunt bird-beak structure at the end, a sharp 

amorphous carbon tip was grown on the original tip by electron beam deposition. Then the carbon 

tip was etched to ~4 nm in radius by a RF plasma etcher under an argon atmosphere. For the HS-

AFM imaging of the microgels, the cantilever free-oscillation amplitude was set to 5–30 nm and 

the set-point amplitude to 70–90% of the free-oscillation amplitude (depending on the size of the 

microgels). 

Droplets (3 μL) including the microgel dispersion ([microgel] = 0.001 wt%) were loaded on highly 

oriented pyrolytic graphite (HOPG) substrates. After incubation (5 min), the substrate was 
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thoroughly rinsed with pure water to remove residual microgels, and HS-AFM imaging was 

performed at room temperature (T � 25 °C; scanning area: 1000 × 1000 nm2; 120 × 120 pixels2; 

frame rate = 1 fps). 

To monitor the real-time thermo-responsive morphological changes in the microgels, a 

temperature control device was equipped in the HS-AFM. Heating the solution was carried out by 

flowing a DC current through indium-tin-oxide (ITO) glass at the bottom of the cantilever holder. 

The thermocouple was attached to the cantilever holder and immersed in the solution. The solution 

temperature can be controlled by a feedback control on the software of the HS-AFM. Using this 

system, the temperature of the aqueous solution within the HS-AFM fluid cell was increased at a 

rate of ~1.5 °C / min. The temperature was measured every 10 s at different values of input voltage 

(1.7 to +0.2 V every 30 s) and plotted as a function of time (Figure 3.1(b)).  

 

3.3. Results and discussion 

3.3.1. Synthesis and characterization of thermoresponsive microgels 

Thermo-responsive microgels were obtained from the aqueous free-radical precipitation 

polymerization of N-isopropyl acrylamide (NIPAm) and the cross-linker N,N'-

methylenebis(acrylamide) (BIS; 1 or 5 mol%; hereafter denoted N1 and N5, respectively) (Table 

3.1). Figure 3.2 shows the hydrodynamic diameter (Dh) of the polyNIPAm microgels in water as 

a function of the temperature determined by dynamic light scattering (DLS). The Dh of the 

microgels decreases with increasing temperature, reaching an equilibrium at �40 °C. The volume 

phase transition temperature (VPTT) for N1 and N5 was estimated to be ~33 °C and ~35 °C, 

respectively, based on the maximum change ratio of the volume of the microgels. 

 

Table 3.1. Chemical composition and DLS-derived Dh values for the microgels in aqueous 
solution. 
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Figure 3.1. (a) Schematic illustration of the HS-AFM apparatus equipped with the temperature-
control device. (b) Time dependence of the temperature change in the sample holder during the 
HS-AFM measurements.  
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Figure 3.2. Temperature dependence of the DLS-derived Dh values of N1 and N5 microgels in 
aqueous solution.  
 

3.3.2. Observation of the thermoresponsive behavior of microgels using HS-AFM 

In order to visualize the microgels deposited on a substrate by HS-AFM, 3 μL of a 

microgel dispersion (0.001 wt%) were placed on a highly oriented pyrolytic graphite (HOPG) 

substrate. Subsequently, the substrate was thoroughly rinsed with pure water to remove any excess 

microgels. The adsorbed microgels on the HOPG substrate were imaged by HS-AFM in pure water 

at room temperature (~25 °C) and then, the temperature-control device was employed to heat the 

solution (~1.5 °C/min) during the imaging (Figure 3.1(b)). Figure 3.3(a) shows clipped HS-AFM 

images of the N1 microgels during the heating. The N1 microgels exhibited an inhomogeneously 

collapsed morphology surrounded by a flattened corona of a loosely cross-linked polymer shell at 

25 °C (Figure 3.3(a)), which is probably due to their highly soft nature. Here, a maximum height 

of the adsorbed microgels was approximately 50 nm ((Figure 3.3(b) at 25.0 °C and Figure 3.3(e)), 
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which was ~8 times smaller than Dh of the N1 microgels at 25 °C (396 nm), indicating highly 

deformed N1 microgels on the substrate due to their high softness. Upon heating the solution, the 

height of the N1 microgels gradually decreased (Figure 3.3(e)). During the whole process, the N1 

microgels exhibited an inhomogeneous and non-hemispherical morphology (Figures 3.3(a) and 

3.3(b)). In contrast, the N5 microgels with a higher cross-linking density exhibited a relatively 

hemispherical morphology at 25 °C compared to that of the N1 microgels on the same substrate. 

Here, a maximum height of the adsorbed N5 microgel was 146 nm (Figure 3.3(d) at 25.6 °C and 

Figure 3.3(f)), which was ~3 times smaller than the Dh of the N5 microgels at 25 °C (450 nm). 

Upon heating the solution, the N5 microgels gradually contracted, and then, polymer-rich domains 

clearly appeared on the surface (Figure 3.3(c)).  
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Figure 3.3. HS-AFM images of (a) N1 and (c) N5 microgels as a function of the temperature. 
Temperature dependence for the cross-section profiles of (b) N1 and (d) N5. (e, f) Time 
dependence of the maximum height of (e) N1 and (f) N5 measured from the HS-AFM images. 
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3.3.3. Relationship between the height of the microgels on the substrate and Dh 

Figure 3.4 shows the temperature dependences of the normalized height of the microgels 

determined by the HS-AFM images and the normalized Dh of the microgels determined by DLS. 

Here, the heights and Dh of the microgels correspond to non-equilibrium and equilibrium state of 

the microgels at each temperature, respectively. Both the height and Dh of the N1 microgels 

gradually decreased up to ~31 °C and then rapidly decreased up to the VPTT (~33 °C), above 

which both the height and Dh approached the equilibrium state (Figure 3.4(a) and (b)). In the case 

of the N5 microgels with a higher cross-linking density, both the height and Dh gradually decreased 

up to the VPTT (~35 °C), above which both the height and Dh reached a near-equilibrium state 

(Figure 3.4(c) and (d)). Since the tendencies of the temperature dependence for the normalized 

height and Dh of these microgels are similar, it can be concluded that the size change of the 

microgels detected by HS-AFM must follow the temperature change on the individual microgel 

level. This behavior seems to be reflected in the rapid stimulus-responsiveness of microgels.  
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Figure 3.4. Normalized height of (a) N1 and (c) N5 microgels measured by HS-AFM imaging, 
and normalized Dh (b: N1 and d: N5) determined by DLS as a function of the temperature. 
 

3.3.4. Magnified time-lapse HS-AFM images of an individual N5 microgel 

Figure 3.5 shows the magnified HS-AFM images for the N5 microgels upon heating the 

solution. While the microgels gradually contracted, domains (several tens of nanometer in size) 

continuously and simultaneously formed on the microgels even at ~27.0 °C, i.e., well below the 

VPTT of the microgels (~35 °C). These domains persisted near the VPTT and did not disappear, 

not even at near 40 °C, where the microgels had almost entirely collapsed. According to a previous 
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study using small-angle neutron scattering (SANS), swollen pNIPAm-based microgels prepared 

by precipitation polymerization in aqueous solution present a core–shell structure with uniform 

segment distribution within the core and thin shell (~20 nm), where the shell thickness is not 

affected by the temperature.3 Considering the present study, the surface and/or shell of the 

microgels may not always exhibit a uniform structure, that may transform into a inhomogeneous 

raspberry structure upon heating. On the other hand, Höfl et al. have observed the appearance of a 

surface pattern on pNIPAm-based microgels adsorbed on a substrate above the VPTT by 

conventional AFM.4 They speculated that such surface patterns are probably due to the presence 

of collapsed dangling polymer chains that lead to rigid globules on the microgel surface.4 

Additionally, Ikkai et al. have observed a microphase separation (size scale: 20–30 nm) in a weakly 

charged microgel near the VPTT by SANS5 that is comparable to the domain size found in the 

present study. Based on these reports, the formation of domains observed in the present study upon 

increasing the temperature should presumably be attributed to polymer collapsing and/or polymer–

polymer association. The author has clarified that the domain formation occurs gradually at 

temperatures below the VPTT, and that the domain formation as well as the contraction of the 

microgels occurs simultaneously upon increasing the temperature.  

It should be noted that the density fluctuation near the volume phase transition is largely 

influenced by the adsorption of the microgels on the solid substrate.6 This means that the thermo-

responsive behavior of microgels in the dispersed state or adsorbed on a solid substrate might be 

different, although reports describing such differences in detail remain elusive. Nevertheless, the 

author believe that the findings in the present study are significant and help clarify the relationship 

between the morphology/structure and physical properties of microgels adsorbed on solid 

substrates, which may lead to the development of advanced functional materials, such as 

switchable cell culture substrates for tissue engineering,7 where the surface roughness as well as 

hydrophilicity/hydrophobicity are important parameters. 
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Figure 3.5. Detailed time-lapse HS-AFM images of an individual N5 microgel as a function of 
the temperature. 
 

3.4. Conclusions 

The author has successfully observed temperature-induced morphological changes on 

individual microgels at the nanoscale in real time by temperature-controlled HS-AFM. The 

morphology of substrate-adsorbed microgels varies with cross-linking density. The change of 

shape of the microgels follows the change in temperature, whereby the normalized height and Dh 

of the microgels showed similar behavior due to the rapid stimulus-responsiveness of the microgels. 

Furthermore, the formation of domains was observed during the collapse of the microgel structures, 
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even below the VPTT; these domains persist, even in the collapsed state, which indicates that the 

contracted microgel state may not always be a homogeneous sphere, but often an inhomogeneous 

raspberry shape. The direct visualization of the behavior of individual microgels on the nanoscale 

is important to gain further insight into thermo-responsive materials. In the near future, it should 

be possible to apply temperature-controlled HS-AFM to a wider range of temperatures and 

stimulus-responsive materials, which may further accelerate the development of novel smart 

materials.  
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4. Chapter Ⅲ 

"Development of fast-driven autonomously oscillating microgels" 

 
*Part of this work was published in " Shusuke Matsui, Kohei Inui, Yuki Kumai, Ryo Yoshida, and 

Daisuke Suzuki, ACS Biomaterials Science & Engineering, in press,  

DOI: 10.1021/acsbiomaterials.8b00850” 

(https://pubs.acs.org/doi/10.1021/acsbiomaterials.8b00850) 

Reproduced with permission from Copyright (2018) American Chemical Society. 

 
4.1. Introduction 

Through Chapter I to II, the typical dynamic behaviors of conventional stimulus-

responsive microgels, such as adsorption onto solid/liquid interface, and temperature-

responsiveness, were evaluated using HS-AFM visualization and other ensemble measurements. 

Consequently, the insight into dynamic behaviors of stimulus-responsive microgels deepened and 

new design guidelines for microgels were found. As mentioned in Introductory remarks, the 

next challenge is development of autonomously oscillating microgels, which stand advancement 

of conventional stimulus-responsive microgels. 

One of the characteristics of the oscillating microgels that need to be controlled for future 

applications is their oscillation period, i.e., driving-speed. In this context, it is especially important 

to shorten the oscillation from a materials science perspective. If the potential for the rapid stimuli-

responsiveness of microgels can be fully used, applications such as new types of fast-driven 

actuators similar to the human heart beat are conceivable. However, the difficulty associated with 

shortening the oscillation period of the microgels is due to the fact that microgels aggregate 

irreversibly at higher temperatures, i.e. around the VPTT. The microgels become increasingly 

hydrophobic due to the shrinking of the polymer chain, and interparticle electrostatic repulsion is 

screened under high ionic strength conditions, where the BZ reaction occurs at high frequency. So 

far, one study has reported a “macrogel” based on a non-thermo-responsive polymer that increases 

the reaction substrate concentration and temperature condition for oscillation. The shortest hitherto 

reported oscillation period (2 s) has been observed for a non-thermo-responsive 

poly(vinylpyrrolidone-co-Ru(bpy)3) macrogel by increasing the reaction temperature to 46 °C.1 
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However, more recently, another group has reported that such a non-thermo-responsive poly(N,N’-

dimethylacrylamide-co-Ru(bpy)3) macrogels do not exhibit swelling/deswelling oscillations.2 

Therefore, microgels with higher VPTTs are required not only to suppress microgel aggregation 

and to conduct the oscillation reaction at higher temperature, but also to enable 

swelling/deswelling and dispersing/flocculating oscillation.  

In this chapter, the author designed a new type of oscillating microgel that is able to 

withstand high temperatures in order to achieve fast swelling/deswelling and 

dispersing/flocculating oscillation. For that purpose, a neutral and hydrophilic acrylamide (AAm) 

monomer was introduced as a comonomer in a conventional pNIPAm-based oscillating microgel 

with the expectation to increase the VPTT of these microgels. Since the BZ reaction must be 

conducted under high ionic conditions (>300 mM),3 charged monomers are not suitable to increase 

the VPTT due to the charge screening effect. In addition, the chemical structure of AAm is similar 

to that of NIPAm, and thus, it seems feasible to expect a successful copolymerization.4 After 

generating such fast-oscillating microgels, the author attempted to prepare a microgel-organized 

macrogel that exhibits fast swelling/deswelling oscillation.  

 

4.2. Experimental Section 

Materials 

N-isopropyl acrylamide (NIPAm, 98%), acrylamide (AAm, 95%), N-(3-

aminopropyl)methacrylamide hydrochloride (APMA), N,N'-methylenebis(acrylamide) (BIS, 

97%), 2,2’-azobis(2-methylpropinamidine)dihydrochloride (V-50, 95%), sodium chloride (NaCl, 

99.5%), malonic acid (MA, 98%), sodium bromate (NaBrO3, 99.5%), nitric acid (HNO3, 16 M), 

cerium(III) sulfate n-hydrate (Ce(SO4)·nH2O, 78–88%), cerium(IV) sulfate tetrahydrate 

(Ce(SO4)2·4H2O), heptane (97%), and ethanol (99.5%) were purchased from Wako Pure Chemical 

Industries and used as received. A glutaraldehyde solution (50 wt% in H2O) was purchased from 

Sigma-Aldrich and used as received. The Ru(bpy)3 monomer, [Ru(II)(4-vinylinyl-4’-methyl-2,2’-

bipyridine)bis(2,2’-bipyridine)][PF6]2, was synthesized according to a previously reported 

method.5 Distilled and ion-exchanged water (EYELA, SA-2100E1) was used for all reactions, 

solutions, purification procedures, and measurements. 

 

Microgel synthesis 
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Poly(NIPAm-co-AAm-co-Ru(bpy)3) microgels were synthesized by a surfactant-free aqueous 

radical precipitation polymerization.6 For that purpose, a mixture of NIPAm, AAm, Ru(bpy)3, BIS, 

and water (25 mL) was placed in a three-necked round-bottom flask (50 mL) equipped with a 

stirrer, a condenser, and a nitrogen gas inlet. The comonomer ratio (NIPAm : AAm : Ru(bpy)3 : 

BIS) was varied according to the desired AAm and Ru(bpy)3 content, while the cross-linker (BIS) 

concentration remained constant. Under nitrogen sparging and constant stirring, the solution was 

heated in an oil bath to 70 °C or 90 °C. After stabilization of the solution for 30 min, the initiator 

(V-50, 2 mM) was dissolved in water (5 mL) and added to the flask to start the polymerization, 

which was allowed to proceed for 4 h, before the resulting dispersion was cooled to room 

temperature. The obtained microgels were purified twice by repeated centrifugation (415,000 � g 

at 25 °C), decantation of the supernatant, and re-dispersion of the precipitate in water. The 

dispersion was then dialyzed for several days with daily water replacements. The obtained 

microgels are denoted as NAXRuY(Z), wherein N, A, and Ru refer to NIPAm, AAm, and Ru(bpy)3, 

respectively, while X and Y represent the mole percentage of AAm and Ru(bpy)3 added to the 

polymerization reaction, respectively, while Z denotes the polymerization temperature. 

In order to obtain a macrogel assembled from autonomously oscillating microgels, a 

poly(NIPAm-co-AAm-co-APMA-co-Ru(bpy)3) microgel was synthesized by a surfactant-free 

aqueous radical precipitation polymerization in the same way. A mixture of NIPAm (57 mol%), 

AAm (20 mol%), BIS (20 mol%), Ru(bpy)3 monomer (2 mol%), and APMA (1 mol%) in water 

(75 mL) was poured in a three-necked round-bottom flask (200 mL) equipped with a mechanical 

stirrer, condenser, and nitrogen gas inlet. The initial total monomer concentration was maintained 

at 75 mM. The monomer solution was heated in an oil bath to 90 °C under nitrogen sparging for 

30 min and constant stirring (250 rpm). After stabilization for 30 min, the initiator (V-50, 2 mM) 

dissolved in water (5 mL) was added to the flask to initiate the polymerization. This mixture was 

stirred for 4 h, after which the dispersion was cooled to room temperature. The thus obtained 

microgels were purified two times by repeated centrifugation (415,000 � g at 25 °C), decantation 

of the supernatant, and re-dispersion of the precipitate in water. The dispersion was then dialyzed 

for several days with daily water replacements. APMA was selected to provide the microgels with 

amino groups and allow the covalent cross-linking of the microgels. Here, glutaric dialdehyde was 

used to induce a chemical reaction between the amino groups located on the exterior of the 

microgels, as described in a previous report.7 
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Quantification of the amount of Ru(bpy)3 incorporated in the microgels 

The amount of Ru(bpy)3 contained within the microgels was determined based on the amount of 

Ru(bpy)3 remaining in the supernatant after the centrifugation of the dispersion. The amount of 

Ru(bpy)3 in the supernatant was determined by UV-vis spectroscopy (JASCO, V-630iRM). The 

measurement wavelength was 458 nm, corresponding to the maximum absorbance of [Ru(bpy)3]2+. 

The measurements were performed at 25 °C. Before the measurements, the samples were allowed 

to thermally equilibrate at 25 °C for 10 min. 

 

Hydrodynamic diameter of the microgels 

The Dh of the microgels in water was measured by dynamic light scattering (DLS, Malvern 

Instruments Ltd., ZetasizerNanoS). In the microgels the Ru(bpy)3 concentration of all samples was 

adjusted to 100 μM. The samples of the reduced [Ru(bpy)3]2+ state contained 1 mM Ce3+ and 300 

mM HNO3, while the oxidized [Ru(bpy)3]3+ samples included 1 mM Ce4+ and 300 mM HNO3. 

The Ru(bpy)3 moieties in the microgels were oxidized or reduced by the Ce4+ or Ce3+ ions, 

respectively. Before the DLS measurements, all samples were allowed to equilibrate thermally at 

the desired temperature for 10 min. The averaged value of 3 sets of 15 measurements with a 30 s 

acquisition time for intensity autocorrelation was taken. The scattering intensity was measured at 

173°. The Dh value of the microgels was calculated from the measured diffusion coefficients using 

the Stokes-Einstein equation (Zetasizer software v7.12). 

 

Measurement of the critical flocculation temperature of the microgels 

The temperature dependence of the optical transmittance of the microgel dispersions was 

monitored by UV-vis spectroscopy (JASCO, V-630iRM). The measurements were conducted at 

25 °C to 70 °C (heating rate: 0.5 °C/min) under constant stirring (800 rpm). The microgels were 

dispersed in a solution containing 1 mM Ce3+ and 300 mM HNO3 (reduced [Ru(bpy)3]2+ state) or 

in a solution containing 1 mM Ce4+ and 300 mM HNO3 (oxidized [Ru(bpy)3]3+ state). The 

Ru(bpy)3 concentration in the microgels in all systems was adjusted to 100 μM. Here, the 

measurement wavelength was 570 nm, corresponding to the isosbestic point of [Ru(bpy)3]2+ and 

[Ru(bpy)3]3+ in order to eliminate any effects of the absorption of the Ru complex on the 

transmittance. 
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Oscillation behavior of the microgel dispersions 

The oscillatory behavior of the microgels was detected by UV-vis spectroscopy (JASCO, V-

630iRM) as changes in the optical transmittance as a function of time. A mixture of HNO3, NaBrO3, 

and a microgel dispersion was poured in the sample holder and, after 10 min of thermal 

equilibration, the oscillation reaction was initiated by adding MA (the final volume was adjusted 

to 2.5 mL). Measurements were performed at 570 nm, which is the isosbestic point of [Ru(bpy)3]2+ 

and [Ru(bpy)3]3+, under constant stirring at 800 rpm at the desired temperature. In a bulk solution 

without microgels (used as the control), the BZ reaction was performed and data were obtained at 

458 nm, which is the wavelength of the maximum absorbance of [Ru(bpy)3]2+. The Ru(bpy)3 

concentration in all oscillation reaction systems was adjusted to 100 μM. The oscillation periods 

and amplitudes of transmittance in this study were averaged between the second and sixth 

oscillations. 

 

Preparation of a macrogel composed of oscillating microgels 

Concentrated microgel dispersions (pastes; final concentration: 8 wt%) containing 10 mM NaBrO3 

were prepared at 28 °C by centrifugation. For that purpose, the paste (1.2 g) and 500 μL of heptane 

were placed in a sample tube, and the mixture was stirred using a magnetic stirrer at 25 °C and 

800 rpm to prepare an oil in water emulsion, which is defined by oil droplets that are dispersed in 

the microgel dispersion and stabilized by adsorption of microgels, which act as surfactants on the 

water-oil interface,8, 9 in order to create spaces or voids within the macrogel. These spaces were 

created to increase the amplitude of the swelling/deswelling oscillation. An aqueous 

glutaraldehyde solution (30 μL, 50 wt%) was added to the emulsion in order to induce a chemical 

reaction between the amino groups located on the microgel exterior. The reaction was continued 

at 4 °C overnight, before the heptane was removed using a mixture of ethanol and water. In this 

study, the macrogel was cut into pieces of approximately 1 mm × 1 mm × 1 mm in size.  

 

Oscillatory behavior of the macrogel 

The oscillation behavior of the macrogel was examined with an optical microscope (LZ-LED-T, 

Kenis) equipped with a digital camera (ImageX Earth Type S-2.0M, Kikuchi-Optical Co., Ltd). 

The cubic-shaped macrogel was immersed in 750 μL of an aqueous solution containing NaBrO3 
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and HNO3. After 30 min for equilibration, 150 μL of an MA solution was injected to the solution 

to start the BZ reaction (final volume: 1 mL; MA: 300 mM, NaBrO3: 300 mM, and HNO3: 500 

mM, at 35 °C). Images of the macrogel were collected every 2 s using the ImageX Earth Type S-

2.0M Version 3.0.5 software and are presented as a spatiotemporal series. 

 

4.3 Results and Discussion 

4.3.1. Synthesis of poly(NIPAm-co-AAm-co-Ru(bpy)3) microgels 

Poly(NIPAm-co-AAm-co-Ru(bpy)3) microgels were synthesized by a surfactant-free 

aqueous radical precipitation polymerization (Figure 4.1 and Table 4.1). Initially, the 

polymerization was conducted at 70 °C using a conventional method.6 At values over 20 mol% of 

added AAm, microgels were not obtained (Table 4.1, entries 1–3, “N.A.”). It was considered that 

nucleation did not occur since the polymer chains were not in globular state at 70 °C due to the 

increased lower critical solution temperature (LCST) upon copolymerization of NIPAm with the 

more hydrophilic AAm. During the precipitation polymerization, all monomers are soluble in 

water, whereas the polymer chains undergo phase separation into globules and precipitate above 

the LCST of the polymer. Then, homogeneous nucleation occurs and colloidal stable microgel 

particles are formed via a growing process.10, 11 Consequently, the polymerization was conducted 

at higher temperature, 90 °C. As a result, the microgels could be obtained and the amount of AAm 

fed into the polymerization reaction could be increased up to a maximum of 20 mol% (Table 4.1, 

entries 4–7). However, with increasing amount of AAm, the amount of Ru(bpy)3 incorporated in 

the microgels decreased (Table 4.1, entries 4–7). To increase the amount of Ru(bpy)3 incorporated 

in the microgels, the amount of added Ru(bpy)3 was increased (Table 4.1, entry 8-9), since the 

VPTT increases with the number of charged groups fixed in the gel matrix.12 
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Figure 4.1. Chemical structure of poly(NIPAm-co-AAm-co-Ru(bpy)3) microgels.
 

 

Table 4.1. Synthetic conditions, hydrodynamic diameter, amount of Ru(bpy)3 incorporated in the 
oscillating microgels, and CFT of the microgels in the reduced and oxidized Ru(bpy)3 state. ‘NA’: 
microgels could not be obtained.  

 
 

4.3.2. Evaluation of the critical flocculation temperature of microgels 

In order to confirm the increase in VPTT due to the introduction of AAm in the microgels, 

the temperature dependence of optical transmittance for microgel dispersions in the reduced 

[Ru(bpy)3]2+ and oxidized [Ru(bpy)3]3+ states under [HNO3] = 300 mM aqueous solution, which 

is close to the reaction conditions of the BZ reaction, were investigated (Figure 4.2 and 4.3). The 



 

 64 

transmittance decreased with shrinking microgels upon increasing the temperature and it increased 

after reaching a minimum point. As we confirmed in our previous study, the increased 

transmittance above the minimum point is due to the flocculation of the microgels.29 Thus, the 

inflection point of the transmittance is defined as the critical flocculation temperature (CFT). The 

CFT values for the microgels are shown in Table 4.1. All microgels in the oxidized [Ru(bpy)3]3+ 

state have a higher CFT than those in the reduced [Ru(bpy)3]2+ state, which is due to the increased 

hydrophilicity of the [Ru(bpy)3]3+ moieties in the copolymer chain relative to that of the 

[Ru(bpy)3]2+ moieties.13 The CFT of the microgels in both reduced and oxidized Ru(bpy)3 states 

increases with increasing amount of AAm in the polymerization. Compared with conventional 

NRu2(90) microgels that do not contain AAm, the oxidized [Ru(bpy)3]3+ states of NA20Ru2(90) 

microgels exhibit a greater CFT increase than that for the reduced states, i.e., the CFT of the 

reduced states increased by 10 °C (NRu2(90): 31 °C → NA20Ru2(90): 41 °C), while that of the 

oxidized states increased by 18 °C (NRu2(90): 51 °C → NA20Ru2(90): 68 °C). It seems that the 

increase in hydrophilicity may arise from a synergistic effect of the oxidized state of Ru(bpy)3 and 

the copolymerization with AAm leads, which to a larger increase in the CFT. In order to further 

increase the CFT of the microgels, the amount of Ru(bpy)3 in the polymerization was increased 

(Table 4.1, entry 8). As a result, the CFT in the reduced [Ru(bpy)3]2+ state barely changed, but 

the CFT of the oxidized Ru(bpy)3
3+ species increased further (reduced state; NA20Ru2(90): 41 °C 

→ NA20Ru3(90): 42 °C; oxidized state; NA20Ru2(90): 68 °C → NA20Ru3(90): > 70 °C). In 

order to confirm the volume change of the microgels that accompanies the redox reaction, the 

temperature dependence of the hydrodynamic diameter of the NRu2(90) and NA20Ru3(90) 

microgels in the reduced and oxidized Ru(bpy)3 states was monitored by DLS (Figure 4.4). The 

differences in colloidal stability of the microgels between the reduced [Ru(bpy)3]2+ and oxidized 

[Ru(bpy)3]3+ states is due to the aforementioned hydrophilicity of the [Ru(bpy)3]2+/3+ moieties in 

the copolymer chain.13 The difference in the diameter of the microgels for the reduced and oxidized 

Ru(bpy)3 states below the temperature at which the microgels aggregate was considered the 

predicted volume change during oscillation.6 In the NA20Ru3(90) microgel, the volume change 

(maximum diameter change ratio: ~15 % at 20 °C) derived from pNIPAm was confirmed even 

after copolymerization with AAm. Based on these results, the author envisioned that the 

NA20Ru3(90) microgel should be able to withstand the BZ reaction conditions that are required 
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for short oscillation periods (e.g. high ionic concentration and high temperature) without losing 

volume change.  

 

 
Figure 4.2. Temperature dependence of the optical transmittance of (a) NRu2(90) and (b) 
NA20Ru3(90) microgels ([Ru(bpy)3] = 100 μM) in the reduced (1 mM Ce3+ and 300 mM HNO3; 
orange line) and oxidized (1 mM Ce4+ and 300 mM HNO3; green line) Ru(bpy)3 states.  
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Figure 4.3. Temperature dependence of the optical transmittance of (a) NRu2(70), (b) 
NA10Ru2(70), (c) NRu2(90), (d) NA10Ru2(90), (e) NA20Ru2(90), (f) NA20Ru3(90), and (g) 
NA20Ru4(90) microgel dispersions ([Ru(bpy)3] = 100 μM) in the reduced [Ru(bpy)3]2+ (1 mM 
Ce3+ and 300 mM HNO3, orange line) and oxidized [Ru(bpy)3]3+ (1 mM Ce4+, 300 mM HNO3, 
green line) states. 
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Figure 4.4. Temperature dependence of the hydrodynamic diameter of (a) NRu2(90) and (b) 
NA20Ru3(90) microgels ([Ru(bpy)3] = 100 μM) in the reduced [Ru(bpy)3]2+ (1 mM Ce3+ and 300 
mM HNO3; orange line) and oxidized [Ru(bpy)3]3+ (1 mM Ce4+ and 300 mM HNO3; green line) 
states. 
 

4.3.3. Optimization of the BZ reaction conditions 

The author attempted to shorten the oscillation period for conventional NRu2(90) 

microgels without AAm by optimizing the substrate concentration in the BZ reaction, because 

attempts to shorten the oscillation period of the microgels remain elusive to the best of our 

knowledge. The oscillations were detected by time-dependent changes in the optical transmittance 

of the microgel dispersions by UV-vis spectroscopy. Firstly, the HNO3 concentration was fixed at 

300 mM, which is an appropriate concentration for the BZ reaction to proceed3 and to keep the 

ionic strength of the system as low as possible. Secondly, the MA and NaBrO3 concentrations were 

changed (Figure 4.5), as these concentrations generally exert a strong influence on the oscillation 

period, and especially for the general BZ reaction in microgel systems.14 The oscillation period 

decreases with increasing initial MA and NaBrO3 concentrations, but oscillation was not observed, 

or oscillation period was relatively long at the conditions above a certain concentrations where the 

microgels aggregated irreversibly (Figure 4.5; “No oscillation”). As a result, the shortest period 

achieved was 25 s at 25 °C ([HNO3] = 300 mM, [NaBrO3] = 300 mM, and [MA] = 100 mM).    

Next, the author compared the temperature dependence of the oscillation period for 

conventional NRu2(90) and NA20Ru3(90) microgels with a highest CFT. It is well known that 
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the oscillation period decreases with increasing temperature of the BZ reaction.15 Thus, the 

concentrations were fixed to the condition where the NRu2(90) microgel showed the shortest 

oscillation period ([HNO3] = 300 mM, [NaBO3] = 300 mM, and [MA] = 100 mM), and the 

temperature dependence of the oscillation period for the NRu2(90) and NA20Ru3(90) microgels 

and an aqueous solution of Ru(bpy)3, i.e. a control for the microgel systems, were examined. As 

shown in Figure 4.6, the oscillation period for all samples decreased with increasing temperature. 

Although oscillation did not occur above 28 °C in the conventional NRu2(90) microgels without 

AAm due to aggregation, it occurred in the case of the NA20Ru3(90) microgels above 50 °C. 

Specifically, NA20Ru3(90) microgels exhibit similar behavior to the bulk solution and short 

oscillation periods (~7 s at 50 °C; Figure 4.6). It should be noted that this oscillation period is 

more than four times shorter than that of conventional NRu2(90) microgels without AAm.  

 

 

Figure 4.5. The influence on the oscillation period of the initial NaBrO3 and MA concentrations 
at 25 °C ([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM). 
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Figure 4.6. Temperature dependence of the oscillation period for the NRu2(90) and NA20Ru3(90) 
microgels, as well as the bulk solution ([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBrO3] = 300 
mM, and [MA] = 100 mM). Temperature range: (a) 0-50 °C, (b) 20-50 °C. 
 

4.3.4. Characterization of oscillation waveforms  

Some typical waveforms at specific temperatures obtained in this study are shown in 

Figure 4.7 and Figure 4.8. The amplitude of transmittance oscillation for the NRu2(90) and 

NA20Ru3(90) microgels at low temperature (10 °C) was relatively small ~1 %, but the amplitude 

of the NRu2(90) without AAm increased dramatically to ~70% transmittance at 25 °C due to the 

dispersing/flocculating oscillation, whereas the amplitude of NA20Ru3(90) slightly rose to ~4 % 

(Figure 4.7). Dispersing/flocculating oscillation is induced by flocculation of the microgels in the 

reduced [Ru(bpy)3]2+ state and the oscillation amplitude is larger according to the decreased 

transmittance.6 Above 30 °C, the NRu2(90) microgels without AAm do not oscillate anymore due 

to irreversible aggregation, and the amplitude of the NA20Ru3(90) dramatically increased to 

~40 %, commensurate with dispersing/flocculating oscillation. On the other hand, the life time of 

the oscillation of the microgels decreased with increasing temperature (Figure 4.9). The 

temperature region where dispersing/flocculating oscillation occurs is relatively broad for the 

NA20Ru3(90) microgels compared to conventional NRu2(90) microgels without AAm (Figure 

4.10; NRu2(90): ~25 °C; NA20Ru3(90): 25 °C-70 °C). The increased temperature region should 

be attributed to the large difference between the CFT of the reduced and oxidized Ru(bpy)3 states.  
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Figure 4.7. Typical oscillation wave forms for theNRu2(90) and NA20Ru3(90) microgels at 10, 
25, 30, and 50 °C ([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBrO3] = 300 mM, and [MA] = 
100 mM). 
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Figure 4.8. Typical oscillation waveforms for the bulk solution at 10, 25, 30, and 50 °C 
([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBrO3] = 300 mM, and [MA] = 100 mM). 
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Figure 4.9. Typical oscillation waveforms for the NA20Ru3(90) microgels with different 
temperatures at 25, 30, 35, 40, 45 and 50 °C ([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBrO3] 
= 300 mM, and [MA] = 100 mM). 
 

 

 
Figure 4.10. Oscillation amplitude of the optical transmittance for (a) NRu2(90) and (b) 
NA20Ru3(90) microgel dispersions ([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBO3] = 300 
mM, and [MA] = 100 mM). 
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Real time observations was carried out with the naked eye under such conditions that 

short period oscillation (~ 7s) could be observed. Figure 4.11 shows video camera images for the 

time-dependent dispersing/flocculating oscillation for NA20Ru3(90) microgel dispersions. The 

letter “microgel” behind could be seen when the microgel was in the dispersed state (transparent), 

but it was obscured by turbidity in the flocculated state. It should be noted that the entire turbidity 

in the cell and the color of the dispersion (redox states of Ru(bpy)3) changed at the same time every 

~7 s, indicating that the BZ reaction and dispersing/flocculating oscillation are synchronized, even 

under such short-period conditions. The changes in dispersion and flocculation states of the 

microgels rapidly (single-order seconds) follow the redox change, and thus aptly reflect the rapid 

stimuli-responsiveness of the microgels.  
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Figure 4.11. (a) Time-lapse video camera images of the NA20Ru3(90) microgel dispersion in the 
cell during dispersing/flocculating oscillation (0 s; the time when stable dispersing/flocculating 
oscillation began to be observed). The sample preparation procedure is the same as that used for 
the oscillation study using UV-vis spectroscopy, which is described in the experimental section 
([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBrO3] = 300 mM, and [MA] = 100 mM at 50 °C 
under constant stirring at 800 rpm). (b) Schematic illustration of dispersing/flocculating oscillation 
of the microgels. 
 

4.3.5. Arrhenius dependence of the oscillation frequency 

The reasons for such short oscillation periods are discussed below. In our previous study, 

the Arrhenius equation [1], which describes a linear relationship between the oscillation frequency 

and temperature, could be fitted below the VPTT of the microgels:6, 12  

ln Fosc = ln Aosc - Eosc/RT [1] 
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where Fosc is the frequency of the oscillation, Aosc the collision factor, Eosc the apparent activation 

energy, R the gas constant (R = 8.314 J K-1 mol-1), and T the temperature in Kelvin. The oscillation 

frequency of the NRu2(90) microgels decreased around and above the VPTT due to 

dispersing/flocculating oscillation, and the corresponding plots deviated from the Arrhenius 

equation due to reducing diffusibility of the BZ reaction substrates and intermediates in the 

deswollen microgels (Figure 4.12).6, 12 The oscillation frequency of the NA20Ru3(90) microgels 

were plotted as a function of the temperature in accordance with the Arrhenius equation (Figure 

4.13(a)). The oscillations are possible at temperatures >25 °C, where the dispersing/flocculating 

oscillation starts, although the corresponding plot deviates from the Arrhenius equation >25 °C 

(Figure 4.13(a)). In this regard, the activation energy of the Arrhenius equation was considered.16, 

17 It should be noted that the activation energies were calculated between 4 °C and 20 °C, where 

both the NRu2(90) and NA20Ru3(90) microgels did not show dispersing/flocculating oscillation 

(Figure 4.13(b)) in order to avoid the effect of flocculation of the microgels. The activation energy 

of the NA20Ru3(90) microgels is closer to that of the bulk solution than that of the conventional 

NRu2(90) microgels without AAm (Eosc, NRu2 = 81.7 kJ mol-1; Eosc, NA20Ru3 = 74.5 kJ mol-1; Eosc, bulk 

solution = 68.2 kJ mol-1), which suggests that the reaction efficiency required per period oscillation 

for the NA20Ru3(90) microgels might be better than that of the NRu2(90) microgels without AAm. 

Based on these results, the author concluded that copolymerization of the neutral and hydrophilic 

monomer AAm into the oscillating microgels might not only suppress the aggregation of 

deswollen microgels at high temperature but also might not inhibit the BZ reaction in the microgels.  
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Figure 4.12. Arrhenius dependence of the oscillation frequency of (a) bulk solution and (b) 
NRu2(90) microgel dispersions ([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBO3] = 300 mM, 
and [MA] = 100 mM). 
 

 

 
Figure 4.13. (a) Arrhenius dependence of the oscillation frequency of NA20Ru3(90) microgel 
dispersions ([Ru(bpy)3] = 100 μM, [HNO3] = 300 mM, [NaBO3] = 300 mM, and [MA] = 100 mM). 
(b) Comparison of the Arrhenius plot for the estimation of the activation energy (temperature 
range: 4-20 °C). 
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4.3.6. Preparation of fast-oscillating macrogels 

As an application for such fast oscillations, the author designed a macrogel assembled 

from oscillating microgels according to a previously reported method.7 So far, the increase in the 

amplitude of the macrogel length due to dispersing/flocculating oscillation of the microgels has 

been demonstrated, but the oscillation period has not yet been discussed. Compared to microgel 

dispersion systems, macrogels may easily present irreversible aggregation as the microgels are 

adjacent to each other and as the macrogels are not stirred; the control of short oscillation periods 

in such macrogels should accordingly be particularly difficult. Currently, the shortest reported 

oscillation period for macrogels is >190 s.7 In this work, a macrogel that exhibits the individual 

functions of the oscillating microgels copolymerized with AAm was prepared aiming for a faster 

oscillation. Following a previous report,7 amino groups were introduced in the composition of the 

oscillating microgels copolymerized with AAm, which were then chemically cross-linked to 

obtain the macrogel (an optical microscopy image of the prepared macrogel is shown in Figure 

4.14(a)). Upon inducing the BZ reaction, volume oscillation was observed (Figure 4.14(b) and 

(c)). A short oscillation period of ~23 s at 35 °C was determined, which is approximately nine 

times shorter than that previously reported.7 Therefore, the macrogel displays the properties of its 

microgel components and represents a short-oscillation-period material. Based on these results, it 

is feasible to expect promising applications for the oscillating microgels copolymerized with AAm 

as autonomous actuators operating at short times (Figure 4.14). 
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Figure 4.14. (a) Optical microscopy image of the macrogel (the gel length was measured along 
the white line). (b) Spatiotemporal analysis of the gel length. (c) Oscillation waveform of the 
macrogel length ([HNO3] = 500 mM, [NaBrO3] = 300 mM, and [MA] = 300 mM at 35 °C). 
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4.4 Conclusions 

The author has designed oscillating microgels based on poly(NIPAm-co-AAm-co-

Ru(bpy)3), which contain neutral and hydrophilic AAm monomers in order to suppress the 

irreversible aggregation of the microgels during oscillation under high ionic strength and 

temperature conditions, where the BZ reaction occurs at high frequency. The 

dispersing/flocculating oscillation of the microgels is synchronized with the redox oscillation of 

the BZ reaction at an order of single seconds (oscillation period: ~7 s) under optimized reaction 

conditions, resulting in a real-time dispersing/flocculating oscillation. Moreover, a macrogel that 

exhibits the properties of the constituent microgels was prepared, for which swelling/deswelling 

oscillation with a remarkable short period (~23 s) was observed. It should be possible to use these 

microgels as advanced bioinspired or biomimetic materials in e.g. autonomously oscillating 

micropumps that work at short periods that are similar to that of the human heartbeat. In the future, 

it would be possible to observe the volume oscillation behavior of individual oscillating microgels 

by using HS-AFM. 
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5. Summary 
 In this thesis, the dynamic behavior of stimulus-responsive microgels was revealed 

through nanoscale visualization using HS-AFM and other ensemble measurements such as 

scattering and spectroscopy techniques. First, the adsorption dynamics that engage in every 

colloidal microspheres could be monitored, and it was found that the importance not only 

interaction between the microspheres and interfaces but also more deepen insight that 

deformability of microspheres dramatically affects the adsorption dynamics. This design concept 

for microspheres that focuses on “softness“ will be important not only for many industrial e.g. 

coatings and cosmetics, but also for biological applications e.g. drug delivery systems and artificial 

blood.  

 In addition, temperature-induced nanoscopic morphological changes in single microgels 

were directly visualized at nanoscale using HS-AFM. The author believes that the results will help 

to clarify the relationship between the morphology/structure and the physical properties of 

microgels adsorbed on solid substrates, which may lead to the development of advanced functional 

materials such as switchable cell culture substrates for tissue engineering.   

 Moreover, based on rapid stimulus-responsive property of microgels, the author 

developed new type of autonomously oscillating microgels that show fast swelling/deswelling and 

dispersing/flocculating oscillations at periods of single-order seconds, by suppressing irreversible 

aggregation of the microgels through optimization of the chemical structure. The microgels will 

be evaluated by HS-AFM observation, and applied as advanced active materials in such as 

autonomously oscillating micropumps that work at short periods similar to that of the human 

heartbeat.  

 The present study demonstrates not only the significance that combination of real-time 

nanoscopic visualization and ensemble measurements for clarifying realistic behavior of synthetic 

stimulus-responsive nanomaterials, but also future potential toward development of autonomously 

driving materials such as active matter.  
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