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Chapter 1

General introduction

-1-

1.1 Functional gel in bio-medical and sensor applications
A polymer gel consists of a three dimensional polymer network and a solvent filling the
internal spaces of the network. Polymer gels are wet and soft material and are possible to
alter their volume. The characteristics are quite difference from most industrial materials
such as metals and plastics. The structure of the polymer gel is likely to living tissue. Cell,
muscle, cartilage, internal organ and many other living tissues are formed from three
dimensional polymer network structures containing solvents. This morphology enables the
tissue to transport ions and molecules more easily. Stimulus sensitive polymer gels change
their volume in response to the external environmental stimuli, such as pH, temperature,
light, electric fields, and biomolecules1-7. For example, a poly acrylic acid gel alters its
volume in response to pH. The carboxylic acid groups of poly acrylic acid cause an
electrostatic repulsion of ions along the polymer chain and an expansion of the polymer
network. The ability of stimulus sensitive polymer gels to undergo swelling and shrinking
as a function of their environment is one of the most remarkable properties of these
materials. The characteristic of stimulus sensitive polymer gel, which can be induced by pH,
temperature, light, electric fields, are expected to be developed for use in applications such
as sensor, actuators and drug carriers8-14.
However, stimulus sensitive gels are necessary to improve their some problems for
developing to industrial application. First, improvement of their mechanical strength is the
important challenges for industrial application. Recently, there have been reported novel
polymer gels exhibiting excellent mechanical properties as compared with previous gel.
Gong et al. have reported a double network (DN) gel, which is formed interpenetrating
polymer

networks

(IPN)

structure

consists

of

robust

poly

(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) gel as a first network and flexible
poly (acrylamide) (PAAm) as a second network15. The PAMPS/PAAm DN gel exhibits
the fracture strength as high as a few to several tens MPa and shows high wear resistance
due to their extremely low coefficient of friction. In other, Nanocomposite gel and
topological gel have been reported as novel functional gel exhibiting excellent physical
properties16-19.
Second, a response time of typical stimulus sensitive polymer gels is not sufficiently fast
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to make them widely industrial use. Tanaka et al. have reported the swelling kinetics is
determined by the relaxation of the polymer network, which is proportional to the square of
the gel size20-21. There have been efforts to improve the response kinetics by using
sophisticated techniques that incorporate porosity into the hydrogel22-24 or achieve either
grafting of dangling chains25-26 or hybridizing nanoparticles27-28 within the polymer network,
and there have been investigated to fabricate a novel stimulus sensitive polymer gel with a
fast response time on macroscopic length scales.

1.2 Design of polymer gel particle assemblies
In nature, living things form in various shape of assembly in which the organization is
optimally assembled for the expression of various functions. As an example, the
honeycomb structure has excellent physical properties and is often applied to artificial
materials29-32. Recently, assemblies of colloid polymer particles, which have excellent
properties such as high responsiveness and colloidal photonic crystals, have been
reported33-35. The concept of organization and assembly on the micro or nano-scale could
provide various functions to smart materials.
Self-assembly is the autonomous organization of various components formed into
various pattern or structure without intervention36-37. The concept of self-assembly is great
attention in various fields and is used increasingly in many processes. In living things,
many kinds of living tissue are formed by self-organization. Living cell, proteins and
nucleic acids control precisely their complicated and higher-ordered structures by
self-organization which occurs by various weak interactions such as hydrogen bond,
electrostatic interaction and hydrophobic interaction. DNA has a double strand structure
which is formed by complementary base pairing of adenine-thymine and guanine-cytosine
of polynucleotides with hydrogen bonds. The inter layers of base pairs exhibits aromaticity
and are intercalated planer aromatic compounds by stacking38-46. The weak interactions
make it possible to form structures dynamically and reversibility, and the material design
utilized such weak interactions can accomplish to novel function in various fields.
Hydrogels have been attracted much attention as a smart materials. The hydrogels are
flexible, elastic and wet material which is consisting of three dimensional network
-3-

structures containing aqueous solution. Hydrogels can transport the solvents or matters
through the three dimensional network and stimulus sensitive hydrogels are altered their
volume in response to external stimuli such as pH, temperature, electric field and
biomolecules.1-7. These structure and characteristics are similar to living tissues. Cell,
muscle, cartilage, internal organ and many other living tissues are formed from three
dimensional polymer network structures containing solvents. The hydrogel materials are
expected to be developed for use in biomedical applications such as biosensor, drug
delivery systems and artificial muscle 8-14. However, stimulus sensitive gels are necessary to
increase the response speed for applications in novel sensor devices. The relaxation time of
a network of gels is proportional to the square of the diameter in equilibrium swelling20-21.
Consequently, we investigated the organization of stimulus sensitive gel particles by
inducing a crosslinking reaction between the gel particles. An assembly of stimulus
sensitive gel particles forms interparticle spaces. These microspaces are expected to reduce
the relaxation time and diffuse solutions through the networks easily. Each gel particle
composing the assembly responds to stimuli at nearly the same time as a result of the
external solution diffusing through the interparticle spaces. That is, a microscopic alteration
of the gel particles quickly induces a macroscopic alteration. The assembly of stimulus
sensitive gel particles could achieve a high response speed, similar to that of the gel
particles. In addition, we also focused on the self-organization of stimulus sensitive gel
particles by week interaction between the gel particles. An assembly of the
stimulus-sensitive gel particles by week interactions could dynamically disperse and
aggregate in response to external environment in the same manner as living tissues, and this
bio-inspired material might be expression to novel functionalities. Furthermore, the
assembly of stimulus sensitive gel particles by interactions would also possess an excellent
responsiveness as compared with typical macro gels because a porous structure is
fabricated by the formation of interparticle spaces. The assembly of stimulus sensitive gel
particles by crosslink or interaction could be contributed to gel application in various fields.
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Figure 1-1 Design of assembly of stimulus sensitive polymer gel particles by crosslink and
interaction between the gel particles

1.3 DNA as functional materials
DNA is well known as one of naturally occurring polymers and has a double strand
structure. The double strand structure of DNA was revealed by Watson, Crick, and
Wilkinson. One of the important characteristics of DNA that makes DNA both attractive
and successful for designing a wide variety of structures and devices is its molecular
recognition capabilities47-56. Molecular recognition properties of DNA have proven to be
extremely

useful

in

the

design

of

biosensors57-61

and

diagnostic

tools62-70.

DNA-programmed assemblies71-77 are recent development that utilize the assembly of
biomolecules and may find applications in nanoscale bioanalysis and nano-materials
construction.
On the other hands, Okahata et al. have reported that the conversion of water-soluble
Na+-DNA- into organic-soluble DNA-alkyl quarternary ammonium complexes, Q+-DNA78-79

. Natural DNA is soluble in water and buffer solutions, whereas Q+-DNA- salts or

complexes are soluble in organic solvents. Q+-DNA- salts of alkyl ammonium ions are
-5-

water-soluble. The DNA-quaternary ammonium complexes can be soluble and forms a
double strand structure in organic solutions. A self-standing DNA films could be easily
prepared by casting method, and DNA strands were easily aligned in the film by stretching
it in one direction. This report sparked the most recent research on the material science of
DNA. In many researches, DNA-hexadecylcetyltrimethylammonium (DNA-CTMA) is
often used.
In particular, Optical properties of DNA are also attracted to many attentions in device
applications. The fluorescence property of DNA intercalated with fluorescence dye is
enhanced as compared with only a fluorescence dye. It has been reported that certain kinds
of dye can be intercalated in double-stranded structure of DNA80-87. Intercalated dye is
immobilized in the double strand structure of DNA, and dye is not diffused to regions
external to the DNA. Intercalated dye is increased the fluorescence intensity because of
inhibiting concentration quenching and vibrational deactivation44-45. DNA-CTMA
complexes

intercalated

with

a

fluorescence

dye,

4-(4-dimethylaminostyryl)-1-dodecylpyridinium bromide (DMASDPB) and the composite
film achieved the excellent fluorescence intensity44-45. Ogata et al. observed an amplified
spontaneous emission of DNA-CTMA doped dye, a lasing action without cavities, when the
DNA-CTMA complex was doped with a Rhodamine 6G at 1.36 wt% to make films of 5-7
mm thickness46. Both the emission line narrowing and the linear dependence of emitted
light intensity occur at the same excitation energy. This result indicates that the
DNA-CTMA doped fluorescence dye would be applied to laser sources. Grote et al.
reported that the DNA-CTMA/europium complexes films showed a strong amplification of
fluorescence emission at 614 nm when irradiated with UV light44. The DNA-CTMA film
exhibits excellent transmissivity over a range of wavelengths from 300 to 1600 nm and a
refractive index ranging from 1.540 at 500 nm to 1.526 at from 630 to 1600 nm. From these
results, DNA-CTMA films doped fluorescence dye may be applied in optical devices such
as optical waveguides.
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Figure 1-2 The intercalation of aromatic compounds in base-pairs of DNA

Figure 1-3 Fluorescence intensity of DNA-DBASMPI at various molar ratios

1.4 A composite material of DNA and stimulus sensitive gel
The optical properties of DNA characteristics, intercalation of fluorescence dye and its
fluorescence intensity enhancement have been attracted much attention. Then, we utilized
DNA as functional materials, and a composite of DNA and stimulus sensitive gel was
investigated. In contrast, the DNA from salmon milt was often used and most salmon milt
is wasted in Japan. The utilization of DNA from salmon milt as a functional material is
important and useful in terms of environmental programs and regional contributions.
Stimulus sensitive polymer gels are altered their swelling ratio in response to external
environments and the stimulus sensitive gels containing dye are applied to optical sensor
-7-
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Figure 1-4 Optical sensing mechanism of composite material of stimulus-sensitive gel and
DNA

devices to detect fluorescence intensity resulting from volume changes in response to
environmental stimuli. However, most of dye in the gels is eluted to an external solution
through the three-dimensional polymer networks. Consequently, DNA acts as a role of dye
entrapment into stimulus sensitive polymer gels. The optical sensing mechanism of the
composites containing stimulus sensitive gels and DNA-dye complexes is that the volume
of the composite will alter in response to external stimuli. The volume alteration of the gels
causes a change in the concentration of the dye because the dye is intercalated into DNA
that is immobilized in the gel particles. When the concentration of the dye is varied by
altering the volume of the gels, the amount of dye that is excited by laser illumination is
changed. Therefore, the resulting fluorescence intensity of the gels is increased or
decreased in response to external stimuli. The composite of stimulus sensitive polymer gel
and DNA would be expected to application for bio sensor devices.

1.5 Objectives of this study
Yamauchi and his co-workers have investigated biomimetic and bio-inspired materials
for application in sensor, artificial muscle (actuator), drug delivery system and numbers of
bio-medical and bio-mechanical devices by utilizing functional polymers containing
-8-

stimulus sensitive polymer gels and conducting polymers with hybridization of organic and
inorganic biomaterials, structural modification and any other methods. In nature, there are a
great number of interested phenomena such as self-assembly and biomineralization. The
material design utilizing these phenomena makes it possible to create a novel material
having excellent functionalities as a manner of nature and to perform with a small amount
of energy.
From the points of view described above, the present study has been carried out for
investigating assemblies of stimulus sensitive polymer gel particles by crosslink or
interaction between the gel particles which possess excellent stimulus sensitivities and
dynamically changed their morphology as a manner of nature, and a composite of stimulus
sensitive gel and DNA to apply as an optical-detected bio sensor by utilizing
DNA-fluorescence dye complexes.
In Chapter 2, preparation of stimulus sensitive gel particles with DNA-dye complexes
were discussed. An ability of the dye entrapment in the gel particles by intercalation of
DNA, swelling ratio and fluorescence intensity of the gel particles in response to external
stimuli were investigated.
In Chapter 3, assembly of stimulus sensitive gel particles with DNA-dye complexes by
crosslink were discussed. The gel particles obtained in Chapter 2 was used. An ability of
the dye entrapment in the assembly, the relationship between mechanical property and
swelling ratio of the assembly and the swelling kinetics of the assembly as compared with
the gel particles which consisted of the assembly and typical bulk gel which had the same
volume and chemical composition as the assembly were investigated. Swelling ratio and
fluorescence intensity of the assembly in response to external stimuli were also
investigated.
In Chapter 4, assembly of stimulus sensitive gel particles by interaction were discussed.
Anionic gel particles and cationic gel particles were prepared and their pH- and
thermo-sensitivities were investigated. Morphology of the assembly by electrostatic
interaction in various pH values and swelling behavior of the assembly in response to
temperature were also investigated.
The conclusions are presented in Chapter 5.
-9-
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Chapter 2

Preparation of stimulus sensitive gel particles with
DNA-dye complexes
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2.1 Abstract
In this chapter, stimulus sensitive gel particles with DNA-dye complexes were prepared.
This composite has potential use in optical micro-sensors because it can change its dye
concentration in response to stimuli by intercalating dye into DNA. Poly (acrylic acid)
(PAAc) gel particles containing DNA were synthesized by emulsion polymerization and
immersed in ethidium bromide (EtBr) solution to form DNA-EtBr complexes by
intercalating dyes in the double stranded structure. The pH response characteristics were
measured in buffer solution with an optical and fluorescence microscope, and the dye
entrapment of the composite gel particles was evaluated with a UV-Visible
spectrophotometer. As a result, the EtBr was immobilized in PAAc gel particles containing
DNA, and its volume could be varied by changing the pH in buffer solution. Furthermore,
by forming the gel in a particle shape, the PAAc gel reached equilibrium swelling in
approximately 60 seconds. The fluorescence intensity of PAAc gel particles embedded with
DNA-EtBr complexes displayed high-sensitivity and was found to exponentially decrease
as a function of pH.

- 16 -

2.2 Introduction
Stimulus sensitive polymer gels change their volume in response to environmental
stimuli such as pH, temperature, light, electric field, and biomolecules1-5. These soft and
smart materials are expected to be developed for use in sensor devices in various fields6-7.
However, it is necessary to improve the stimulus response speed of stimulus sensitive gels
for application in novel sensor devices. It is well known that the relaxation time of various
polymer gels is dependent on the volume

8-9

. For sensor applications, the improvement of

stimulus response speed is one of the important challenges. Micro gel particles have a low
volume and a high specific surface area10. These properties make it possible to improve the
stimulus response speed using a stimulus sensitive gel formed into micro- or nano-particles.
Stimulus sensitive gels containing dye are applied to optical sensor devices to detect
fluorescence intensity resulting from volume changes in response to environmental stimuli.
However, most of the dye in the gels is eluted to an external solution through
three-dimensional polymer networks. Consequently, we focused on dye entrapment of DNA
into stimulus sensitive gels to develop a new type of optical sensor device. It has been
previously reported that certain kinds of dye can be intercalated in double-stranded
structure of DNA11-16. Intercalated dye is immobilized in the double-stranded structure of
DNA, and dye is not diffused to regions external to the DNA. Additionally, intercalated dye
is increased the fluorescence intensity because of inhibited concentration quenching and
vibrational deactivation17-18. Such characteristics of DNA would be useful for applications
in optical devices19-21. The optical sensing mechanism of composites containing stimulus
sensitive gels and a DNA-dye complex is that the volume of the composite will change in
response to external stimuli. The volume alteration of the gel particles causes a change in
the concentration of the dye because the dye is intercalated into DNA that is immobilized in
the gel particles. When the concentration of the dye is varied by altering the volume of the
gel particles, the amount of dye that is excited by laser illumination is changed. Therefore,
the resulting fluorescence intensity of the gel particles is increased or decreased in response
to external stimuli.
In this chapter, we investigated the preparation of poly (acrylic acid) (PAAc) gel particles
with DNA-dye complexes and their pH response characteristics. PAAc gel is a soft material
- 17 -

that can swell or contract in response to variations in pH. Thus, PAAc gel particles with
DNA-dye complexes could be used to detect local pH information in micro-regions as a
photo-signal. This unique characteristic is expected to be applied in optical micro-pH
sensors in fields such as microbiology, cell studies and tissue engineering.
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2.3 Experimental procedure
2.3.1 Materials and reagents
The monomer, acrylic acid (AAc) was purchased from Kanto Chemical Co., Inc. AAc
was purified by reduced-pressure distillation. N,N'-methylene-bis-acrylamide (MBAA),
which was used as a crosslinking agent, was purchased from Wako Pure Chemical
Industries, Ltd. The initiator, potassium persulfate (KPS) was purchased from Kanto
Chemical Co., Inc. MBAA and KPS were used without further purification. DNA from
salmon milt was supplied by Ogata Material Science Institute Corp. The molecular weight
was approximately 6.0 x 107, the purity was 91.55% and the total amounts of N and P were
14.46% and 8.29%, respectively. Span 80, which was used as a surfactant, and cyclohexane
were purchased from Kanto Chemical Co., Inc. Ethidium bromide (EtBr), which was used
as a fluorescent dye, was purchased from Wako Pure Chemical Industries, Ltd.

Table 2-1 Properties of DNA from salmon milt
Molecular weight

DNA from
salmon milt

Purify (%)

6.0 x 107

91.55

Contents (%)
N

P

14.46

8.29

Figure 2-1 Thermal decomposition of DNA from salmon milt
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2.3.2 Preparation of PAAc gel particles with the DNA-EtBr complex
PAAc gel particles with DNA were prepared by emulsion polymerization. In this process,
0.721 g of AAc (the molarity of AAc was adjusted to 1 mol/l) and 0.031 g of MBAA (2
mol% relative to AAc) were first dissolved in distilled water. Subsequently, DNA (the
molarity of the DNA was adjusted to 1 mmol/l) was dissolved in distilled water, and each
solution was mixed thoroughly. This solution was dropped into 300 ml of cyclohexane,
while simultaneously adding 2.1 g of Span 80, which is higher than the critical micelle
concentration, and the resulting mixuture was stirred at 300 rpm under a nitrogen
atmosphere. Then, 0.054 g of KPS, which was deoxidized for 30 minutes, was added, and
the polymerization was performed at 60 °C for 6 hours. The obtained PAAc gel particles
with DNA were micro-filtered and washed repeatedly in methanol with centrifugation
(15,000 rpm, 10 °C, 30 min). The PAAc gel particles with DNA were finally immersed in
distilled water for 24 hours to remove the unreacted reagents.
Ethidium bromide (EtBr) was used as a fluorescent dye. A suitable amount of EtBr was
dissolved in distilled water. PAAc gel particles with DNA-EtBr complexes were prepared
by immersing the PAAc gel particles containing the DNA into the EtBr solution. The PAAc
gel particles with DNA-EtBr complexes were then immersed in distilled water until
equilibrium swelling was reached.

2.3.3 Evaluation of immobilized DNA in PAAc gel particles
Confirmation of immobilized DNA within the PAAc gel particles was performed using a
UV-Visible spectrophotometer (Shimazu UV-1600). The PAAc gel particles embedded with
DNA were kept immersed in distilled water until equilibrium swelling was reached, and
then they were measured over the UV-Visible spectrum. The distilled water, in which the
PAAc gel particles embedded with DNA were immersed, was also measured using
UV-Visible spectrum to evaluate the elution of DNA from the PAAc gel particles. Circular
dichroism (CD) spectra of PAAc gel particles with or without DNA were also measured.

2.3.4 Elution test of EtBr from PAAc gel particles with DNA
The PAAc gel particles containing DNA-EtBr complexes were immersed for 24 hours in
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distilled water and Tris (hydroxymethyl amino methane) hydrochloric acid (Tris-HCl)
buffer solution, which was prepared at a concentration of 0.1 mol/l and pH of 7.4. PAAc gel
particles containing DNA in Tris-HCl buffer solution were separated from the solution. The
solution was then measured by a UV-Visible spectrophotometer to evaluate the elution of
EtBr from gel particles containing DNA. PAAc gel particles without DNA were similarly
measured.

2.3.5 pH-sensitivity of PAAc gel particles with DNA-EtBr complexes
The evaluation of pH response speed was performed using a 0.1 mol/l of Tris-HCl buffer
solution, at a pH of 7.4. The PAAc gel particles containing the DNA-EtBr complex were
immersed in the buffer solution, and then were examined by optical microscope (Shimazu
STZ-168-TL). The time response of the swelling ratio was measured with the image
analysis system of the optical microscope.
The measurement of the swelling ratio of PAAc gel particles with DNA-EtBr complexes
was performed using the image analysis system of the optical microscope, with several
types of buffer solutions (pH 2 ~ 12). The gel particles were kept immersed in distilled
water, until equilibrium swelling was reached. The distilled water was then removed, and
the gel particles were immersed in each buffer solution for 10 minutes. The volume of the
PAAc gel particles with DNA-EtBr complexes was measured using the image analysis
system of the optical microscope. The swelling ratio of PAAc gel particles with DNA-EtBr
complexes was calculated by evaluating the volumes of the particles before and after
immersion in each of the buffer solutions.

2.3.6 Fluorescence property of PAAc gel particles with DNA-EtBr complexes
The observation of fluorescence from PAAc gel particles with DNA-EtBr complexes was
performed with a fluorescence microscope (Olympus, BX-51). The objective lenses used
were as follows: UPlanI 10x (NA=0.30, WD=9.5 mm), SLCPlanFI 40x (NA=0.55,
WD=2.6 mm) and UMPlanFI 50x (NA=0.80, WD=2.1 mm).
The fluorescence intensity of PAAc gel particles with DNA-EtBr complexes was
measured with a microspectrophotometer, which consists of a microscope, lasers, ND
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filters, detector and monitor. The PAAc gel particles containing DNA-EtBr complexes were
kept immersed in distilled water, until equilibrium swelling was reached. After the distilled
water was removed, the PAAc gel particles with DNA-EtBr complexes were kept immersed
in each of the buffer solutions for 5 minutes. The fluorescence intensity of the gel particles
was measured in the buffer solutions.
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2.4 Results and discussion
2.4.1 Preparation of PAAc gel particles with DNA-EtBr complexes

Figure 2-2 Optical micrographs of PAAc gel particles with DNA

Table 2-2 Properties of PAAc gel particles with DNA

PAAc gel particle
with DNA

Average diameter
(m)

Standard deviation
(m)

CV
(%)

222.5

40.4

18.7

PAAc gel particles with DNA were synthesized by emulsion polymerization as shown in
Figure 2-2 and the properties were shown in Table 2-2. The average diameter of the gel
particles was about 250 m, calculated from 100 measurements using the image analysis
system of the optical microscope. The critical micelle concentration of the surfactant, Span
80 was defined as the concentration at which surface-active agents form micelles. Therefore,
PAAc gel particles with DNA were synthesized at surfactant concentrations higher than the
critical micelle concentration.
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2.4.2 Evaluation of immobilized DNA into PAAc gel particles

Figure 2-3 UV-Vis spectrum of PAAc gel particles with DNA, which is a differential
spectrum based on PAAc gel particles without DNA

Figure 2-4 CD spectra of PAAc gel particles with or without DNA. The black line indicates
PAAc gel particles with DNA and the gray line indicates the gel particles
without DNA
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Figure 2-3 shows the UV-Vis spectrum of PAAc gel particles with DNA synthesized by
emulsion polymerization. The signal from DNA is observed at the absorption peak from the
nucleobases (adenine, guanine, cytosine, and thymine) at 260 nm22-23. The absorption peak
of PAAc gel particles with DNA was also observed at 260 nm. Figre 2-4 shows the CD
spectra of PAAc gel particles with DNA. The CD spectrum of PAAc gel particles with
DNA exhibited the positive cotton effect from 300 to 260 nm and negative cotton effect
from 260 to 230 nm. The cotton effects is from right handed strand structure of DNA24. In
contrast, the CD spectrum of PAAc gel particles without DNA was not comfirmed a cotton
effect. These results indicated that DNA was included in the PAAc gel particles by this
synthesis method. The amount of the DNA incorporated in the gel particles was measured
by UV-Vis spectra. Using this synthesis process, the content of DNA in the gel particles
was found to be 0.11 mmol g-1. A small amount of DNA was incorporated due to swelling
of the gel particles while washing and immersing in distilled water. The solution in which
the PAAc gel particles with DNA were immersed for 24 hours was not observed the
absorption peak from DNA at 260 nm. DNA was not eluted from the PAAc gel particles
because DNA entangles in the three-dimentional network structure of the gel particles.

2.4.3 Elution of EtBr from PAAc gel particles containing DNA
The PAAc gel particles containing the DNA-EtBr complexes were prepared by
immersing PAAc gel particles with DNA in an EtBr solution. After one hour of immersion
in the solution, EtBr was incorporated in the PAAc gel particles with DNA. EtBr has an
absorption peak at 490 nm. The PAAc gel particles with DNA-EtBr complexes were
evaluated to measure the elution of EtBr from the gel particles to external solution by using
a UV-Visible spectrophotometer, as shown in Figure 2-5. In the case of the PAAc gel
particles without DNA, the absorption peak of EtBr in the external solution was observed at
490 nm. However, the absorption peak at 490 nm was not observed for the external solution
of the PAAc gel particles with DNA. These results indicate that EtBr was immobilized into
PAAc gel particles and did not diffuse into the external solution because it was intercalated
into the double-stranded structure of the DNA.
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Figure 2-5 UV-Vis spectra of the buffer solution in which the PAAc gel particles containing
EtBr and PAAc gel particles with DNA-EtBr complexes were immersed. The
gray line indicates the UV-Vis spectrum of the solution of PAAc gel particles
containing EtBr, and the black line indicates that of PAAc gel particles with
DNA-EtBr complexes.
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2.4.4 pH-sensitivity of PAAc gel particles with DNA-EtBr complexes

Figure 2-6 Swelling ratio of PAAc gel particles with DNA-EtBr complexes at constant
ionic strength buffer solutions in various pH (ionic strength is 0.1). The inset
data show the swelling ratio of the gel particles at constant ionic strength
buffer solutions in the neutral pH region (ionic strength is 1.0).

PAAc gel is a material that swells and shrinks in response to changes in the pH of the
external environment. Figure 2-6 shows the swelling ratio of PAAc gel particles with
DNA-EtBr complexes in the pH range from 2 to 12. The swelling ratio of PAAc gel
particles with DNA-EtBr complexes increased with pH in constant ionic strength buffers.
The inset data in Figure 2-6 show the swelling ratio of PAAc gel particles with DNA-EtBr
complexes in the neutral pH region. The swelling ratio of PAAc gel particles with
DNA-EtBr complexes in the neutral pH region was closely measured. The pH buffer
solutions in the neutral pH region were finely adjusted for pH value. Similar to the results
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shown in Figure 2-6, the swelling ratio in the neutral pH region increased linearly with pH.
The effect of ionic strength on the swelling behavior was investigated by using different
ionic strength buffers. The ionic strength for the data in Figure 2-6 and the corresponding
inset data was at 0.1 and 1.0, respectively. The swelling ratio for an ionic strength at 1.0
reflected more swelling behavior than that for an ionic strength at 0.1. This result suggests
that the solvent enhanced the release of ionic solution in terms of osmotic pressure.

Figure 2-7 Time course of the swelling ratio of PAAc gel particles with DNA-EtBr
complexes in pH 7.4 buffer solution

Figure 2-7 shows the time course of the swelling ratio of PAAc gel particles with
DNA-EtBr complexes at a pH of 7.4. In this buffer solution, PAAc gel particles with
DNA-EtBr complexes shrunk rapidly, and the volume was constant after approximately 60
seconds, which implies that equilibrium swelling was reached in approximately 60 seconds.
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A PAAc block gel, which forms in a cylindrical shape and has the same chemical
composition as the gel particles, was also synthesized, and the pH response speeds of the
block gel and the gel particles were compared. The PAAc block gel with DNA (with a
volume of approximately 10 cm3) reached equilibrium swelling after approximately 10
hours. It was observed that the pH response speed of PAAc gel particles was approximately
600 times faster than that of the PAAc block gel. Additionally, the color of PAAc gel
particles with DNA-EtBr complexes changed as a function of the volume alteration of the
particles. The concentration of dye in the gel particles increased with the shrinkage of the
gel particles and decreased with the swelling of the gel particles. This result indicates that
pH-sensing could be accomplished by photo analyzing micro-regions with the gel particles.

2.4.5 Fluorescence property of PAAc gel particles with DNA-EtBr complexes

Figure 2-8 Fluorescence micrographs of PAAc gel particles with DNA-EtBr complexes.
The left image indicates the gel particles in pH 2.1 buffer solution and the right
indicates that of pH 11.0.

Figure 2-8 shows fluorescence micrographs of PAAc gel particles with DNA-EtBr
complexes in buffer solutions at pH 2.1 and 11.0. In the pH 2.1 buffer solution,
fluorescence emission was observed to be strong in PAAc gel particles with DNA-EtBr
complexes by irradiating with green laser light at a wavelength of 532 nm. Limited
fluorescence emission was observed at pH 11.0. The fluorescence intensity was measured
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for one of the PAAc gel particles with DNA-EtBr complexes in buffer solution at pH values
of 2.1, 5.0, 7.4, 9.0, 11.0, and 13.0, shown in Figure 2-9. The fluorescence intensity was
exponentially decreased with increasing pH, and the intensity could be resolved with
high-sensitivity. The fluorescence intensity was low at pH values of 11.0 and 13.0. In the
case of pH 11.0, the fluorescence peak was only observed at 625 nm, but no peak was
observed at pH 13.0.

Figure 2-9 Fluorescence spectra of PAAc gel particles with DNA-EtBr complexes in
various pH buffer solutions

Figure 2-10 shows the relationship between fluorescence intensity and the pH of the
PAAc gel particles with DNA-EtBr complexes at wavelength 625 nm. The pH changes of
the gel particles could be detected with high-sensitivity by the fluorescence intensity. The
fluorescence intensity was exponentially decreased from pH 2.1 to pH 9.0. Fluorescence
intensity at pH 11.0 and 13.0 was sharply decreased. In pH 11.0 and 13.0 buffer solutions, a
small amount of EtBr was eluted from the PAAc gel particles with DNA-EtBr complexes
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because the double-stranded structure of DNA was unwound by the strong alkalinity.
However, almost all of the EtBr was immobilized in the DNA which was embedded in the
gel particles. Therefore, slight fluorescence intensity at pH value over 11 was observed due
to swelling of the gel particles. From these results, it is clear that PAAc gel particles with
DNA-EtBr complexes can be used to detect and measure the pH in the surrounding
environment by fluorescence intensity and that this approach could be used to create optical
micro-pH sensors.

Figure 2-10 Relationship between pH and florescence intensity of PAAc gel particles with
DNA-EtBr complexes
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2.5 Conclusions
PAAc gel particles with DNA-EtBr complexes were synthesized by emulsion
polymerization. DNA was entrapped in PAAc gel particles, and it was not eluted from the
gel particles. EtBr was immobilized in PAAc gel particles by intercalating it into the
double-stranded structure of DNA, and EtBr did not diffuse into the external solution. The
swelling ratio of PAAc gel particles with DNA-EtBr complexes increased with pH. The
PAAc gel particles with DNA-EtBr complexes reached equilibrium after one minute. The
pH response speed of the PAAc gel particles was about 600 times faster than that of a PAAc
block gel (with a volume of about 10 cm3). The fluorescence intensity of PAAc gel particle
with DNA-EtBr complexes provided high-sensitivity and exponentially decreased relative
to pH. Consequently, PAAc gel particles with DNA-EtBr complexes could be useful in the
development of optical micro-pH sensor devices.

- 32 -

References
1. Gümüşderelioğlu, M. & Topal, U. I., Radiat. Phys. Chem., 73, 272–279 (2005)
2. Li X., Wu, W. & Liu, W., Carbohydr. Polym., 71, 394–402 (2008)
3. Miyata, T., Asami, N. & Uragami, T., Nature, 399, 766–769, (1999)
4. Miyata, T., Jikihara, A., Nakamae, K. & Hoffman, A. S., J. biomater. Sci. Polym. Edn.,
15, 1085–1098 (2004)
5. Miyata, T., Asami, N., and Uragami, T., Macromolecules, 32, 2082–2084 (1999).
6. Trinh, T. Q., Gerlach, G., Sorber, J. & Arndt, K.-F., Sens. Act. B, 117, 17–26 (2006)
7. Guenther, M., Gerlach, G., Corten, C., Kuckling, D., Sorber, J., Arndt, K.-F., Sens. Act.
B, 132, 471–476 (2008)
8. Tanaka T. & Filmore D. J., J. Chem. Phys., 70, 1214–1218 (1979)
9. Li, Y. & Tanaka T., J. Chem. Phys., 92, 1365–1371 (1979)
10. Kishi, R., & Osada, Y., J. Chem. Soc., Faraday Trans.1, 85, 655–662 (1989)
11. Douthart, J. R., Burnet, P. J., Beasley W. F., & Frank, H. B., Biochemistry, 12, 214–220
(1973)
12. LePecq B. J. & Paoletti, C., J. Mol. Biol., 27, 87–106 (1967)
13. Byrne, D. C., & de Mello, J. A., Biophys. Chem., 70, 173–184 (1998)
14. Tsuboi, M., Benevides, M. J., & Thomas Jr, J. G., Biophys. J., 92, 928–934 (2007)
15. Lawrence B. Hendry, Virendra B. Mahesh, Edwin D. Bransome Jr., Douglas E. Ewing,
Mutat. Res., 623, 53–71 (2007)
16. Garbett, C. N., Hammond, B. N., & Graves, E. D., Biophys. J., 87, 3974–3981 (2004)
17. Grote J. G., Hagen J. A., Zetts J. S., Nelson R. L., Diggs D. E., Stone M. O., Yaney P. P.,
Heckman E., Zhang C., Steier W. H., Jen A. K. Y., Dalton L. R., Ogata N., Curley M. J.,
Clarson S. J. & Hopkins F. K., J. Phys. Chem. B, 108, 8584–8591(2004)
18. Kawabe Y., Wang L., Horinouchi S. & Ogata N., Adv. Mater., 12, 1281–1283 (2000)
19. Ito, Y., Yagi, T., Ohnishi, Y., Kikuchi, K. & Utikawa, Y., Int. J. Appl. Electromagn.
Mech., 14, 347–352 (2001/2002)
20. Kanda, H., Morimoto, T., Fujikado, T., Tano, Y., Fukuda, Y. & Sawai1, H., Investig.
Ophthalmol. Vis. Sci., 45, 560–566 (2004)

- 33 -

21. Veraart, C., Wanet-Defalque, M.-C., Gérard, B., Vanlierde, A. & Delbeke, J., Pattern
Artif. Organs, 27, 996–1004 (2003)
22. Johnson W. C., eds. Berova N., Nakanishi K. & Woody R. W., John Wiley & Sons, Inc,
New York, pp. 703–718 (2000)
23. Wang L. L., Yoshida J. & N. Ogata, Chem. Mater., 13, 1273–1281 (2001)
24. Tanaka K. & Okahata Y., J. Am. Chem. Soc., 118, 10679–10683 (1996)

- 34 -

Chapter 3

Assembly of stimulus sensitive gel particles
with DNA-dye complexes
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3.1 Abstract
In this chapter, assembly of stimulus sensitive gel particles with DNA-dye complexes
was investigated for application in optical-sensing devices. The composite material of
stimulus sensitive gels and DNA detects external stimuli as photo-signal. Assembly of the
composite gel particles with DNA-dye complexes would be expected to achieve high
responsiveness and to quickly detect environmental information as a photo-signal because
the each composite gel particles consisting of the assembly is responded in external
environment at the same time and the porous structure which is fabricated from
interparticle spaces is decreased with relaxation time of the three dimensional networks
structure. These characteristics could be useful for application in novel optical-sensor
devices.
Poly (acrylic acid) (PAAc) gel particles with DNA were prepared by emulsion
polymerization and the gel particles were assembled by crosslinking reaction between the
gel particles utilizing glutaraldehyde. The assembly of PAAc gel particles with DNA was
possible to prepare in sheet and block shapes by utilizing each shaped forms in this
synthesis process. Swelling ratio of the assembly was increased with pH, and the assembly
reached equilibrium swelling about 180 seconds. The response speed of the assembly was
improved more 30 times faster than that of typical PAAc block gel. Furthermore, the
assembly of PAAc gel particles with DNA-ethidium bromide complexes detected pH
information in external solution as an optical signal.
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3.2 Introduction
Stimulus sensitive gels change their volume in response to external environmental
stimuli, such as pH, temperature, light, electric fields, and biomolecules1-7. By measuring
the volume alteration quantitatively, the stimulus sensitive gels can be used to detect a
significant amount of environmental information and unique elements. These smart and soft
materials are expected to be developed for use in applications such as sensor devices,
actuators and drug carriers8-14. However, stimulus sensitive gels are necessary to increase
the response speed for applications in novel sensor devices. The relaxation time of a
network of gels is proportional to the square of the diameter in equilibrium swelling15-16.
Recently, assemblies of polymer gel particles, which have excellent properties such as
high stimulus responsiveness and colloidal photonic crystals, have been reported17-19. In
nature, living things form in various shape of assembly in which the basic unit is optimally
self-organized for the expression of various functions. The honeycomb structure has
excellent physical properties and is often applied to artificial materials20-23. The concept of
organization and assembly on the microscale could provide various functions to smart
materials. Consequently, we investigated the organization of the stimulus sensitive gel
particles by inducing a crosslinking reaction between the gel particles. An assembly of the
stimulus sensitive gel particles forms interparticle spaces. These microspaces are expected
to reduce the relaxation time and diffuse solutions through the networks. Each gel particle
composing the assembly responds to pH changes at nearly the same time as a result of the
buffer solution diffusing through the interparticle spaces. That is, a microscopic change of
the gel particles quickly induces a macroscopic change. The assembly of the stimulus
sensitive gel particles can achieve a high response speed, similar to that of the gel particles.
Furthermore, DNA was utilized as a dye-entrapped agent in assembly of stimulus
sensitive gels particles. The supplied DNA was obtained from salmon milt; most salmon
milt is wasted in Japan. The utilization of DNA from salmon milt as a functional material is
important and useful in terms of environmental programs and regional contributions. It has
been reported that aromatic compounds such as dyes, harmful materials and carcinogens
can be intercalated into double strands of DNA by molecular attraction because base-pairs
of DNA exhibit aromaticity24-29. The double strand structure inhibits the dye aggregation in
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the gel. The concentration quenching of dye does not occur, and effective fluorescence
emission can be expected. When the concentration of the dye is varied by altering the
volume of the assembly of stimulus-sensitive gel particles, the fluorescence intensity of the
assembly is increased or decreased in response to external stimuli because the amount of
dye that is excited by laser illumination is changed.
Additionally, the assembly of stimulus sensitive gel particles with DNA could not be
used only as a sensor material, but also as an absorbent material for harmful substances in
the external environment. DNA can immobilize harmful materials, such as carcinogens.
The assembly has a highly porous structure, and its high specific surface area is an
advantage for absorbent material applications. The assembly of stimulus sensitive gel
particles with DNA would be expected to be used for sensing and absorbing materials.
In this chapter, an assembly of poly (acrylic acid) (PAAc) particles with DNA-ethidium
bromide (EtBr) complexes was prepared, and the pH response characteristics were
evaluated. The assembly of PAAc gel particles with DNA-EtBr complexes can be used to
quickly detect pH information as a photo-signal.
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3.3 Experimental procedure
3.3.1 Materials and reagents
Acrylic acid (AAc) and allylamine hydrochloride (AA) were purchased from Kanto
Chemical

Co.,

Inc.

AAc

was

purified

by

reduced-pressure

distillation.

N,N’-methylene-bis-acrylamide (MBAA), which was used as a crosslinking agent, was
purchased from Wako Pure Chemical Industries, Ltd. The initiator, potassium persulfate
(KPS), was purchased from Kanto Chemical Co., Inc. The MBAA and KPS were used
without further purification. DNA from salmon milt was supplied by Ogata Material
Science Institute Corp. The molecular weight was approximately 6.0 x 107, the purity was
91.55% and the total amounts of N and P were 14.46% and 8.29%, respectively. Span 80,
which was used as a surfactant, and cyclohexane were purchased from Kanto Chemical Co.,
Inc. Ethidium bromide (EtBr), which was used as a fluorescent dye was purchased from
Wako Pure Chemical Industries, Ltd. Glutaraldehyde was purchased from Kanto Chemical
Co., Inc.

3.3.2 Preparation of PAAc gel particles with DNA
PAAc gel particles with DNA were prepared by emulsion polymerization. First, 0.721 g
of AAc (the molarity of AAc was adjusted to 1 mol/l), 0.096 g of AA (10 mol% relative to
AAc) and 0.031 g of MBAA (2 mol% relative to AAc) were dissolved in distilled water.
DNA (the molarity of the DNA was adjusted to 1 mmol/l) was dissolved in distilled water,
and each solution was mixed. This solution was dropped into 300 ml of cyclohexane, while
simultaneously adding 2.1 g of Span 80, and the resulting mixture was stirred at 300 rpm
under a nitrogen atmosphere. Then, 0.005 g of KPS, which was deoxidized for 30 minutes,
was added, and the polymerization was performed at 60 °C for 6 hours. The obtained PAAc
gel particles with DNA were microfiltered and washed repeatedly in methanol with
centrifugation. The PAAc gel particles with DNA were finally immersed in distilled water
for 24 hours to remove the unreacted reagents.

3.3.3 Preparation of assembly of PAAc gel particles with DNA-EtBr complexes
The assembly of PAAc gel particles with DNA was prepared by a crosslinking reaction
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of the interparticles with glutaraldehyde. A suitable amount of the gel particles was put in a
form which was composed of a silicone rubber sheet (1 mm in thickness) sandwiched
between two glass plates (100 mm in height, 100 mm width, and 2 mm thickness).
Glutaraldehyde was dissolved in distilled water, and the solution was poured into the form.
Subsequently, the form was set in a water bath, and the crosslinking reaction was performed
at 40 °C for 12 hours. The obtained assembly of PAAc gel particles with DNA was
repeatedly washed and immersed in distilled water to remove the unreacted reagents.
Ethidium bromide (EtBr) was used as a fluorescent dye. 10 ml of EtBr aqueous solution (1
mmol/l) was prepared by dissolved EtBr in distilled water. The assembly of PAAc gel
particles with DNA-EtBr complexes was prepared by immersing 0.5 g of the assembly of
PAAc gel particles containing DNA in the EtBr solution. The molar ratio of base pair vs.
EtBr was approximately 5.5：1. The obtained assembly of PAAc gel particles with
DNA-EtBr complexes was then immersed in distilled water until equilibrium swelling was
reached.
The assembly of PAAc gel particles with DNA-EtBr complexes was immersed for 24
hours in distilled water and 0.01 N HCl aqueous solutions. The assembly of PAAc gel
particles containing DNA-EtBr complexes in HCl aqueous solution was separated from the
solution. The solution was measured by a UV-Visible spectrophotometer (Shimadzu
UV-1600) to evaluate the elution of EtBr from the assembly containing DNA. The
assembly of PAAc gel particles without DNA was similarly measured.

3.3.4 Mechanical property of assembly of PAAc gel particles with DNA-EtBr
complexes
Young’s modulus of the assembly of PAAc gel particles with DNA-EtBr complexes was
measured by thermomechanical analysis (Shimadzu TMA-60). The assembly of PAAc gel
particles with the DNA-EtBr complex was fabricated with a 10 mm height, width and
thickness and kept immersed in distilled water until equilibrium swelling. The assembly
was then set on the sample stage and a load was applied (0.01 N/min of load rate and 0.1 N
of object load) by a 25 mm2 of a circle indenter at room temperature. Young’s modulus was
calculated from the stress-strain curves. Young’s modulus of PAAc block gel was similarly
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measured and compared with the assembly. Furthermore, the relationship between Young’s
modulus and the swelling ratio of the assembly of PAAc gel particles with DNA was
investigated.

3.3.5 pH-sensitivity of assembly of PAAc gel particles with DNA-EtBr complexes
The measurement of the swelling ratio in response to the pH of the assembly of PAAc
gel particles with DNA-EtBr complexes was performed using the image analysis system of
an optical microscope (Shimadzu STZ-168-TL) with several types of buffer solutions with
pH values ranging from 2.0 to 12.0. The assembly was kept immersed in distilled water
until equilibrium swelling was reached. The distilled water was then removed, and the
assembly was immersed in each buffer solution for 1 hour. The volume of the assembly was
measured using the image analysis system of the optical microscope. The swelling ratio of
the assembly was calculated by evaluating the volumes of the assembly before and after
immersion in each of the buffer solutions.
The evaluation of the relaxation time was performed by measuring the swelling ratio of
the assembly with time. The assembly of PAAc gel particles with DNA-EtBr complexes
was immersed in a buffer solution at pH 2.0 and then examined by the optical microscope.
The time response of the swelling ratio was measured with the image analysis system of the
optical microscope. Furthermore, the time response of the gel particle and the block-shaped
gel, which had the same volume and chemical composition relative to the assembly, were
similarly measured and compared with that of the assembly. From the results of swelling
ratio as function of time, relaxation time, τ was calculated from the following equation (1).
((t) - ∞) / (0 - ∞) = exp (-t /τ)

(1)

Where ∞ is the equilibrium swelling ratio, 0 is the initial swelling ratio and t is time. The
resulting relaxation time was compared with each other.
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3.3.6 Optical property of assembly of PAAc gel particles with DNA-EtBr complexes
The optical properties of the assembly of PAAc gel particles with DNA-EtBr complexes
were evaluated to consider the application of the assembly in optical sensor devices. The
absorbance of the assembly was measured with the UV-Visible spectrometer. The assembly
was kept immersed in each buffer solution for 1 hour. The assembly was set in the center of
a quartz cell, and the absorbance of the assembly was measured. The fluorescence intensity
of the assembly was evaluated by using an image analysis system. The assembly of PAAc
gel particles with DNA-EtBr complexes was kept immersed in each of the buffer solutions
for 10 minutes. The assembly was irradiated with ultraviolet light at a wavelength of 265
nm and then observed with the optical microscope in the dark. The intensity of the
assembly at each pH was calculated relatively by using the image analysis system.
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3.4 Results and discussion
3.4.1 Preparation of PAAc gel particles with DNA-EtBr complexes
PAAc gel particles with DNA could be prepared by emulsion polymerization (Figure
3-1). The average diameter of the gel particles was approximately 330 m, calculated from
100 measurements using the image analysis system of the optical microscope (Table 3-1).
For the PAAc gel particles with DNA, it was confirmed that DNA was included in the
particles from the absorption peak at 260 nm, which was measured using the UV-Vis
spectrophotometer.

Figure 3-1 Optical micrographs of PAAc gel particles with DNA-EtBr complexes

Table 3-1 Properties of PAAc gel particles with DNA

PAAc gel particle with
DNA-EtBr complexes

Average diameter
(m)

Standard deviation
(m)

CV
(%)

334

63

19
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3.4.2 Preparation of assembly of PAAc gel particles with DNA-EtBr complexes

Figure 3-2 Optical micrograph and photograph of assembly of PAAc gel particles with
DNA-EtBr complexes. The left side indicates the sheet-shaped assembly and
the right side indicates the block-shaped assembly.

Figure 3-3 Block shaped assembly of PAAc gel particles with DNA prepared by stepwise
crosslinking reaction between the sheets shaped assembly

The assembly of PAAc gel particles with DNA was obtained by a crosslinking reaction
of the interparticles with glutaraldehyde. The assembly was formed into a sheet shape
according to the shape of the form, which was 100 mm in height, 100 mm width, and 1 mm
thickness (Figure 3-2, left side). Using a form that was 50 mm in height and 10 mm in
width and thickness, a block-shaped assembly could be prepared (Figure 3-2, right side).
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The assembly of PAAc gel particles with DNA could be prepared in various shapes by
utilizing various forms in this process. Furthermore, the sheet shaped assembly was stacked
three layers and block shaped assembly was prepared by stepwise crosslinking reaction
(Figure 3-3).
The assembly of PAAc gel particles with DNA-EtBr complexes was prepared by
immersing the assembly of PAAc gel particles containing DNA in an EtBr solution. After 1
hour of immersion in the solution, the EtBr was incorporated in the assembly. The EtBr has
an absorption peak at 490 nm. The assembly of PAAc gel particles with DNA-EtBr
complexes was evaluated to measure the elution of EtBr from the assembly to the external
solution by using a UV-Visible spectrophotometer, as shown in Figure 3-4. In the case of
the assembly without DNA, the absorption peak of EtBr in the external solution was
observed at 490 nm. However, the external solution surrounding the assembly with DNA
did not exhibit the absorption peak at 490 nm. These results indicate that EtBr was
immobilized in the assembly with DNA and did not diffuse into the external solution
because it was intercalated into the double strands of the DNA.

Figure 3-4 UV-Vis spectra of the solution in which assembly of PAAc gel particles with or
without DNA containing EtBr was immersed. Solid line indicates UV-Vis
spectrum of the solution of the assembly without DNA. Broken line indicates
that of the assembly with DNA.
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3.4.3 Mechanical property of assembly of PAAc gel particles with DNA-EtBr
complexes

Figure 3-5 Relationship between of young’s modulus (filled circle) and swelling ratio
(open circle) of assembly of PAAc gel particles with DNA-EtBr complexes.
Young’s modulus of the PAAc block gel which was the same volume and
chemical composition with the assembly (filled triangle) shows by comparison
to the assembly.

The Young’s modulus of the assemblies of the PAAc gel particles with DNA that were
prepared at different AA molar ratios was evaluated by calculations based on the
stress-strain curve. The Young’s modulus of the assembly exponentially increased with the
AA molar ratio of the assembly, and the Young’s modulus of the assembly that was
prepared at 20 mol% of the AA molar ratio was approximately 10 kPa (Figure 3-5). It was
found that the Young’s modulus of the assembly was almost the same as that of the typical
PAAc block gel. Additionally, the swelling ratio of the assembly of PAAc particles with
DNA was measured. The swelling ratio of the assembly decreased exponentially with the
AA molar ratio of the assembly. It was assumed that the assembly formed a highly porous
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structure that was composed of the gel particles, and the stimulus responsiveness of the
assembly was controllable by the amount of crosslinking points between the gel particles.
The formation of the interparticle spacing increased the swelling speed and made it possible
to include and release micromaterials, such as drugs, biopolymers, and other functional
particles. Based on the relationship between Young’s modulus and the swelling ratio, the
assembly that was prepared with a 10 mol% AA molar ratio was used.

3.4.4 pH-sensitivity of PAAc gel particles with DNA-EtBr complexes

Figure 3-6 Optical micrographs of assembly of PAAc gel particles with DNA-EtBr
complexes in various buffer solutions at the pH value of 2.0, 4.0, 6.0, 7.5,
10.0 and 12.0.

Figure 3-6 shows the optical micrographs of the assembly of the PAAc gel particles with
DNA-EtBr complexes in various pH buffer solutions. The assembly changed its volume in
response to pH. Furthermore, a dye density change of the assembly caused by the volume
alteration was also observed. The dye density in the assembly increased with the shrinkage
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of the assembly. Additionally, the dye density of the assembly changed repeatedly with the
volume alteration. These results indicate that pH-sensing could be accomplished by optical
analysis of the assembly. Figure 3-7 shows the swelling ratio of the assembly in the pH
range from 2.0 to 12.0. The swelling ratio of the assembly of PAAc gel particles with
DNA-EtBr complexes regularly increased with the pH in constant ionic strength buffers.

Figure 3-7 Swelling ratio of assembly of PAAc gel particles with DNA-EtBr complexes in
various buffer solutions at the pH value of 2.0, 4.0, 6.0, 7.0, 9.5, 11.0 and 12.0.
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Figure 3-8 Time course of the swelling ratio of the assembly of PAAc gel particles (circle),
the PAAc gel particle (diamond) and the PAAc block gel (triangle) in pH 2.0
buffer solution.
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Figure 3-9 Time course of the swelling ratio of the assembly of PAAc gel particles in pH
7.0 (dash line) and 12.0 (solid line) buffer solution.

Table 3-2 Relaxation times of the assembly of PAAc gel particles with DNA-EtBr
complexes, the gel particles and the block gel
Relaxation time, τ
(sec)
The gel particle

8.65 x 101

The block gel

2.50 x 103

The assembly

1.60 x 102
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Fig. 3-8 shows the time course of the swelling ratio of the assembly of PAAc gel
particles with DNA-EtBr complexes, the gel particles and the block gel at a pH of 2.0, and
Fig. 3-9 shows the time course of swelling ratio of the assembly of PAAc gel particles with
DNA-EtBr complexes at pH of 7.0 and 12.0. The assembly shrunk rapidly, and the volume
was constant after 180 seconds, which implies that equilibrium swelling was reached in
approximately 180 seconds. Furthermore, this value of the assembly was approximately the
same as the value of the gel particle, although their volumes were quite different. In
contrast, the block gel, which had the same volume and chemical composition as the
assembly, was also synthesized, and the pH response speeds of the block gel and the
assembly were compared. The block gel with DNA shrunk slowly, and the volume was
constant at approximately 6000 seconds. The swelling kinetics of the assembly was
evaluated with the relaxation time, τ, by measuring the swelling ratio of the assembly as a
function of time at pH of 2.0, and compared with the gel particles and the bulk gel which
had the same chemical composition and volume of the assembly (Table 3-2). The τassembly
was approximately 1.6 x 102 sec, and it was nearly equal to the τparticle, 8.7 x 10 sec and was
approximately 15 times faster than that of bulk gel, τbulk 2.5 x 103. The swelling kinetics of
the assembly is probably occurred by particles size effect and the formation of porous
structure (Fig. 3-10). The assembly is consisted of the gel particles, and the relaxation time,
τ is proportional to the square of the final diameter of a gel, thus the volume of a gel. The
micro stimulus sensitive domains are independently existed in the assembly by crosslink
with non-stimulus sensitive spacer molecules, and each micro domain is responded to
external stimuli at approximately the same time. Furthermore, the porous structure of the
assembly decreased with the relaxation time of the three-dimensional network structure and
external solution easily diffuse into the network of the assembly. As the results above, the
relaxation time of the assembly could be achieved a great improvement as compared with
the typical bulk gel. Therefore, the particles making up the assembly responded to external
stimuli at approximately the same time.
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Figure 3-10 Swelling kinetics of assembly of PAAc gel particles with DNA.
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3.4.5 Optical property of assembly of PAAc gel particles with DNA-EtBr complexes

Figure 3-11 The intensity of assembly of PAAc gel particles with DNA-EtBr complexes in
various pH buffer solutions at the pH value of 2.0, 4.0, 6.0, 7.0, 9.5, 11.0 and 12.0

The dye density of the assembly could be changed by volume alteration in response to
pH. The evaluation of the optical properties of the assembly is important for optical sensor
device applications. The absorbance of the assembly at a wavelength of 500 nm decreased
exponentially with the pH value. Fig. 3-11 shows the relationship between fluorescence
intensity and the pH of the assembly. The fluorescence intensity of the assembly was
measured relatively with the image analysis system by irradiating UV light at a wavelength
of 265 nm in buffer solution at pH 2.0, 4.0, 6.0, 7.0, 9.5, 11.0, and 12.0. The intensity of the
assembly exponentially decreased with pH. In particular, the intensity of the pH values
from 2.0 to the neutral region was clearly detected. In contrast, the fluorescence intensity at
pH values over 11.0 was slight. Therefore, the color of the assembly of PAAc gel particles
with DNA-EtBr complexes changed several times in response to pH, and it was confirmed
that the EtBr was hardly eluted resulting from the absorbance spectra of DNA-EtBr in HCl
and NaOH aqueous solutions. These results assume that the fluorescence intensity of the
assembly of PAAc gel particles with DNA-EtBr complexes corresponded with the swelling
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behavior of the assembly. It is clear that the assembly of PAAc gel particles with
DNA-EtBr complexes can be used to detect and quickly measure the pH in the surrounding
environment via the fluorescence intensity and that this approach could be used to create
optical sensor devices.
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3.5 Conclusions
In this chapter, we demonstrated the preparation of an assembly of PAAc gel particles
with DNA-EtBr complexes and evaluated its pH sensitivity for application in optical
detection devices. PAAc gel particles with DNA-EtBr complexes were prepared by
emulsion polymerization, and the assembly was prepared by a crosslinking reaction
between the gel particles that utilized glutaraldehyde. DNA was trapped in the PAAc gel
particles, and it was not eluted from the gel particles. EtBr could be immobilized into the
assembly by intercalation with DNA, and EtBr did not diffuse in the external solution. The
assembly of PAAc gel particles with DNA-EtBr complexes could be fabricated in various
shapes by utilizing various forms. The Young’s modulus of the assembly was almost the
same as that of the typical block gel, and it was controlled by the AA molar ratio in feed.
The swelling ratio of the assembly of PAAc gel particles with DNA increased regularly
with pH, and the response speed of the assembly was approximately 180 seconds. The
relaxation time was approximately 15 times faster than that of the block gel, which had the
same volume and chemical composition as the assembly. The fluorescence intensity of the
assembly of PAAc gel particles with DNA-EtBr complexes was measured with an image
analysis system, and it exponentially decreased with pH. The assembly of PAAc gel
particles with DNA-EtBr complexes can quickly detect the pH in the surrounding
environment as an optical signal. The high stimulus-sensitivity of the assembly of
stimulus-sensitive gel particles with DNA is due to its highly porous structure, and the gel
particles that formed the assembly responded to external stimuli at the same time. The
porous structure is an advantage for absorbent materials. DNA can immobilize not only
dyes but also harmful materials, such as carcinogens. It has been reported that gas sensor
devices using DNA could detect harmful materials. The assembly might be utilized as an
absorbent filter for harmful materials because the assembly has a high specific surface area
and can be fabricated in various shapes based on the mold used. The assembly would also
be able to detect the surrounding environmental conditions as an optical signal at the same
time. Consequently, the utilization of DNA is a novel and useful approach for functional
materials and the assembly of gel particles with DNA is expected to be useful as a novel
optical sensing material.
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Chapter 4

Assembly of stimulus sensitive gel particles by
electrostatic interaction
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4. 1 Abstract
In nature, biopolymers such as proteins and nucleic acids control their complicated and
higher-ordered structures precisely by self-organization which occurs by various weak
interactions such as hydrogen bond, electrostatic interaction and hydrophobic interaction.
These interactions make it possible to form structures dynamically and reversibility, and the
material design utilized such interactions could accomplish to novel function in various
fields. In this chapter, an assembly of anionic- and cationic-charged stimulus sensitive gel
particles was investigated. The stimulus sensitive gels are well known as functional
materials, altering their volume in response to external stimuli such as pH, temperature,
electric field and bio molecules. These excellent functions are possible to be useful to
bio-medical and bio-sensing application. An assembly of the stimulus sensitive gel particles
formed by electrostatic interaction would be controllable to the morphology of dispersion
and aggregation states by pH conditions and would achieve high responsiveness as a macro
gel.
Poly (N-isopropylacrylamide) (PNIPAM) was copolymerized with acrylic acid (AAc) as
an anionic monomer and N-(3-Dimethylaminopropyl) methacrylamide (DMAPMA) as a
cationic monomer, respectively. Poly (NIPAM-co-AAc) and poly (NIPAM-co-DMAPMA)
gel particles were prepared by soap-free emulsion polymerization. Swelling ratio of anionic
and cationic gel particles was altered by dissociation of each ionic group in response to pH
and zeta potential of anionic and cationic gel particles was drastically increased around the
dissociation constant of each ionic groups. Anionic and cationic gel particles possessed the
thermo-sensitivity from NIPAM and the volume transition temperatures were shifted
toward a higher temperature by positive- and negative-charged. Binary mixtures were
finely dispersed in HCl and NaOH solutions, and could assemble by electrostatic
interaction in ion-exchanged water. The assembly of anionic and cationic gel particles was
swollen and shrunken in response to temperature and the swelling ratio was approximately
34% compared with before heating.
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4.2 Introduction
Self-assembly is the autonomous organization of various components formed into
various pattern or structure without intervention1-2. The concept of self-assembly is great
attention in various fields and is used increasingly in many processes. In living thing, many
kinds of living tissue are formed by self-organization. Living cell, proteins and nucleic
acids control precisely their complicated and higher-ordered structures by self-organization
which occurs by various weak interactions such as hydrogen bond, electrostatic interaction
and hydrophobic interaction. DNA has a double strand structure which is formed by
complementary base pairing of adenine-thymine and guanine-cytosine of polynucleotides
with hydrogen bonds. The inter layers of base pairs exhibits aromaticity and are intercalated
planer aromatic compounds by stacking3-11. The weak interactions make it possible to
form structures dynamically and reversibility, and the material design utilized such weak
interactions could accomplish to novel function in various fields.
On the other hands, stimulus sensitive gels have been attracted much attention as a smart
material. The stimulus sensitive gels are flexible, elastic and wet material which is
consisting of three dimensional network structures containing aqueous solution. Stimulus
sensitive gels can transport the solvents or matters through the three dimensional network
and stimulus sensitive gels are altered their volume in response to external stimuli such as
pH, temperature, electric field and biomolecules12-18. These structure and characteristics are
similar to living tissues. Cell, muscle, cartilage, internal organ and many other living tissues
are formed from three dimensional polymer network structures containing solvents. The
stimulus sensitive gels materials are expected to be developed for use in biomedical
applications such as biosensor, drug delivery systems and artificial muscle 19-25.
Then, we focus on the self-organization of the stimulus sensitive gel particles by week
interaction between the gel particles. An assembly of the stimulus sensitive gel particles by
week interactions could dynamically disperse and aggregate in response to external
environment in the same manner as the living tissues, and the bio-inspired material might
be expression to novel functionalities. Furthermore, the assembly of stimulus sensitive gel
particles would possess an excellent responsiveness as compared with typical macro gels
because a porous structure is fabricated by the formation of interparticle spaces. These
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microspaces are expected to reduce the polymer network relaxation time and easily diffuse
solutions through the networks.
In this chapter, an assembly of anionic and cationic poly (N-isopropylacrylamide)
(PNIPAM) gel particles by electrostatic interaction was investigated. PNIPAM is a
representative thermo-sensitive polymer exhibiting a lower critical solution temperature at
approximately 30 °C. PNIPAM gel particles were copolymerized with acrylic acid (AAc)
as an anionic monomer and N-(3-Dimethylaminopropyl) methacrylamide (DMAPMA) as a
cationic monomer. The assembly of anionic and cationic PNIPAM gel particles by
electrostatic interaction would be controllable to their morphology in pH and sharply
response to temperature as a macro gel.
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4.3 Experimental procedure
4.3.1 Materials and reagents
N-isopropylacrylamide (NIPAM) and acrylic acid (AAc) were purchased from Kanto
Chemical Co., Inc. NIPAM was purified by recrystallinezation in hexane.

AAc was

purified by reduced-pressure distillation. N-(3-Dimethylaminopropyl) methacrylamide
(DMAPMA) was purchased from Tokyo Chemical Industry Co., Ltd. DMAPMA was
purified by reduced-pressure distillation. N,N’-methylene-bis-acrylamide (MBAA), which
was used as a crosslinking agent, was purchased from Wako Pure Chemical Industries, Ltd.
The initiator, potassium persulfate (KPS), was purchased from Kanto Chemical Co., Inc.
and 2,2’-Azobis(2-amidinopropane) dihydrochloride (V-50) was purchased from Wako
Pure Chemical Industries, Ltd. The MBAA, KPS and V-50 were used without further
purification.

4.3.2 Preparation of poly (NIPAM-co-AAc) gel particles
Poly

(NIPAM-co-AAc)

gel

particles

were

prepared

by

soap-free

emulsion

polymerization. First, 3.1 g of NIPAM and 0.17 g of KPS were dissolved in 200 ml of
ion-exchanged water. The solution was deoxidized for 30 minutes by a nitrogen atmosphere.
The solution was set in four neck round-bottom flask, was stirred at 300 rpm and tuned up
the temperature at 70 °C under a nitrogen atmosphere. Then, 0.17 g of AAc (molar ratio of
NIPAM:AAc was 93:7) and 0.43 g of MBAA were dissolved in 10 ml of ion-exchanged
water, and the solution was dropped into the flask. The resulting mixture was stirred at 300
rpm under a nitrogen atmosphere, and the polymerization was performed at 70 °C for 4
hours. The obtained poly (NIPAM-co-AAc) gel particles were microfiltered and washed
repeatedly in ion-exchanged water with centrifugation. The poly (NIPAM-co-AAc) gel
particles were finally immersed in ion-exchanged water.

4.3.3 Preparation of poly (NIPAM-co-DMAPMA) gel particles
Poly (NIPAM-co-DMAPMA) gel particles were prepared by soap-free emulsion
polymerization. First, 3.1 g of NIPAM, 0.25 g of DMAPMA (molar ratio of NIPAM:
DMAPMA was 95:5), 0.13 g of MBAA and 0.16 g of V-50 were dissolved in 210 ml of
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ion-exchanged water. The mixture solution was deoxidized for 30 minutes by bubbling
nitrogen. The mixture solution was set in four neck round-bottom flask, was stirred at 120
rpm and tuned up the temperature at 70 °C under a nitrogen atmosphere. The
polymerization was performed

at 70 °C for 24 hours. The obtained poly

(NIPAM-co-DMAPMA) gel particles were microfiltered and washed repeatedly in
ion-exchanged water with centrifugation. The poly (NIPAM-co-AAc) gel particles were
finally immersed in ion-exchanged water.

4.3.4 pH- and thermo-sensitivity of poly (NIPAM-co-AAc) gel particles
The measurement of the particle size distribution of the anionic gel particles in response
to the pH was performed using SALD-7100 (Shimadzu Corporation, Kyoto) with several
types of buffer solutions in pH values ranging from 2.0 to 12.0. The gel particles were kept
immersed in distilled water until equilibrium swelling was reached. The distilled water was
then removed, and the gel particles were immersed in each buffer solution for 1 hour. The
average diameter of the gel particles was measured using the particle size distribution
measurement. The zeta potential of the anionic gel particles was measured by zeta potential
measurement (ELSZ-2, Otsuka Electronics Co. Ltd., Osaka). The gel particles were kept
immersed in several types of buffer solutions with pH values ranging from 2.0 to 12.0, until
equilibrium swelling was reached. Then, the zeta potential of the gel particles was
measured by ELSZ-2.
The transmittance of the anionic gel particles was performed by UV-Visible
spectrophotometer (UV-1800, Shimadzu corporation, Kyoto) with several types of buffer
solutions with pH values ranging from 4.0 to 8.0. 0.1 g of the gel particles were immersed
in 10 ml of each buffer solution for 1 hour. The transmittance wavelength at 500 nm of the
gel particles were measured by UV-1800. The thermo-sensitivity of the anionic gel particles
were evaluated with the particle size distribution alteration in response to the temperature.
0.1 g of the gel particles were immersed in 10 ml of each buffer solution until equilibrium
swelling was reached. Then, the average diameter of the gel particles was measured by
ELSZ-2 (Otsuka Electronics Co. Ltd., Osaka), while changing the temperature range from
20 to 60 °C. The particle diameter alteration ratio was calculated from before and after
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average diameter in response to temperature.

4.3.5 pH- and thermo-sensitivity of poly (NIPAM-co-DMAPMA) gel particles
The measurement of the particle size distribution of the cationic gel particles in response
to the pH was performed using ELSZ-2 (Otsuka Electronics Co. Ltd., Osaka) with several
types of buffer solutions with pH values ranging from 2.0 to 12.0. The gel particles were
kept immersed in distilled water until equilibrium swelling was reached. The distilled water
was then removed, and the gel particles were immersed in each buffer solution for 1 hour.
The average diameter of the gel particles was measured using the particle size distribution
measurement. The zeta potential of the cationic gel particles was measured by zeta potential
measurement (ELSZ-2, Otsuka Electronics Co. Ltd., Osaka). The gel particles were kept
immersed in several types of buffer solutions with pH values ranging from 2.0 to 12.0, until
equilibrium swelling was reached. Then, the zeta potential of the gel particles was
measured by ELSZ-2.
The transmittance of the cationic gel particles was performed by UV-Visible
spectrophotometer (UV-1800, Shimadzu corporation, Kyoto) with several types of buffer
solutions with pH values ranging from 4.0 to 12.0. 0.1 g of the gel particles were immersed
in 10 ml of each buffer solution for 1 hour. The transmittance wavelength at 500 nm of the
gel particles were measured by UV-1800. The thermo-sensitivity of the cationic gel
particles were evaluated with the particle size distribution alteration in response to the
temperature. 0.1 g of the gel particles were immersed in 10 ml of each buffer solution until
equilibrium swelling was reached. Then, the average diameter of the gel particles was
measured by ELSZ-2 (Otsuka Electronics Co. Ltd., Osaka), while changing the temperature
range from 20 to 60 °C. The particle diameter alteration ratio was calculated from before
and after average diameter in response to temperature.

4.3.6 Assembly of poly (NIPAM-co-AAc) and poly

(NIPAM-co-DMAPMA) gel

particles by electrostatic interaction
Assembly of the anionic and cationic gel particles by electrostatic interaction was
observed by visual and microscopy, and measured by particle size distribution measurement
- 65 -

(SALD-7100, Shimadzu Corporation, Kyoto). 0.5 g of anionic and cationic gel particles
were mixed in 5 ml of ion-changed water, 0.01 of HCl and NaOH aqueous solution,
respectively. The mixture solution was observed in visual and measured particle size
distribution by SALD-7100. Furthermore, the temperature of the mixture solution was
tuned up at 60 °C, and the above measurements were similarly performed.
Swelling ratio of the assembly of the anionic and cationic gel particles was measured by
image analysis system of microscope (STZ-168-TL, Shimadzu Corporation, Kyoto). The
assembly was immersed in ion-changed water, and the area was measured by the image
analysis system. Then, the assembly was set on a hot stage and tuned up the temperature at
60 °C. The area after heating was similarly measured and swelling ratio of the assembly
was calculated from the area before and after heating. The reversibility was evaluated by
repeatedly heating and cooling.
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4.4 Results and discussion
4.4.1 Preparation of poly (NIPAM-co-AAc) and poly (NIPAM-co-DMAPMA) gel
particles

5 m

5 m

Figure 4-1 Optical micrographs of poly (NIPAM-co-AAc) and (NIPAM-co-DMAPMA) gel
particles

Table 4-1 Properties of poly (NIPAM-co-AAc) and (NIPAM-co-DMAPMA) gel particles

Poly (NIPAM-co-AAc)
gel particle

Poly (NIPAM-co-DMAPMA)
gel particles

Average diameter
(m)

1.688

0.615

Standard deviation
(m)

0.123

0.114

CV
(%)

18.5

7.3

Figure 4-1 shows the optical micrographs of the obtained poly (NIPAM-co-AAc) and
(NIPAM-co-DMAPMA) gel particles, and table 4-1 shows their properties. Poly
(NIPAM-co-AAc) gel particles could be prepared by soap-free emulsion polymerization.
The average diameter of the gel particles in pH 7.0 buffer solution was approximately 1.70
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m, and the coefficient of valance (CV) was approximately 7.1%, which was calculated
from the equation: standard division / average diameter x 100 (%). The obtained gel
particles were high monodispersity. FT-IR spectra of poly (NIPAM-co-AAc) was confirmed
the characteristic absorptions at 1650 cm-1 and 1550 cm-1 from amido bond, 1370 cm-1 from
isopropyl group and 1715 cm-1 form carboxyl group. Poly (NIPAM-co-AAc) gel particles
were complementary prepared.
Poly (NIPAM-co-DMAPMA) gel particles could be prepared by soap-free emulsion
polymerization. The average diameter of the gel particles in pH 7.0 buffer solution was
approximately 0.62 m, and the coefficient of valance (CV) was approximately 18%,
which was calculated from the equation: standard division / average diameter x 100 (%).
The obtained gel particles were nearly monodispersity.

4.4.2 pH-sensitivity of poly (NIPAM-co-AAc) and poly (NIPAM-co-DMAPMA) gel
particles
The average diameter of the poly (NIPAM-co-AAc) gel particles in response to the pH
was measured in pH buffer solution with pH value ranging from 2.0 to 12.0 shown in
Figure 4-2 (left). The average diameter at pH 2 was approximately 1.3 m. The average
diameter was drastically changed with pH value ranging from 4.0 to 7.0. The dissociation
constant of AAc is approximately 4.25, and PAAc network was swollen by electrostatic
repulsion between carboxylate anions above pH value of 4. Over pH value of 7.0, the
average diameter was almost constant value. The zeta potential of the poly
(NIPAM-co-AAc) gel particles in response to the pH was similarly measured in pH buffer
solution with pH value ranging from 2.0 to 12.0 (Figure 4-2, right). The gel particles were
charged negatively and the maximum value was approximately -11 mV. The zeta potential
was drastically changed with pH value ranging from 4.0 to 7.0 because the dissociation
constant of AAc was approximately 4.25. From these results, the obtained poly
(NIPAM-co-AAc) gel particles were possessed pH-sensitivity.
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Figure 4-2 pH-sensitivity of poly (NIPAM-co-AAc) gel particles at pH value ranging from
2.0 to 12.0. The left side indicates the average particle diameter of the anionic
gel particles in various pH values measuring with particle size distribution
analysis. The right side indicates the zeta potential of the anionic gel particles in
various pH values.

The average diameter of the poly (NIPAM-co-DMAPMA) gel particles in response to the
pH was measured in pH buffer solution with pH value ranging from 2.0 to 12.0 (Figure 4-3,
left). The average diameter at pH 2 was approximately 0.61 m. The average diameter was
drastically changed with pH value ranging from 7.0 to 10.0. The dissociation constant of
DMAPMA is approximately 9.2, and the DMAPMA network was swollen by electrostatic
repulsion below pH value of 10. Over pH value of 10.0, the average diameter was
approximately 0.55 m, almost constant value. The zeta potential of the poly
(NIPAM-co-DMAPMA) gel particles in response to the pH was similarly measured in pH
buffer solution with pH value ranging from 2.0 to 12.0 (Figure 4-3, right). The gel particles
were charged positively and the maximum value was approximately -5 mV. The zeta
potential was drastically changed with pH value ranging from 7.0 to 10.0 because the
dissociation constant of DMAPMA was approximately 9.2. From these results, the obtained
poly (NIPAM-co-DMAPMA) gel particles were possessed pH-sensitivity.
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Figure 4-3 pH-sensitivity of poly (NIPAM-co-DMAPMA) gel particles at pH value
ranging from 2.0 to 12.0. The left side indicates the average particle diameter
of the cationic gel particles in various pH values measuring with particle size
distribution analysis. The right side indicates the zeta potential of the cationic
gel particles in various pH values

4.4.3 Thermo-sensitivity of poly (NIPAM-co-AAc) and poly (NIPAM-co-DMAPMA)
gel particles
The transmittance of poly (NIPAM-co-AAc) gel particles was measured by UV-Visible
spectrophotometer with pH buffer solutions at pH values of 4.0, 6.0 and 8.0 (Figure 4-4,
left). PNIPAM has a lower solution critical temperature (LCST) at approximately 30 °C. In
buffer solution at pH value of 4.0, the transmittance of the gel particles wavelength at 500
nm was drastically decreased from the solution temperature at 30 °C. This result was
similar to the behavior of PNIPAM gel. In contrast, the transmittances of the gel particles at
pH value of 6.0 and 8.0 were not decreased at 30 °C. In buffer solution at pH value of 6.0,
the transmittance was drastically decreased from the solution temperature at 50 °C, and the
transmittance of the gel particles at pH value of 8.0 was not decreased above the solution
temperature at 50 °C. The LCST shift toward a higher temperature is attributed to the
electrostatic repulsion between the gel network and increase of hydrophilic property by
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AAc dissociation. The results of particle size distillation of the poly (NIPAM-co-AAc) gel
particles in response to temperature were similar to the results of the transmittance (Figure
4-4, right). In buffer solution at pH value of 4.0, the gel particles were rapidly shrunken at
30 °C and the diameter change modulus was approximately 50% compared with before
heating. From the results of the particle diameter change modulus at several pH values, the
temperature of volume phase transition was shifted toward a higher temperature with the
increasing pH value, thus increasing AAc dissociation.

Figure 4-4 Thermo-sensitivity of the poly (NIPAM-co-AAc) gel particles with temperature
ranging from 20 to 60 °C in pH values of 4.0, 6.0 and 8.0. The left side indicates
the transmittance of the anionic gel particles wavelength at 500 nm measuring
with UV-Vis spectrometry. The right side indicates the swelling ratio of the
anionic gel particles.

The transmittance of poly (NIPAM-co-DMAPMA) gel particles was measured by
UV-Visible spectrophotometer with pH buffer solutions at pH values of 4.0, 9.0 and 12.0
(Figure 4-5, left). In buffer solution at pH value of 12.0, the transmittance of the gel
particles wavelength at 500 nm was drastically decreased from the solution temperature at
31 °C. This result was similar to the behavior of PNIPAM gel. In buffer solution at pH
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value of 9.0, the transmittance was drastically decreased from the solution temperature at
41 °C, and the transmittance of the gel particles at pH value of 4.0 was not decreased above
the solution temperature at 50 °C. The LCST shift toward a higher temperature is attributed
to the electrostatic repulsion between the gel network and increase of hydrophilic property
by positively charged DMAPMA. The results of particle size distillation of the poly
(NIPAM-co-DMAPMA) gel particles in response to temperature were shown in Figure 4-5,
right. In buffer solution at pH value of 4.0, the gel particles were rapidly shrunken at 31 °C
and the diameter change modulus was approximately 55% compared with before heating.
From the results of the particle diameter change modulus at several pH values, the
temperature of volume phase transition was shifted toward a higher temperature with the
decreasing pH value, thus increasing positively-charged DMAPMA. It was confirmed that
Both the poly (NIPAM-co-AAc) and the poly (NIPAM-co-DMAPMA) gel particles
possessed thermo-sensitivity and the thermo-sensitive behavior was altered to pH
conditions.

Figure 4-5 Thermo-sensitivity of the poly (NIPAM-co-DMAPMA) gel particles with
temperature ranging from 20 to 60 °C in pH values of 4.0, 9.0 and 12.0. The
left side indicates the transmittance of the cationic gel particles wavelength at
500 nm measuring with UV-Vis spectrometry. The right side indicates the
swelling ratio of the cationic gel particles.
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4.4.4 Assembly of poly (NIPAM-co-AAc) and poly (NIPAM-co-DMAPMA) gel
particles by electrostatic interaction

Table 4-2 Observation in visual of binary mixtures of anionic and cationic gel particles
in ion exchanged water, 0.01 mol/l solutions of HCl and NaOH, at 25 and 60 °C

Mixture solutions of the anionic and cationic gel particles
0.01 M HCl
0.01pH
M HCl
12.0
pH 2.0

Ion exchanged water
Ion-exchanged
pH 6.4 water
pH 6.4

0.01 M NaOH
0.01
NaOH
pHM12.0
pH 12.0

25 °C
oC
25

60 °C
oC
60

Assembly of the poly (NIPAM-co-AAc) and poly (NIPAM-co-DMAPMA) gel particles
by electrostatic interaction was observed in visual by immersing both gel particles in
ion-exchanged water (pH 6.4) and 0.01 N of HCl and NaOH aqueous solutions (Table 4-2).
Both anionic and cationic gel particles were finely dispersed in HCl and NaOH solutions.
From the above results, only the cationic gel particles were charged in HCl solution, and
only the anionic gel particles were charged in NaOH solution. On the other hand, in
ion-exchanged water, the aggregates consist from both the gel particles were observed and
settled out to the bottom of sample tube. This result indicated that the cationic and anionic
gel particles could assemble by electrostatic interaction because both the gel particles were
well charged in ion-exchanged water (pH 6.4) from zeta potential results. These behaviors
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Figure 4-6 Particle size distributions of binary mixtures of anionic and cationic gel
particles in ion-exchanged water, HCl and NaOH solutions at the
temperature of 25 and 60 °C.
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were also investigated by using particle size distribution measurement (Figure 4-6). In HCl
and NaOH solutions, each particle size distribution peak of the cationic and anionic gel
particles was observed in several. In contract, the particle size distribution peak of the gel
particles in ion-exchanged water was observed only a single distribution peak and shifted to
a few hundred micrometers. Consequently, the cationic and anionic gel particles were well
dispersed in the mixture solution while only the either particle charging and assembled
while both the particles well-charging.
Therefore, the above behaviors were also observed at 60 °C. In HCl and NaOH, the
mixture solutions got a white turbidity, being tuned up the temperature at 60 °C. The peaks
particle size distribution were only a few overlapped with each other. This result considered
that the charge density of the gel particles was enhanced by shrinking the volume in
response to temperature and the hydrophobic interaction between the gel particles was
occurred by tuned up the temperature above LCST. In ion-exchanged water, the assembly
of the gel particles was shrunken rapidly in visual. The particles size distribution peak in
ion-exchanged water was shifted to a lower particle diameter. The assembly of anionic and
cationic gel particles was swollen and shrunken in response to temperature and could be
visually workable as a ‘macro gel’. Then, swelling ratio of the assembly of cationic and
anionic gel particles was measured by image analysis system of microscope shown in
Figure 4-7. Swelling ratio of the assembly of cationic and anionic gel particles was
calculated from 10 measurement of the area change modulus of the assembly before and
after heating. The assembly was shrunken rapidly by tuned up the temperature at 60 °C, and
the swelling ratio was approximately 34% compared with before heating. The swelling ratio
of the assembly was much larger than that of anionic and cationic gel particles, 58% and
50% respectively. This result suggests that the assembly has a high porous structure. The
interparticle spaces enhance the stimulus-sensitivity due to decrease of polymer network
relaxation time and high solution diffusion rate. Furthermore, the assembly could be
repeatedly swollen and shrunken within 5% of volume fluctuation, with 5 cycles of heating
and cooling (Figure 4-8). The assembly of anionic and cationic gel particles could be
controlled dispersion and assembly states by pH condition and could achieve high
sensitivity and reversibility. The assembly of gel particles by electrostatic interaction was
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expected to application for biomedical and sensor devices such as drug carriers.

Figure 4-7 Optical micrographs of assembly of anionic and cationic gel particles in
ion-exchanged water. The left side shows the assembly at temperature of 25
and the right side shows that of 60 °C.

Figure 4-8 Swelling ratio of assembly of anionic and cationic gel particles in
ion-exchanged water at 5 cycles of heating and cooling.
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4.5 Conclusions
In this chapter, we demonstrated the preparation of an assembly of poly
(NIPAM-co-AAc) and poly (NIPAM-co-DMAPMA) gel particles by electrostatic
interaction and evaluated its characteristics. Poly (NIPAM-co-AAc) gel particles as an
anionic gel particle and poly (NIPAM-co-DMAPMA) gel particles as a cationic gel particle
could be prepared by soap–free emulsion polymerization. Swelling ratio of anionic and
cationic gel particles was altered by dissociation of each ionic group in response to pH and
zeta potential of anionic and cationic gel particles was drastically increased around the
dissociation constant of each ionic groups. Anionic and cationic gel particles possessed the
thermo-sensitivity from NIPAM characteristics and the volume transition temperatures
were shifted toward a higher temperature by positive- and negative-charged. Both anionic
and cationic gel particles were finely dispersed in HCl and NaOH solutions, and in
ion-exchanged water, cationic and anionic gel particles could assemble by electrostatic
interaction because both the gel particles were well-charged in ion-exchanged water. The
assembly of anionic and cationic gel particles was swollen and shrunken in response to
temperature and the swelling ratio was approximately 34% compared with before heating.
The swelling ratio of the assembly was much larger than that of anionic and cationic gel
particles. Furthermore, the assembly could be repeatedly swollen and shrunken within 5%
of volume fluctuation. The assembly of anionic and cationic gel particles is controllable to
dispersion and assembly states by pH conditions and could be visually workable as a one of
a ‘macro gel’, having a excellent properties.
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Chapter 5

Concluding remarks

- 81 -

Assemblies of stimulus sensitive gel particles by crosslink with spacer molecules and
interaction between the gel particles were designed as a novel stimulus sensitive gel
material, which possessed excellent stimulus sensitivities and dynamically changed their
morphology in aqueous solution, and a composite of stimulus sensitive gel and DNA was
prepared to apply as an optical-detected bio sensor by utilizing DNA intercalation. The
results and conclusion are followings.
(1) Poly (acrylic acid) (PAAc) gel particles with DNA could prepare by emulsion
polymerization and PAAc gel particles with DNA-ethidium bromide (EtBr) complexes
were prepared with only immersion the gel particles in EtBr solution. PAAc gel particles
with DNA-EtBr complexes could immobilize EtBr in the gel particles by intercalation of
DNA, and the EtBr was not diffuse to external solution from the gel particles. The swelling
ratio of the gel particles was regularly altered with pH and the fluorescence intensity of the
gel particles was exponentially decreased with pH. The gel particles could detect external
pH information as a photo signal by the alteration of their swelling ratio.
(2) An assembly of PAAc gel particles with DNA-EtBr complexes was prepared by
condensation reaction between amino groups of the gel particles surface with
glutaraldehyde. The assembly could from various shapes such as sheet and block-like with
various shaped molds. The Young’s modulus of the assembly was increased with the molar
ratio of incorporated allylamine (AA) in feed. The maximum value was approximately 10
kPa in 20 mol% of AA in feed and was nearly equal to that of the same chemical
composition and volume of bulk gel. The swelling kinetics of the assembly was evaluated
with the relaxation time, τ, which was calculated from the results of swelling ratio of the
assembly as a function of time, and compared with the gel particles and the bulk gel which
had the same chemical composition and volume of the assembly. The τassembly was
approximately 1.6 x 102 sec, and it was nearly equal to the τparticle, 8.7 x 10 sec and was
approximately 15 times faster than that of bulk gel, τbulk 2.5 x 103. The swelling kinetics of
the assembly is probably occurred by particles size effect and the formation of porous
structure. The assembly is consisted of the gel particles, and relaxation time, τ is
proportional to the square of the final diameter of a gel, thus the volume of a gel. These
micro stimulus sensitive domains in the assembly are independently existed by crosslink
- 82 -

with non-stimulus sensitive spacer molecules, and each micro domain is responded to
external stimuli at approximately the same time. Furthermore, porous structure of the
assembly is decreased with the relaxation time of the three-dimensional network structure
and external solution diffuses easily into the network of the assembly. As the described
above, the relaxation time of the assembly could be achieved a great improvement as
compared with the typical bulk gel. The swelling ratio of the assembly was regularly
increased with pH and the fluorescence intensity was regularly decreased with the increase
of the swelling ratio. The assembly of PAAc gel particles with DNA-EtBr complexes was
exhibited an excellent stimulus sensitivities and could be detected to external environments
as a photo signal.
(3) An assembly of anionic and cationic gel particles by electrostatic interaction was
prepared and evaluated its characteristics. AAc as an anionic monomer and
N-(3-dimethylaminopropyl) methacrylamide (DMAPMA) as a cationic monomer were
copolymerized with N-isoproprylacrylamide (NIPAM). Poly (NIPAM-co-AAc) gel particles
and poly (NIPAM-co-DMAPMA) gel particles could be prepared by soap–free emulsion
polymerization. The swelling ratio of anionic and cationic gel particles was altered by
dissociation of each ionic group in response to pH, and the zeta potential of anionic and
cationic gel particles was drastically increased around the dissociation constant of each
ionic groups. The anionic and cationic gel particles possessed the thermo-sensitivity from
NIPAM characteristics and the volume transition temperatures were shifted toward a higher
temperature by positively and negatively charged. Binary mixture of anionic and cationic
gel particles was finely dispersed in HCl and NaOH solutions, and in ion-exchanged water,
the anionic and cationic gel particles could assemble by electrostatic interaction because
both the gel particles were well-charged in ion-exchanged water. The assembly of anionic
and cationic gel particles was swollen and shrunken in response to temperature and the
swelling ratio was approximately 34% compared with before heating. The swelling ratio of
the assembly was much larger than that of the anionic and cationic gel particles.
Furthermore, the assembly could be repeatedly swollen and shrunken within 5% of volume
fluctuation. The assembly of the anionic and cationic gel particles is controllable to
dispersion and assembly states by pH conditions and could be visually workable as a one of
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a ‘macro gel’, having a excellent properties.
As described above, DNA hybridization in stimulus sensitive gel is possible to create a
photo detection property and the composite material of stimulus sensitive gel and DNA
would be expected to application in optical bio sensors. The assembly of stimulus sensitive
gel particles can provide an excellent stimulus response time and the assembly by
electrostatic interaction can be dynamically changed their morphology in response to pH.
The novel gel material design would contribute to gel application in various field.

Gel material design
Assembly
(macro gel)

Assembly
(macro gel)

Stimulus sensitive gel
(micro gel)

Crosslink

Interaction
1 mm

1 mm

DNA

τ ~ 2.50 x 103

Morphology
transition

1 cm

τ ~ 8.65 x 101

τ ~ 1.60 x 102
1 mm

High
responsiveness

Photo signal
detection

Figure 5-1 Designs of stimulus sensitive gel material in this study
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