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Rheological properties of dispersions of IPN microgels composed of PNIPAM and PAAc 

have been studied. It is found that the IPN microgel dispersion can undergo a sol-gel transition at 

temperature above 33℃. In vivo drug release experiments suggest that the gelation procedure 

creates a diffusion barrier and thus leads to slow release.  

An emulsion method has been used to grow columnar crystals by mixing PNIPAM 

microgel dispersions with organic solvents. Effect of both temperature and microgel 

concentration on formation of columnar crystals has been studied.  

PNIPAM-co-NMA microgels have been used for the fabrication of crystalline hydrogel 

films by self-crosslinking microgels. The hydrogel film exhibits an iridescent. The thermally 

responsive properties and mechanical properties of this film have been studied. 

Melting temperature (Tm) of colloidal crystals self-assembled with PNIPAM-co-AAc 

microgels has been investigated as a function of pH, salt concentration and microgel 

concentration. It is revealed that Tm increases as pH value increases; Tm decreases with increase 

of salt concentration; Tm increases as microgel concentration increases. 

Phase behavior of PNIPAM-co-HEAc microgel dispersions has been investigated. It is 

observed that these microgel dispersions exhibit liquid, crystal, and glass phase. As microgel size 

increases, crystal phase shifts to low concentration range. As temperature increases, crystal phase 



shifts to high concentration ranges. These colloidal crystals can be stabilized by NaOH-induced 

gelation. Effect of NaOH concentration on formation of physical gelation has been investigated. 
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CHAPTER 1 

INTRODUCTION 

1.1 Hydrogels 

      By definition, hydrogels are cross-linked hydrophilic polymer networks with 

three-dimensional structures [1]. When put into the specific aqueous mediums, the 

three-dimensional cross-linked structures within hydrogels are able to swell and retain large 

amounts of water. The swelling degree and the water content for hydrogels depend on two 

factors: the hydrophilic/hydrophobic nature of the polymer chains and the cross-linking density. 

Generally, polymer chains of higher hydrophilicity have higher swelling degrees and water 

content, while a higher cross-linking density will reduce both swelling degree and water content. 

      In recent decades, “smart” hydrogels, or stimuli-sensitive hydrogels, have been 

extensively investigated in comparison with inert hydrogels. “Smart” hydrogels can swell or 

deswell in response to changes in external environmental conditions such as pH [2-5], ionic 

strength [6-7], temperature [8-11] and electrical field [12]. These unique properties are 

particularly useful in biomedical, agricultural, pharmaceutical and cosmetic fields. For example, 

drug release profiles can be tuned with the swelling/deswelling behavior of “smart” hydrogels 

due to external environmental changes [13].  

1.2 Classification of Hydrogels 

      Based on the bonding type of the cross-links, hydrogels can be classified into chemical 

and physical hydrogels[14]. Their structures are schematically shown in Figure 1.1.  
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(a)                                      (b) 

Figure1.1 Schematic representation for (a) chemically cross-linked hydrogel and (b) physically 
cross-linked hydrogel. 
 

1.2.1 Chemical Hydrogels 

      The three-dimensional polymer networks of chemical hydrogels are formed by chemical 

cross-linking through covalent bonding. Chemical hydrogels can swell but can’t be dissolved in 

solvents unless the covalent cross-links are broken down. Chemical hydrogels can be fabricated 

through the following methods. 

1.2.1.1 Polymerization of One Monomer or More with Cross-linker 

      Chemical cross-linking hydrogels are formed when one or several monomers in the 

presence of cross-linker are polymerized usually using free radical polymerization. One example 

is given in Figure 1.2. Where hydrogels composed of acrylic acid and ethylene glycol 

dimethacrylate are prepared [15]. Poly(acrylic acid) (PAAc) is a pH-sensitive hydrogel, its 

swelling depends strongly on the pH of the environment. When PAAc chains become charged at 

high pH, the hydrogel substantially becomes more swelling than at the neutral state at low pH. 

This unique property can be used for the controlled release of proteins such as insulin, lysozyme, 

albumin, and fibrinogen [16]. 
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Figure 1.2 Synthesis illustration for poly(acrylic acid) hydrogel. 
 

1.2.1.2 Hydrogels Prepared by Cross-linking Polymers with Crosslinkers 

      Polymers such as polysaccharides are able to be cross-linked to form hydrogels in two 

different ways. First, chemical hydrogels are able to be prepared by direct cross-linking reactions 

between various functional groups on multifunctional polymers. Second, chemical hydrogels can 

be formed by adding small bifunctional or multifunctional reagents as cross-linkers to cross-link 

polymers containing functional groups. Figure 1.3 presents an example of the cross-linking 

reaction [17]. Hyaluronic acid (HA), also known as hyaluronan, is a glycosaminoglycan – a high 

molecular weight polysaccharide with an unbranched backbone composed of alternating 

sequences of b-(1-4)-glucoronic acid and b-(1-3)-N-acetylglucosamine moieties. HA can be 

derivatized by substituting carboxyl groups on polymer chains with cysteine methyl ester, 
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chemical hydrogels can be formed by cross-linking of cysteine-derivatized hyaluronic acid under 

mild oxidation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Hydrogel formation of hyaluronic acid through cysteine-derivatization. 
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vinyl group-derivatized polymers can be cross-linked and hydrogels are formed [19]. A mixture 

of monomers and a cross-linker can also be converted into a hydrogel by radiation-induced 

polymerization. In addition, high energy radiation can break C-H bonds on polymer backbones to 

form macroradicals. Hydrogels can be obtained through the formation of covalent bonds due to 

recombination of the macroradicals on different polymer chains. The benefit of cross-linking by 

this technology is that hydrogels can be prepared in water under mild conditions. Poly(vinyl 

alcohol) (PVA)[20] can be cross-linked with high energy radiation to form a hydrogel (Figure 

1.4).  

1.2.2 Physical Hydrogels 

      Phyaically cross-linking hydrogels are the continuous, disordered and three-dimensional 

polymer networks which are cross-linked with noncovalent bonds resulting from associate 

interactions [21]. The associate interactions include hydrogen bonding, van der Waals forces, 

ionic bonding, hydrophobic interactions as well as other weak interactions. Physical hydrogels 

have been attracting attention in recent years. This is because the use of cross-linking agents, 

necessary to prepare chemical hydrogels, is avoided. It is well known that most of cross-linking 

agents, even in small amounts, are toxic. Physical hydrogels can be formed in situ without any 

chemical reaction. This property makes physical hydrogels excellent candidates in drug delivery 

and tissue engineering applications. 
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Figure 1.4 Cross-linking of poly(vinyl alcohol) with γ-irradiation. 

1.2.2.1 The Formation of Hydrogels by Hydrogen Bonding 

      It is well known that there exists hydrogen bonding between electronegative atoms (for 

example, O, N, F and Cl) and H atoms bound covalently to similar electronegative atoms. The 

strength of hydrogen bonding is much weaker than that of covalent bonding [22]. Strong 

interpolymer interactions may occur due to the formation of multiple hydrogen bonds between 

polymers. For example, poly(methacrylic acid) (PMAA) and poly(ethylene glycol) (PEG) can 

exist in complex forms due to the occurrence of hydrogen bonds between the oxygen of 

poly(ethylene glycol) and carboxylic acid group of poly(methacrylic acid)[23]. This complex 

structure is shown in Figure 1.5. 
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Figure 1.5 Formation of hydrogen bonds between poly(ethylene glycol) and poly(methacrylic 
acid). 
 

1.2.2.2 The Formation of Hydrogels by Ionic Interaction 

      Some polymers with complexing groups can be cross-linked using specific metal ions 

under certain conditions. Alginate is a typical example of a polymer which can interact with 

metal ions [24]. Alginate is a polysaccharide comprised of residues of mannuronic and guluronic 

acid. Their structures are presented in Figure 1.6. Poly(L-guluronate) segments in alginate chains 

can form so-called ”egg-box” structures and can be cross-linked with Ca2+ due to the formation 

of chelating bonds between Ca2+ and oxygen atoms of carboxylate and hydroxyl groups within 

“egg-box” structures. Alginate hydrogels have been used widely in the encapsulation of living 

cells and the release of proteins [25, 26].   

 

 
 
 

Figure 1.6 Components of alginate: D-mannuronate (left) and L-guluronate (right). 
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interaction between polymer chains due to hydrophobic hydration. Therefore, they can be 

dissolved in water. However, as the temperature is raised, water molecules of hydration decrease, 

this will result in the enhancement of hydrophobic interaction between polymers. Thus, for these 

polymer solutions, hydrogels can be formed via the enhancing hydrophobic interaction acting as 

cross-linking sites between polymer chains at high temperature.  

      Methylcellulose (MC) is a good example of the polymers described above (Figure 1.7). 

Gelation of methylcellulose solutions is primarily caused by the hydrophobic interaction between 

molecules containing methoxy substitution. In a solution state at low temperature, 

methylcellulose chains are hydrated, little polymer-polymer interaction takes place other than 

simple entanglement. With increasing temperature, relative viscosity decreases as the polymers 

gradually lose their water of hydration. Finally, an infinite network structure is approached when 

strong polymer-polymer associations occur due to hydrophobic interactions [27].  

  

 

 

 

 
Figure 1.7 Chemical structure of methylcellulose. 
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oligomers grafted to dextran, can induce the formation of novel self-assembled hydrogels [28]. 

Some polymers can be cross-linked by crystallization. For example, a strong and elastic 

poly(vinyl alcohol) hydrogel is formed after an aqueous solution of this polymer undergoes a 

freeze-thawing process. This is due to the formation of poly(vinyl alcohol) crystallites acting as 

physical crosslinking sites in the network [29,30]. In addition, it is reported that hydrogels 

through the crosslinking of protein interactions can also be formed [31].   

1.2 Microgels 

      According to the gel dimensions, hydrogels can be classified into macrogels and 

microgels. Macrogels are bulk, monolithic networks with the size ranging from millimeters or 

above [32]. On the other hand, microgels are colloidally stable, water-swellable polymer 

networks which size ranges from 100nm to several micrometers [33]. Tanaka [34] et al 

developed a theory on swelling or deswelling kinetics. The swelling time ( ) is proportional to 

the square of the hydrogel size.  

                                /  

      Where  and  are hydrogel size and cooperative diffusion coefficient, respectively. 

According to the relation, reducing hydrogel size is the most efficient way to achieve faster 

response rates. Thus, microgels, compared to macrogels, swell or deswell at much faster rates 

due to their decreased sizes. Microgels have been applied in various fields such as drug delivery, 

biosensor, chemical separation, biomaterials, colloidal crystals and catalysis [35-40].   
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1.3 Introduction to Poly(N-isopropylacrylamide) (PNIPAM) 

1.3.1 The Behavior of PNIPAM Polymer in Aqueous Media 

      Poly(N-isopropylacrylamide) (PNIPAM), a well-known temperature-sensitive polymer, 

has been extensively studied due to its unusual thermal behavior in aqueous solutions[41-47]. Its 

structure is shown in Figure 1.8.  

 

 

 

 

Figure 1.8 Chemical structure of Poly(N-isopropylacrylamide). 
 

      The behavior of PNIPAM polymer in aqueous media is dependent on the balance 

between solvent-polymer interactions and polymer-polymer interactions. When PNIPAM is 

solvated in water, there is powerful hydrogen bonding between water molecules and amide 

groups, also, there is some structured water surrounding the isopropyl groups, which leads to 

hydrophobic effects [41]. In this case, the solvent-polymer interactions dominate and this results 

in a random coil structure for PNIPAM. At higher temperature, water-polymer hydrogen bonding 

is disrupted, allowing intra- and inter-polymer hydrogen bonding and attractive hydrophobic 

interactions to dominate, this results in the formation of a globular structure for PNIPAM. The 

temperature at which the coil-globule transition occurs is called the lower critical solution 

temperature (LCST). LCST is approximately 32-34℃ [48]. This behavior of PNIPAM makes it 

an excellent candidate for preparing thermal sensitive materials.  
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1.3.2 PNIPAM Microgels 

      Since the first reported temperature-sensitive PNIPAM microgel was prepared by Dr. 

Peltion and his student Chibante in 1986[49], many papers about preparation, characterization 

and application of the PNIPAM-based microgels were published [50-65]. PNIPAM microgel 

networks are extremely solvent-swollen (approximately 95 % by volume) in their hydrated state, 

but only contain around 20 % solvent in their dehydrated state [48]. Figure 1.9 shows a typical 

example of how the particle size of PNIPAM microgels changes with temperature. At low 

temperatures (below the characteristic LCST value of 32 ℃), the microgels display an average 

hydrodynamic radius of approximately 115 nm. At temperatures above the LCST, the microgels 

deswell to approximately 47 nm in radius. This is because at low temperature, PNIPAM 

microgels are hydrophilic and swell in water. When heated, the microgels deswell and expel 

large amounts of water from the microgel networks. Over a narrow temperature range (LCST), 

PNIPAM microgels are hydrophobic and in a dehydrated state.     

 

 

 

 

 

 

 
Figure 1.9 Average particle radius of PNIPAM microgels as a function of temperature determined 
by DLS. Unpublished data from our group. 
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1.3.3 Synthesis of PNIPAM-Based Microgels  

      PNIPAM-based microgels are prepared by using a precipitation polymerization method 

[66]. In all the syntheses performed in this dissertation, N-isopropylacrylamide (NIPAM) is used 

as the main monomer with N,N’-Methylene-bis-acrylamide(BIS) as the cross-linker. In order to 

functionalize microgels, acrylic acid (AAc), allylamine, and 2-hydroxyethyl acrylate (HEAc) are 

employed as the comonomers (see Figure 1.11). Briefly, NIPAm and BIS are dissolved in water. 

If necessary, a certain amount of sodium dodecyl sulfate (SDS) is added to the solution in order 

to tune the microgel size, and then the solution is heated to 60-70℃ (above LCST of PNIPAM) 

under N2 purging. The persulfate initiator is added to the heated solution and the reaction is 

allowed to last for several hours. Microgels are purified by dialysis and ultracentrafuge. Relying 

on the requirement of functional groups, comonomer (Figure 1.10) is added to the reaction 

mixture before polymerization throughout the experiments.  

 

 

 

 

 

Figure 1.10 Monomers and cross-linker used in the dissertation. 
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are formed immediately. Once the chain length reaches a certain critical length it collapses to 

become a colloidally unstable precursor particle. The reason for collapsing is because the 

polymerization temperature is much higher than the LCST of the polymer and hence it phase 

separates. The precursor particles mature by following one of two mechanisms: either depositing 

onto an existing colloidally stable polymer particle or aggregating with other precursor particles 

until they form a colloidally stable large particle. The microgels are stabilized by the charges 

introduced from the initiators. For preparing small microgels, surfactant is necessary because it 

can stabilize the colloidally unstable small precursor particles with the insufficient charges. 

Generally, smaller microgels are obtained by using higher surfactant concentration and converse 

is true [68]. In addition, the cross-linker BIS is used in the procedure in order to prevent the gel 

from dissolving in water at low temperature.  

 

 

 

 

 

 

 

 

 

Figure 1.11 The illustration of mechanism for precipitation polymerization.  
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      Another advantage of this simple polymerization method is that extremely monodisperse 

microgels can be obtained whether the surfactant is used or not. Figure 1.12 shows the atomic 

force micrograph (AFM image) of typical PNIPAM microgel particles. AFM samples are 

prepared by putting a dilute drop of aqueous particles onto the clean glass slide and allowing it to 

partially dry. One can observe from figure 1.12 that PNIPAM microgels are mondispersed. 

Therefore, PNIPAM-based microgel particles can self assemble into colloidal crystals within a 

certain concentration range. With the lattice spacing on the order of the wavelength of visible 

light, iridescent colors can be observed due to the optical diffraction following Bragg’s law. This 

unique property has potential applications in novel biological or chemical sensors and optical 

filters [66, 69-74]. 

 
Figure 1.12 A typical AFM image for PNIPAM particles. Unpublished image from our group. 
 

1.3.4 Characterization of Microgels 

      Microgels have been characterized with a number of techniques, including fluorescent 

spectroscopy [80], Small angle neutron scattering [81-83], Nuclear Magnetic Resonance (NMR) 
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[84], Differential Scanning Calorimetry (DSC) [85-86], rheology [87-90] and Dynamic Light 

Scattering (DLS) [91-97]. In our lab dynamic light scattering has been utilized often to 

characterize the microgel size and distribution. This technique will be discussed in detail. 

      A commercial laser light scattering (LLS) spectrometer (ALV/DLS/SLS-5000) equipped 

with an ALV-5000 digital time correlator was used for all of the DLS experiments in this work. 

Figure 1.13 shows Schematic Setup of the Laser Light Scattering Instrument. The light source is 

a Helium-Neon laser of 632.8 nm. The incident light is vertically polarized with respect to the 

scattering plane and the light intensity is regulated with a beam attenuator (Newport M-925B). 

The scattered light was transmitted through a very thin (~ 40 μm in diameter) optical fiber 

leading to an active, quenched, avalanche photo diode (APD) as the detector. For DLS 

experiments in this dissertation, the standard deviation of every measurement of hydrodynamic 

radius (Rh) can be automatically calculated and is below 1%.  

      In dynamic light scattering, when laser light hits particles in solution the light scatters in 

all directions. Interestingly, the intensity of scattered light fluctuates with time. These 

fluctuations are due to the fact that small particles in solutions are undergoing Brownian motion 

and the distances between the scatterers in solutions are constantly changing with time [98]. To 

monitor the motion of particles in solutions, the intensity-intensity time autocorrelation function 

( , ) can be measured experimentally. This function is of great importance and is 

introduced as a means of recording the real time fluctuations in the intensity of the scattered light 

[99]. 
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  , , 0, 1 ,  

      Where  is the decay time, q=4πn sin(θ/2)/λ is the magnitude of the scattering vector,  

is a measured baseline,   is the coherence factor, and ,  is the nomarlized first-order 

electric field correlation function and is related to the line width distribution( Г ) by the 

following equation. 

, Г Г
∞

Г 

      Where Г is the factor of the line-width. By inverse Laplace transformation, G(Γ) can be 

obtained from , . Further, Г is dependent on both C (C is polymer concentration) and  

and can be obtained by employing CONTIN program and CUMULANT analysis [100]. 

Г
1 1  

      Where  is the diffusion second virial coefficient, f is a dimensionless parameter 

depending on particle structure and solvent,   is the radius of gyration, and D is the transitional 

diffusion coefficient of particles. D can be obtained by extrapolating 0 and 0. Further, 

the transitional diffusion coefficient D may be related to the particle friction factor f with the 

Stokes-Einstein relation [101]. 

D = kBT/f 

      Where kB and T are the Boltzmann constant and the absolute temperature, respectively. 

For a hard sphere with a radius of R, f = 6πηR, where η is the viscosity of the solvent. For a 

polymer microgel, R is replaced by its hydrodynamic radius Rh, so that 

6  
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Figure 1.13 Schematic setup of the laser light scattering instrument. 
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CHAPTER 2 

TISSUE RESPONSES TO THERMALLY-RESPONSIVE HYDROGEL NANOPARTICLES* 

2.1 Introduction 

      Hydrogels are useful in biomedical and pharmaceutical applications due to their high water 

content and rubbery nature, which is similar to natural tissue [1, 2]. In response to environmental 

stimuli, hydrogels can change their volume reversibly by several orders of magnitude [3, 4], 

resulting in diverse applications from sensors to biomedical devices [5–9]. Specially, since 

Hoffman’s pioneering work [10–12] thermally-responsive hydrogels, including poly-N-

isopropylacrylamide (PNIPAM) [13, 14] and hydroxypropyl cellulose (HPC) hydrogels [15–17], 

have been studied intensively for controlled drug delivery. Both PNIPAM and HPC hydrogels 

undergo the volume phase transition in response to a temperature change. The phase transition 

temperatures (Tc) of PNIPAM and HPC are 34 [4] and 41℃ [15], respectively. Below Tc, the 

hydrogels are hydrophilic and swell in water, while above Tc they become hydrophobic and 

collapse into a small volume. Using the thermal-responsive properties of these hydrogels, 

pulsatile drug delivery may be intelligently triggered by a minor temperature change. An on–off 

drug-release profile in response to a stepwise temperature change has been obtained using 

PNIPAM and its derivatives [13, 14].Despite this unique triggered release property, very little is 

known of  the tissue compatibility of these hydrogel nanoparticles. The lack of such knowledge  

---------------------------- 

*Reproduced with permission from Koninklijke Brill NV. [Weng, H., Zhou, J., Tang, L., Hu, Z. B., J. Biomater. Sci. 
Polymer Edn, 2004, 15, 1167–1180] 
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hinders the development of clinical application of thermally responsive hydrogels [18].For 

example, it is known that N-isopropyl acrylamide (NIPAM) monomers may be carcinogenic or 

teratogenic. But the toxicity of PNIPAM nanoparticles is not known to our knowledge. Although 

HPC polymer has been approved by the United State Food and Drug Administration (FDA) for 

use in food and drug formulations [15], the biocompatibility of HPC nanoparticles has yet to be 

determined. To find the answer, PNIPAM and HPC nanoparticles were synthesized and 

implanted in the subcutaneous cavity. For comparison, hydrophobic polymeric materials, 

specifically poly-L-lactic acid (PLA) and polystyrene (PS) nanoparticles, were also included in 

this study. PLA nanoparticles have been manufactured for different therapeutic applications, 

including sustained drug, oligonucleotide, vaccine, proteins and gene therapy [19–21]. We also 

include PS nanoparticles in our in vivo studies, since PS nanoparticles are often used as test 

subjects for studying nanoparticle distribution in tissue [22–24]. After implantation for different 

periods of time, the implants and surrounding tissues were recovered for histological analyses. In 

general, we found that HPC and PNIPAM nanoparticles triggered minimal inflammatory cell 

accumulation and fibrotic capsule formation surrounding the implants. The results suggest that 

both hydrogel nanoparticles may serve as controlled delivery devices and tissue prostheses with 

improved tissue compatibility. 

2.2 Experimental Section 

2.2.1 Materials 

      Dry hydroxypropyl cellulose (HPC) powder (average Mw = 1×106), dodecyltrimethyl- 

ammonium bromide (DTAB), divinyl sulfone (DVS), styrene, sodium hydroxide (NaOH) pellets 
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and Sodium dodecyl sulfate (SDS) were purchased from Aldrich (Milwaukee, WI, USA). The 

substitution level of the HPC polymer for this study was MS = 3.9, where MS is the average 

number of molecules of propylene oxide combined per anhydroglucose unit. High-molecular-

weight poly(L-lactic acid) (PLA, 1.37 ×  106), was purchased from Birmingham Polymers 

(Birmingham, AL, USA). N-Isopropylacrylamide (NIPAM) was purchased from Polyscience. 

Sodium acrylate (NaAc), N,N_-Methylene-bis-acrylamide (BIS) and potassium persulfate (KPS) 

were purchased from Bio-Rad (Hercules, CA, USA). All materials were used without further 

purfication. Water for all reactions and solution preparation was distilled and purified to a 

resistance of 18.2 MΏ using a Millipore system and filtered through a filter to remove particulate 

matter. Hematoxylin–Eosin (H&E) stain, potassium phosphate monobasic, hydrogen peroxide, 

sodium phosphate dibasic, goat serum and 3,3’-diaminobenzidine were purchased from Sigma 

(St. Louis, MO, USA). Rat anti-mouse CD 11b was obtained from Serotec (Oxford, UK). Goat 

anti-Rat IgG with HRP conjugation was bought from Jackson Immuno Research Labs (West 

Grove, PA, USA). 

2.2.2 Preparation of Hydrogel Nanoparticles 

2.2.2.1 HPC Nanoparticle Synthesis 

      HPC hydrogel nanoparticles were synthesized using precipitation polymerization [25, 26]. 

The desired amounts of HPC powders were dispersed in aqueous NaOH solution (pH 12) by 

gentle stirring for a period of 4–6 days until HPC powders were thoroughly hydrolized. The 

solution was then mixed with 1.43 g DTAB as a surfactant and stirred for 60 min. The amounts 

of DVS of 50 wt% HPC were added to the HPC solution. After mixing completely, the HPC 
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solution was heated up to about 65℃. The crosslinked HPC nanoparticles were formed after 2.5 

h at about 65℃. Chemical structures of HPC and DVS and the cross-linking mechanism are 

given as Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Cross-linking mechanism of HPC microgels. 
 

      The resultant nanoparticles were dialysized for 10 days to remove the surfactant and NaOH. 

The HPC nanoparticle size was measured using dynamic light scattering. The recipes for the 

HPC nanoparticles are listed in Table 1. 
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Table 2.1 Synthesis parameters for HPC nanoparticles. 

HPC            DTAB (g)    DVS (g)   Water (pH 12) (g)      Rh (nm) 
powder (g)                                                                               23℃   37℃ 

Batch 1                  0.4                1.43              0.2               200                         158    153 
Batch 2                  0.6                1.43              0.3               200                         303 
Batch 3                  1.2                1.43              0.6               200                         336    300 

 

2.2.2.2 PNIPAM-co-NaAc Nanoparticle Synthesis 

      PNIPAM-co-NaAc nanoparticles were synthesized by precipitation polymerization [27]. 

Amounts of NIPAM, NaAc and BIS were added to 240 g deionized water in a 500-ml reactor. 

To control particle size, different amounts of SDS as a surfactant were used. The solution was 

stirred and deoxygenated by bubbling it with nitrogen for 40 min and then heated to 70℃ under 

positive nitrogen pressure. 20 g of 0.8 wt% potassium persulfate (KPS) water solution was added 

to the reactor to initiate polymerization. The reaction was kept at 68–70℃  under nitrogen 

atmosphere for 4 h to ensure that all monomer was reacted. The PNIPAM-co-NaAc nanoparticle 

size was measured by light scattering method. The recipes for the (PNIPAM-co-NaAc) 

nanoparticles are listed in Table 2. 

Table 2.2 Synthesis parameters for PNIPAM-co-NaAc nanoparticles. 

                    NIPAM(g)    NaAc(g)    BIS(g)    SDS(g)    KPS(g)    Water(g)     Rh (nm) 
                                                                                                                      23℃   37℃ 
Batch 1        3.9              0.15           0.07        0.30         0.16          240       88        40 
Batch 2        3.9              0.15           0.07        0.16         0.16          240       171 
Batch 3        3.9              0.15           0.07        0.01         0.16          240       241     122 

 

2.2.2.3 PLA Nanoparticle Synthesis 

      PLA nanoparticles were prepared according to a modified precipitation method [28]. 0.1 g of 



30 
 

PLA was dissolved in 5 ml of CCl4. The organic solution was added dropwise to 100 ml of an 

aqueous phase. The mixture was stirred magnetically at room temperature for 30 min and then 

evaporated with a rotary evaprator to remove organic solvent. To further clean PLA 

nanoparticles, deionized water was added to the PLA solution and then the sulution was 

ultracentrifigued. This procedure was repeated several times to remove residual solvent. The 

PLA nanoparticles were finally dispersed by sonication bath.  

2.2.2.4 PS Nanoparticle Synthesis 

      PS nanoparticles were synthesized by precipitation polymerization [29, 30]. 3.8 g styrene, 

0.06 g BIS as a crosslink and 0.05 g SDS as a surfanctant were added to 240 g deionized water in 

a 500-ml reactor. The solution was stirred and deoxygenated by bubbling it with nitrogen for 40 

min and then heated to 70oC under positive nitrogen pressure. 20 g of 0.8 wt% KPS water 

solution was added to the reactor to initiate polymerization. The reaction was kept at 68–70oC 

under nitrogen atmosphere for 4 h to ensure that all monomer was reacted. 

2.2.3 Material Purification and Characterization 

      Prior to in vitro and in vivo analyses, all nanospheres were exhaustively dialyzed with 

deionized water change twice daily for 10 days. Then the nanoparticles were further purified and 

concentrated using an ultracentrifuge with the speed of 40 000 rpm for 4 h. A laser light 

scattering (LLS) spectrometer (ALV/DLS/SLS-5000) equipped with an ALV-5000 digital time 

correlator was used with a Helium-Neon laser (Uniphase 1145P, output power 22 mW and 

wavelength 632.8 nm) as the light source. The incident light was vertically polarized with respect 

to the scattering plane and the light intensity was regulated with a beam attenuator (Newport M-
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925B). The scattered light was conducted through a thin (approx. 100 μm in diameter) optic fiber 

leading to an active quenched avalanche photo diode, the detector. The Laplace inversion or 

cumulant analysis of the intensity-intensity time correlation function obtained using dynamic 

light scattering was performed to obtain the translational diffusion coefficient distribution G(D) 

and the hydrodynamic radius distribution f(Rh). The diffusion constant (D) is related to 

hydrodynamic radius by the Stokes–Einstein equation,  , where kB, η and T are the 

Boltzmann constant, the solvent viscosity and the absolute temperature, respectively [31]. The 

dynamic light scattering measurements were carried out at an angle of 90°. 

2.2.4 Implantation of Nanoparticles 

      As an in vivo model for evaluating biomaterial mediated tissue reactions, various 

nanoparticles were implanted subcutaneously in Swiss Webster mice (male, about 20 g body 

weight) from Taconic Farms (Germantown, NY, USA). Briefly, test nanoparticles (3 mg dry 

weight/300 μ l per mouse) were administrated into subcutaneous space on the back. After 

implantation for 4 and 14 days, the implants and surrounding tissues were recovered, frozen 

sectioned, and then histological analyses. In general, we found that the differences of implant-

mediated tissue responses are very consistent among 4-day and 14-day implants. Furthermore, 

tissue reactions (inflammatory cell infiltration and accumulation surrounding implants) to 4-day 

implants are stronger than 14-day implants. Thus, 4 days were chosen as the implantation time 

for assessing the extent of tissue reactions to different nanoparticles. 

2.2.5 Histochemical Analyses 

      After sectioning with a Leica Cryostate (CM 1850), some slides were subjected to H&E 
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staining for assessing gross tissue reactions to nanoparticle implants, including cell accumulation 

and fibrotic capsule formation. Some slides of 4-day implants were stained with inflammatory 

(CD11b positive) cells using immunohistochemistry technique. Briefly, the slides were dipped 

for 5 min in 0.6% hydrogen peroxide in phosphate-buffered saline (PBS) to quench endogenous 

peroxidase activity, washed twice for 5 min with PBS and incubated in 10% goat serum. The 

slides were then incubated overnight with 20 μg/ml of primary antibody at 4℃ in a humidified 

chamber. After thorough washing with PBS, the slides were incubated for 1 h in goat anti-Rat 

IgG(H+L) HRP-conjugated antibody at room temperature, followed by 3,3’-diaminobenzidine 

substrate system, and washed. The slides were counterstained with hematoxylin and mounted 

with mounting medium. Omission of the primary or secondary antibody was used as a negative 

control. To assess the tissue reactivity of these particles, all slides were then examined and 

quantified under microscope. All such experiments were repeated at least three times to ensure 

the reproducibility of our results. 

2.3 Results and Discussion 

2.3.1 Physical Properties of Hydrogel Nanoparticles 

2.3.1.1 HPC Nanoparticles 

      HPC nanoparticles with different sizes were obtained by varying polymer concentrations 

during particle formation process. Figure 2.2a shows hydrodynamic radius distributions (f (Rh)) 

of HPC nanoparticles (C = 1.5 × 10-5 g/ml) in de-ionized water at 23℃. As the HPC polymer 

concentration increases from 0.2 to 0.6 wt%, while the DTAB concentration and the reaction 

temperature were fixed at 0.713 g and 65℃, respectively, the average radius (Rh) of the  
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Figure 2.2 (a) Hydrodynamic radius distributions (f (Rh)) of HPC particles (C = 8.94 × 10−5 g/ml) 
in deionized water at 23℃. Their composition is shown in Table 1. (b) Hydrodynamic radius 
distributions (f (Rh)) of HPC nanoparticles of Batch 1 in water at 23℃ (circles) and 37℃ 
(squares), where C = 1.37×10−5 g/ml and the scattering angle is 90◦. (c) Temperature-dependent 
hydrodynamic radius of HPC nanoparticles with two different particle sizes. 
 

nanoparticles becomes larger and its distribution becomes broader. This result may be explained 

in terms of interaction between the surfactant DTAB with the HPC. As the HPC concentration 

increases, the average number of absorbed surfactant aggregates on each HPC polymer chain 

should decrease, reducing the inter-aggregate electrostatic repulsion force [25]. This causes HPC 

linear chains to become more aggregated at higher HPC concentration. When the temperature is 
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increased to 37℃ (<LCST of HPC), particle sizes of HPC shrink slightly, as shown in Fig. 2.2b. 

The temperature dependent particle sizes of the HPC nanoparticles with room temperature sizes 

at 158 and 340 nm, respectively, as shown in Fig. 2.2c. The HPC particles clearly exhibit 

shrinkage at transition temperature about 38℃. This temperature is lower than the value reported 

[15] because our crosslinker (DVS) concentration is much higher. The increase of the 

hydrophobic component (such as DVS) in a thermally responsive gel can result in the decrease 

of the volume phase transition temperature [4]. 

2.3.1.2 PNIPAM-co-NaAc Nanoparticles  

      The PNIPAM-co-NaAc nanoparticles with different sizes were obtained by varying 

surfactant concentrations during the particle formation process. A small amount of NaAc was 

incorporated into PNIPAM particles to prevent possible aggregation of particles at higher 

colloidal concentration. As shown in Figure 2.3a, the average radius (Rh) of the PNIPAM-co-

NaAc nanoparticles decreases with the increase of SDS from 0.01 g to 0.30 g. With the increase 

of the surfactant amount, the radius distribution (f (Rh)) of PNIPAM-co-NaAc particles also 

becomes narrower. This may be because of the formation of more micelles in higher surfactant 

concentration. The higher micelles are charged, the stronger the electrostatic repulsion. It helps 

to stabilize the colloidal dispersion and make the particle size distribution narrower. 

      Figure 2.3b shows that the PNIPAM-co-NaAc nanoparticles shrink sharply with increase of 

temperature. The detailed temperature-dependent particle size changes for PNIPAM-co-NaAc 

particles with two different sizes are shown in Figure 2.3c. It is apparent that the size difference 

between these two particles does not change the temperature responsive property: both exhibit a 
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volume phase-transition temperature around 34℃. Figure 2.4 compares hydrodynamic radius 

distributions of PLA and PS nanoparticles. The average sizes of PLA and PS particles are 143 

and 100 nm, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2.3 (a) Hydrodynamic radius distributions (f (Rh)) of PNIPAM-co-NaAc nanoparticles (C 
= 8.94 × 10-5 g/ml) in deionized water at 23℃. Their composition is shown in Table 2. (b) 
Hydrodynamic radius distributions (f (Rh)) of PNIPAM-co-NaAc nanoparticle spheres of Batch 1 
in water at 23℃ (circles) and 37℃ (squares), respectively, where C = 1.37 × 10-5 g/ml, and the 
scattering angle is 90°. (c) Temperature-dependent hydrodynamic radius of PNIPAM-co-NaAc 
nanoparticles with two different particle sizes.       
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Figure 2.4 Hydrodynamic radius distributions (f (Rh)) of PLA and PS nanoparticles (C = 8.94 × 
10-5 g/ml) in deionized water at 23℃ and the scattering angle is 90°. 
 

2.3.1.3 Tissue Reactions to Nanoparticles 

      To determine tissue responses to different materials, a mouse subcutaneous implantation 

model was used [32–34]. In fact, subcutaneous cavity has been used as one of the main 

implantation for controlled drug delivery [35–38]. To assess the tissue compatibility of hydrogel 

hydrophilic nanoparticles, two commonly used hydrophobic materials, PLA and PS 

nanoparticles, were included in the study as the control materials for the following reasons. First, 

biodegradable PLA nanoparticles have been synthesized as controlled delivery devices for a 

variety of drugs, oligonucleotides, vaccines and proteins [19–21]. Second, non-degradable 

monodispersed PS nanoparticles have been used to study nanoparticle distribution in animals 

[22–24]. Finally, although both PLA and PS nanoparticles have been employed in several in vivo 

studies, the tissue compatibility to these nanoparticles have not been systematically evaluated 

and compared. After implantation for 4 days, the implants and surrounding tissues were  
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Figure 2.5 Histopathological analysis of injection sites (H&E stain). On the left side 
representative skin sections (magnification 10×) from PLA (a), PS (b), HPC (Batch 1) (c) and 
PNIPAM-co-NaAc (Batch 1) (d) injected mice are shown. The C indicates the capsule of the 
nanoparticles at the injection sites. On the right side section close-ups (magnification 40×) of 
the tissue reactions are displayed. 
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recovered for histological analyses and quantification. We found that, shortly after implantation, 

nanoparticle implants trigger the recruitment and accumulation of inflammatory cells. The 

implant-mediated acute inflammatory reactions are often followed with the formation of fibrotic 

capsule. Generally speaking, stronger inflammatory responses (CD11b-positive cell 

accumulation) lead to more severe fibrotic reactions (fibrotic capsule formation). We have 

observed that the extent of tissue responses to nanoparticle implants is in the following order: 

PLA > PS > HPC > PNIPAM-co-NaAc. Specifically, both PLA and PS nanoparticles prompt 

significant cell immigration and capsule formation surrounding the implants (Figure 2.5a and 

2.5b). Foreign body reactions are likely caused by the accumulation and activation of 

inflammatory cells, because most of cells resided fibrotic capsule have proinflammatory cell 

marker, CD11b (Figure 2.6a and 2.6b). Subsequently, the dense cellular fibrotic tissue would be 

replaced with thick collagen matrix which prevents the release of nanoparticle-loaded drugs to 

the surrounding tissue and circulation. On the other hand, we have also observed that there are 

minimal cell accumulation and fibrotic reactions to both PNIPAM-co-NaAc and HPC 

nanoparticles (Figure 2.5c and 2.5d). Since weak inflammatory reactions are often associated 

with thin fibrotic tissue formation, it is likely that both hydrogel nanoparticles prompt minimal 

inflammatory reactions. Indeed, fewer CD11b-positive cells were found surrounding hydrogel 

nanoparticle implants (Figure 2.6c and 2.6d) than PLA and PS implants. The extent of implant-

mediated tissue responses has also been quantified for better comparing the tissue responses 

among different nanoparticle. Specifically, we found that the cell densities of fibrotic tissues 

surrounding PLA and PS implants were 2–3 times higher than those nearby PNIPAM-co-NaAc  
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Figure 2.6 Immunohistochemical staining demonstrating CD11b-positive cells in skin tissue with 
subcutaneously-injected nanoparticles PLA (a), PS (b), HPC (c) (Batch 1) and PNIPAM-co-
NaAc (Batch 1) (d). Original magnification 400×. 
 

and HPC nanoparticles (Figure 2.7a). There is no significant difference among the cell density in 

the tissue capsule adjacent to PNIPAM-co-NaAc and HPC implants (Figure 2.7a). As expected, 

we also find that the thicknesses of fibrotic capsule neighboring PLA and PS implants were 

approx. 2-times higher than those surrounding PNIPAM-co-NaAc and HPC nanoparticles 

(Figure 2.7b) and the capsules nearby PNIPAM-co-NaAc and HPC implants have similar 

thickness (Figure 2.7b). Finally, CD11b-positive cells surrounding implants were also quantified 

for assessing the extent of nanoparticle implant-induced tissue reactions. As expected, by 

comparing with PNIPAM-co-NaAc implants, PLA and PS nanoparticles trigger the 

accumulation of CD11b-positive inflammatory cells more than 4-fold and approx. 2-fold, 

respectively (Figure 2.7c). Rather surprisingly, although both HPC and PNIPAM-co-NaAc  
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Figure 2.7 Histology of nanoparticles administered subcutaneously for 4 days. The cell numbers 
per view area (a), the thickness (b) and the cell numbers of CD11b-positive inflammatory cells 
(c), in capsule nearby nanoparticle implants were measured to assess the extent of tissue 
reactions to PNIPAM (Batch 1), PLA, PS and HPC (Batch 1) nanoparticles. 
 

nanoparticles prompt similar extent of tissue reactions (such as similar cell densities and capsule 

thicknesses), HPC implants triggered 70% more CD11b positive cell immigration than did 

PNIPAM-co-NaAc nanoparticles (Figure 2.7c). It is noted that both HPC and PNIPAM-co-NaAc 

nanoparticles could be biodegradable by incorporating biodegradable crosslinkers into the 

polymer network [17] and is currently under investigation. A major advantage of a biodegradable 

system is the elimination of surgery to remove an implanted delivery device after that the 
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delivery system is exhausted. 

2.4 Conclusion 

      Overall, we find that hydrogel hydrophilic nanoparticles possess better tissue compatibility 

than hydrophobic nanoparticles, at least PLA and PS nanoparticles. The real cause for 

differential tissue responses to hydrogel nanoparticles and to control nanoparticles is not clear. 

For example, the polymer volume fractions of the PS and PLA nanoparticles approach unity, 

while those of the PNIPAM-co-NaAc and HPC are much lower. Although the detailed 

mechanism governing host responses to these nanoparticles is still yet to be determined, it is our 

belief that the hydrophobicity of both PLA and PS nanoparticles is, at least partially, responsible 

to strong foreign body reactions. It is well documented that, on hydrophobic surfaces, many 

proteins unfold and undergo conformational change [39, 40]. The conformation changes of 

plasma proteins, especially fibrinogen, trigger inflammatory cell accumulation and foreign body 

reactions [32–34, 41, 42]. Among hydrogel nanoparticles tested, PNIPAM-co-NaAc 

nanoparticles elicit the least inflammatory cell accumulation and fibrotic tissue formation. This 

observation suggests that HPC and PNIPAM-co-NaAc nanoparticles may serve as a good carrier 

for the applications of controlled delivery. 
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CHAPTER 3 

RHEOLOGICAL PROPERTIES AND IN VIVO DRUG RELEASE INVESTIGATION OF 

THE INTERPENETRATING NETWORK MICROGEL DISPERSIONS* 

3.1 Introduction 

      In recent years, poly(N-isopropylacrylamide) polymer and its copolymers have been 

investigated heavily because they exhibit an easily-tunable lower critical solution temperature 

(LCST) near physiological temperature and rapid reversible swelling changes in response to the 

external stimuli such as temperature, pH and light [1–4]. For example, Bae’s group prepared 

Injectable copolymers of PNIPAAM-co-AAc [5] and Healy’s groups synthesized proteolytically-

degradable PNIPAM-co-AAc hydrogel scaffolds by incorporation of an oligopeptide cross-linker 

[6]. They are useful for biomedical applications. Recently, Hoffman’s group, by using the 

reversible addition-fragmentation chain transfer (RAFT) polymerization method, has synthesized 

Copolymers of N-isopropylacrylamide (NIPAAM) and acrylic acid (AAc) for applications in the 

molecular switching and pH-responsive drug delivery systems [7]. Also, Kokufuta’s group 

studied intramolecular complex formation of PNIPAM with human serum albumin in order to 

further understand the mechanisms of biomacromolecular interactions available in nature [8]. 

      It is well known that some natural polymer aqueous solutions such as gelatin and 

polysaccharides   melt when heated and set to gels on cooling [9, 10]. This is called 

thermoreversible gelation. On the other hand, Some other polymer aqueous solutions exhibit the 

opposite behavior (inverse thermoreversible gelation) including poly(ethylene oxide)- 

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 

* The tables and graphs are reproduced with permission from American Chemical Society. [Zhou, J., Wang, G., Zou, 
L., Tang, L., Marquez, M., Hu, Z. H., Biomacromolecules, 2008, 9, 142–148]  
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poly(propylene oxide)-poly(ethylene oxide) triblock copolymers (Pluronic or Poloxamer) [11] 

and degradable triblock copolymers [12], which are liquids at a lower temperature and become 

gels at an higher temperature. Recently, our group prepared interpenetrating network microgels 

composed of PNIPAM and PAAc (PNIAPM-IPN-PAAc) [13–16]. Compared to the random 

copolymerization of PNIPAM-co-PAAc, the volume phase transition temperature of the IPN 

microgels remains the same as that of PNIPAM mcrigels. Even more interestingly, we found that 

the aqueous dispersions of PNIPAM-IPN-PAAc microgels exhibited sol-gel transitions when the 

temperature increases from room temperature to above 33℃. 

      Rheological behavior is one of the most important properties of colloidal or polymer 

dispersions for biomedical applications [17, 18]. However, there are few reports on microgels 

dispersions with the property of an inverse thermoreversible gelation. In this study, we focus on 

the investigation of the rheological behavior as a function of temperature at various temperatures. 

Previously, Richtering’s group studied the rheological behavior of the concentrated core–shell 

latex colloidal dispersions. They found that the rheological properties of the core-shell latex 

dispersions can be controlled by temperature due to the introduction of the thermosensitive 

PNIPAM shells onto the surface of the charge-stabilized PS cores [19]. On the other hand, Wu 

etc. investigated rheological behavior of spherical PNIPAM microgel dispersions. The 

dispersions of these microgels are physically close-packed gel but become liquid above LCST of 

the PNIPAM [20]. At last, we preliminarily study the biocompatibility and controlled release 

properties of the PNIPAM-IPN-PAAc microgel dispersions in the subcutaneous cavity of mice. 
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3.2 Experimental Section 

3.2.1 Materials 

      Acrylic acid (AAc), ammonium persulfate (APS), Dodecyl sulfate sodium salt (SDS), 

potassium persulfate (KPS), N,N′-methylenebisacrylamide (BIS), tetramethylethylenediamine 

(TEMED) were purchased from Aldrich. N-Isopropylacrylamide (NIPAM) was purchased from 

Polysciences, Inc. all the chemicals were used without further purification. 

3.2.2 Preparation of PNIPAM-IPN-PAAc Microgel Dispersions  

      According to previous reports [9, 10], PNIPAM-IPN-PAAc microgel dispersions were 

prepared. Briefly, a 240 ml of monomer aqueous solution containing 3.8 g of NIPAM, 0.07 g of 

BIS, and 0.6 g of SDS was charged into a 500 ml reactor and stirred under nitrogen purging 

while being heated to 70 ℃.The monomer solution was then maintained at 70 ℃ for 40 min. A 

KPS (0.166 g, 20 ml) aqueous solution was added to the monomer solution to start the 

polymerization. The polymerization was allowed to proceed at 70 °C for 4 hours under nitrogen 

atmosphere. The resultant PNIPAM microgel dispersions were then purified with dialysis tubing 

(Spectra/Por 7 dialysis membrane, MWCO 14000, VWR) while changing DI water twice per day 

for two weeks at room temperature in order to remove the unreacted monomers and surfactant. 

The PNIPAM microgel concentration was then adjusted to 1.3 wt%. To prepare PNIPAM-IPN-

PAAc microgel dispersions, a 35 g of PNIPAM microgel dispersion and a 315 g of DI water 

were charged into a 500 ml reactor. A 2.3 g of AAc and a 0.5 g of BIS were then added to the 

above dispersion. The dispersion was stirred for 120 min at 22 ℃ under nitrogen blanket. A APS 

(0.2 g, 10 g) and a TEMED (0.2 g,10 g) aqueous solution were added rapidly to the dispersion. 

The reaction was allowed to last at 22 ℃ for 40 min under nitrogen atmosphere. The as-prepared 

PNIPAM-IPN-PAAc microgel dispersions were purified with the dialysis tubing while changing 
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DI water twice per day for two weeks. The weight ratio of PNIPAM to PAAc within the IPN 

microgels was determined to1:0.20 by the evaporation method.  

3.2.3 Particle Size Measurements 

      To determine the sizes of PNIPAM and PNIPAM-IPN-PAAc microgels, a commercial laser 

light-scattering (LLS) spectrometer (ALV/DLS/SLS-5000) equipped with an ALV-5000 digital 

time correlator was employed with a He-Ne laser (Uniphase 1145P, output power = 22 mW, = 

632.8 nm) as the light source, the scattering angle was fixed at 90º . The microgel concentrations 

were adjusted to 5.0x10-6 g/ml for all the measurements. 

3.2.4 Rheological Characterization 

      A stress-controlled rheometer (ATS Viscoanalyser) was used to perform dynamic rheological 

measurements. A solvent trap was used to prevent water evaporation. To obtain better results, we 

used a parallel plate geometry with the plate diameter of 25 cm and set the sample gap to 0.5 mm. 

The linear viscoelastic region was first determined and all the rheological experiments were 

carried out within the range.  

3.2.5 Atomic Force Microscopy (AFM) 

The sample was prepared by casting 4-5 drops of the PNIPAM-IPN-PAAc microgel dispersion 

onto a glass slide. After it was naturally dried, the AFM images were taken, operating in tapping 

mode with a driving frequency 270 kHz. 

3.2.6 Study of In Vivo Biocompatibility and Drug Release   

      Fluorescein, as a model drug (with final concentration of 0.04%), was homogeneously 

blended with a PNIPAM-IPN-PAAc microgel dispersion of 6 wt % at room temperature. An in 

vivo Animal implantation model was used for evaluating the biocompatibility and drug release 

properties of PNIPAM-IPNPAAc microgel dispersion. The drug-loaded dispersion was 
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administrated subcutaneously in Balb/C mice from Taconic Farms (Germantown, NY). After 

implantation for one day, the implants and the surrounding tissues were recovered and frozen 

sectioned.  Some slides were subjected to H&E staining for assessing gross tissue reactions to 

microgel implants. A Leica fluorescence microscope (Leica Microsystems), equipped with a 

Nikon E500 Camera (8.4 V, 0.9 A, Nikon Corporation, Japan) was used to observe the slide 

sections for determining the amount of residual fluorescein.  

3.3 Results and Discussion 

3.3.1 Characterization of IPN Microgels 

 

 

 

 

 

 

 

 

Figure 3. 1 Distribution of hydrodynamic radius of PNIPAM and IPN microgels at 21 ℃. The 
polymer concentration of the PNIPAM and IPN microgel dispersions were the same as 5.0 ×10-6 
g/mL with pH 7. 

 
      The size distributions of hydrodynamic radii of PNIPAM and PNIPAM-IPN-PAAc 

microgels at 21 ℃ are shown in Figure 3.1. At pH 7, the average hydrodynamic radius of the 

IPN microgel is much larger than that of PNIPAM microgel. This is because the presence of 

negatively-charged PAAc polymer network gives rise to the expanding of the microgel due to the 

increase of the osmotic pressure within the PNIPAM-IPN-PAAc microgel at room temperature. 

In addition, one can observe that the size distribution of PNIPAM-IPN-PAAc microgels is more 
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uniform than that of PNIPAM microgels. This may be because the extension of tangling chains 

or blobs in the PNIPAM microgel surfaces is restricted due to the addition of the secondary 

PAAc network. It is worth to note that in order to prepare the smaller PNIPAM microgels, a 

large amount of surfactant is added. This leads to the broad size distribution. Figure 3.2 shows 

the AFM image of the PNIPAM-IPN-PAAc microgels. Because they are partially dried for AFM 

measurements, the average particle diameter of particles is noticeably decreased to around 50 nm 

in contrast to the one obtained by dynamic light scattering in Figure 3.1. However, one can 

observe that the PNIPAM-IPN-PAAc particles still remain a spherical shape although microgels 

are somehow deformed during the drying process.    

 

Figure 3.2 AFM image (left) and its enlargement (right) of PNIPAM-IPN-PAAc microgels. The 
microgels were dried after the IPN dispersion was cast in a glass slide. The scale bars are 0.5 
(left) and 0.1 (right) µm, respectively. 

 
      Figure 3.3 shows the average hydrodynamic radius as a function of the temperature for the 

PNIPAM-IPN-PAAc and PNIPAM microgels, respectively. One can find that both the 

PNIPAM-IPN-PAAc and PNIPAM microgels have the same volume phase transition 
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temperature at 33 ℃ while the volume phase transition temperature increases with the increase 

of AAc concentration for a randomly copolymerized PPNIPAM-co-AAc microgel [3]. However, 

the deswelling ratio of the PNIPAM-IPN-PAAc microgels is smaller than that of the PNIPAM. 

Here we define the deswelling ratio : / . Where    and    are 

the volume of a microgel particle at 20 and 40 ℃, respectively. The  is 0.46 and 0.94 for the 

PNIPAM-IPN-PAAc microgels and the PNIPAM microgels, respectively. This is because the 

negatively-charged PAAc network in the IPN is not responsive to the temperature change and 

can hinder the shrinkage of the PNIPAM network when the temperature increases. 

 

Figure 3.3 Temperature dependence of hydrodynamic radii for the diluted PNIPAM and IPN 
microgel dispersions at pH 7. 

 
3.3.2 Rheological Behavior of the PNIPAM-IPN-PAAc Microgel Dispersions 

      A stress sweep experiment at a frequency of 0.1 Hz was first performed to ensure that the 

rheological measurements were carried out within linear viscoelastic range. Figure 3.4 shows the 

storage modulus (G′) and loss modulus (G′′) of a PNIPAM-IPN-PAAc microgels dispersion 
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versus stress at 37 ℃. It is found that there is no significant change in G′ and G′′ as the stress is 

below 10 Pa. a stress of 2 Pa was used for all the rheological measurements to prevent possible 

stress-induced sliding between the microgels [20] and to obtain good signals.  

 

Figure 3.4 Stress dependence of storage and loss modulus (G′ and G′′) of the dispersion of IPN 
microgels at 37 ℃. The polymer concentration of the dispersion is 3.0 wt %. 

 
      We studied the temperature dependence of the storage (G′) and loss modulus (G′′) of the 

PNIPAM-IPN-PAAc microgels dispersions at different polymer concentrations. The results are 

shown in figure 3.5. One can observe that the evolution of G′ and G′′ with temperature change 

depends strongly on the microgel concentration. At a microgel concentration of 1.5 wt %, both G′ 

and G′′ decrease when the temperature increase from 25 to 32 ℃. The microgel dispersion 

behaves as liquid because G′ is always smaller than G′′ over the entire temperature region 

studied (figure 3.5a). This is the well-known behavior for polymer solutions [21–23] because 

chain flexibility and compactness of macromolecules increase as the temperature increases.  
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Figure 3.5 Evolution of dynamic modulus of PNIPAM-IPN-PAAc microgels (pH 7) with 
temperature increase at different polymer concentrations: (a) 1.5, (b) 3.0, and (c) 6.0 wt %, 
respectively. 

 
      However, for a PNIPAM-IPN-PAAc microgel dispersion, the reduction of both G′ and G′′ 

may be ascribed to the decrease of particle size and hydrogen-bonded hydration water with 

increase of temperature as revealed in figure 3.3. With further increase in temperature, both the 

storage modulus and the loss modulus increase sharply but the storage modulus develops much 

faster than the loss modulus. This is because interactions occur between microgels as the 

temperature increases above 33 ℃. However, these interactions are insufficient to allow the fluid 

to undergo gelation.                                                                                                                   
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      With the increase of polymer concentration from 1.5 to 3.0 wt % and above, there is a 

crossover of G′ and G′′ at 33 ℃ (Figure 3.5b). For temperatures above 33 ℃, G′ is much higher 

than G′′, but below this temperature, G′ has lower values than G′′. It is evident that the elastic 

behavior prevails over the loss due to friction as the physical network of the IPN microgel 

dispersion forms. The point of intersection remains unchanged as the concentration increases 

from 3.0 wt % to 6 wt % (Figure 3.5c). 

 

 

 

 

 

 

Figure 3.6 Storage modulus, G′, and loss modulus, G′′, as a function of angular frequency (ω). 
(a) Varying the temperature: 28, 34, and 37 ℃, while the polymer concentration remains the 
same at 3.0 wt %. (b) Varying the polymer concentration: 1.5, 3.0, and 6.0 wt %, while the 
temperature remains the same at 37 ℃. 

 
      Low-amplitude oscillatory shear experiments at three different temperatures were carried out 

for 3.0 wt% PNIPAM-IPN-PAAc microgel dispersion to determine the frequency dependence of 

storage modulus and loss modulus, as shown in Figure 3.6a. At 28℃, the storage modulus and 

the loss modulus are dependent of frequency and the storage modulus is smaller than the loss 

modulus in the low frequency range. This is a typical liquid-like behavior. When the temperature 

increases from 28℃ to 34 and 37 ℃, both the storage modulus and the loss modulus become 
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independent of frequency and the storage modulus is larger than the loss modulus in the entire 

frequency region studied. This indicates that the dispersion exhibits the solid-like behavior. The 

storage modulus is referred to as the plateau modulus. One can find that the plateau modulus at 

37 ℃ is higher than the one at 34 ℃. This is because the stronger interactions between microgels 

form within the physical network when the temperature increases from 34 ℃ to 37 ℃. Figure 

3.6b shows the results of frequency-sweeping experiments for the PNIPAM-IPN-PAAc microgel 

dispersions with three different concentrations at 37 ℃. One can observe that for 1.5 wt % 

dispersion, the loss modulus is larger than the storage modulus over the entire frequency range 

and they display frequency dependence. This is characteristic of a liquid-like state [18]. However, 

for 3.0 and 6.0 wt % dispersions, the loss modulus is less than the storage modulus and they 

exhibit frequency independence. This is a typical solid-like behavior. These results are consistent 

with those observed in figure 3.5. 

      To further verify the gelation temperature, Winter and Chambon’s method [24] was used to 

determine loss tangent (tan(δ) =G′′/G′) at various frequencies. The results are presented in 

Figure 3.7. It is observed that the loss tangent is dependent on frequency and reduces 

considerably during the formation of the physical gel. This is because the dispersion exhibits 

more and more elastic behavior. The gelation temperature is defined as the temperature at which 

the value of the loss tangent is frequency-independent and is first observed [24-25]. Therefore, it 

is found from figure 3.7 that the temperature at 33 ℃ is identified as the gelation temperature, 

which is identical to the volume phase transition temperature (VPTT) of the PNIPAM microgels 

as determined by the sharpest change in the particle radius in Figure 3.3. It is well known that the 

PNIPAM microgels transfer from a hydrophilic swelling state to a hydrophobic collapsed state as 

the temperature increases above VPTT. Thus, we suggest that the hydrophobic interactions 
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Figure 3.7 Temperature dependence of loss tangent (tan(δ )=G′′/G′) at various oscillatory 
frequencies of 0.28, 0.60, 1.0, 3.12, and 6.28 rad/s. The stress applied is 2 Pa and                       
the polymer concentration of IPN microgel dispersion is 3.0 wt % at pH 7. 

 
among the microgels provide the connectivity among microgels for the formation of the physical 

gel. Compared to PNIPAM microgels (they collapse significantly above the VPTT due to the 

intra-particle hydrophobic interactions over the inter-particle hydrophobic interactions), the 

PNIPAM-IPN-PAAc microgels do not collapse considerably above the VPTT as the non-

shrinking and negatively-charged PAAc network disrupts the intra-particle hydrophobic 

interactions within the PNIPAM-IPN-PAAc microgels (see the discussion in figure 3.3). 

Consequently, the inter-particle hydrophobic interactions dominate and drive the PNIPAM-IPN-

PAAc microgel dispersion to form a physical gel upon heated above the VPTT. 

       Because the PAAc network within PNIPAM-IPN-PAAc microgels is pH-sensitive (pKa of 

AAc≈ 4.30), it is anticipated that the pH has effect on the gelation of PNIPAM-IPN-PAAc 

microgel dispersions. At pH 2.5, the ability to imbibe water is reduced for the PNIPAM-IPN- 
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Figure 3.8 pH effect on the gelation behavior. The polymer concentration of the dispersion of 
PNIPAM-IPN-PAAc microgels is 3.0 wt % and the temperature is at 37 ℃: (a) Gelation at pH 
2.5 (water was pumped out from the gel). (b) Gelation at pH 7.0 (no water was pumped out from 
the gel). (c) Frequency dependence of storage moduli for IPN microgel dispersion at 37 ℃ at pH 
2.5 and pH 7, respectively. 

 
PAAc microgels due to the protonation of carboxylic group within PAAc. These PNIPAM-IPN-

PAAc microgels pump out water and become more hydrophobic due to the formation of 

hydrogen bonding between -COOH groups and -COOH groups or -CONH- groups. Thus, the 

PNIPAM-IPN-PAAc microgels tend to agglomerate and form a close-pack gel owing to the 

increase in inter-particle hydrophobic interactions and insufficient electrostatic repulsion 

between PNIPAM-IPN-PAAc microgels upon heated above the VPTT, as presented in Figure 

3.8a. Benee etc. found that the addition of hydrophobic comonomer vinyl laurate allowed 

PNIPAM-co-vinyl laurate microgels to undergo an irreversible gelation when heated [26].   

      At pH 7.0, the dissociation of -COOH groups within the PNIPAM-IPN-PAAc microgels 

destroys complex structures and produce enough ionic charges to inhibit the collapse of the 

particles into an aggregate. More importantly, the negatively-charged PAAc network is not 

sensitive to temperature, this allows the PNIPAM-IPN-PAAc microgels to keep water even 
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Figure 3.9 Schematic illustration of gelation mechanism for IPN dispersions at various pH values. 

 
above the gelation temperature, as shown in Figure 3.8b. Indeed, we left the PNIPAM-IPN-

PAAc microgel dispersion with pH 7 at 37 ℃ for one week, no free-flow water was observed. 

Figure 3.8c shows the storage modulus as a function of the frequency for PNIPAM-IPN-PAAc 

microgels network at 37 ℃ with pH 2.5 and pH 7.0, respectively. One can observe that the 

storage modulus at pH 7.0 is much smaller than that at pH 2.5. This is because the solid content 

of the gel at pH 7.0 (more water) is much less than one at pH 2.5. A schematic gelation 

mechanism for the PNIPAM-IPN-PAAc dispersions at pH 2.5 and pH 7.0 is shown in figure 3.9. 

3.3.3 Biocompatibility and In Vivo Drug Release Experiments 

      For the PNIPAM-IPN-PAAc micrgel dispersion, one of the most important applications may 

be in the area of controlled drug release. This is because the drug loading can be obtained by 

simply mixing the drug with the dispersion at room temperature, the dispersion transfers quickly 

from the liquid to the gel upon heated to the temperature of human body. This will slow down 

the release of the drug. In the section, by using an animal implantation model [12, 27], we 
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Figure 3.10 Biocompatibility and slow release property of IPN hydrogel were assessed in vivo. 
Balb/c mice were subcutaneously implanted with either fluorescein or fluorescein-loaded IPN 
gel. At 24 h post implantation, the animals were sacrificed and the implant-surrounding tissues 
were recovered for histological analyses. H&E stain shows that (A) Fluorescein injection triggers 
minimal tissue response, whereas (B) Hydrogel implant prompts mild inflammatory responses. 
On the other hand, fluorescence images of the tissues reveal that (C) A small amount of residual 
fluorescein was present in the fluorescein-injected tissue, although (D) A large amount of 
fluorescein still resides in the IPN hydrogel implanted tissue. 
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evaluated in vivo drug release property and the biocompatibility of the the PNIPAM-IPN-PAAc 

microgel dispersions. 

      Figure 3.10a, b shows that fluorescein injection induces minimal tissue response while the 

PNIPAM-IPN-PAAc microgel dispersion triggers mild inflammatory responses. After 

implantation for 24 hours, one can observe that by injecting fluorescein as a model drug alone, a 

large amount of the fluorescein squanders from the implantation site, denoting a large diffusion 

rate of fluorescein in tissue (Figure 3.10c). However, one can find that most of the fluorescein 

still exists in the microgel-implanted tissue, indicating that the diffusion rate is considerably 

reduced the release of the fluorescein is slowed down due to the presence of gelled PNIPAM-

IPN-PAAc microgel dispersion (figure 3.10 d).  A conclusion can be drawn from figure 3.10 that 

the gelled PNIPAM-IPN-PAAc microgel dispersion does not unfavorably stimulate the tissue 

response to foreign body in the implantation sites. At the same time, the gelation procedure 

decreases the release of drug. 

3.4 Conclusion 

      PNIPAM-IPN-PAAc microgels are prepared by two steps: firstly, PNIPAM microgels are 

synthesized by using a precipitation polymerization method; secondly, PNIPAM-IPN-PAAc 

microgels are prepared by using PNIPAM microgels as seeds to form an interpenetrating PAAc 

network within the PNIPAM microgels. By using the dynamic light scattering method, it is 

found that the average hydrodynamic radius of the PNIPAM-IPN-PAAc microgels is much 

larger than that of their seeds (PNIPAM microgels) at 21 ℃, and they have the same VPTT. 

However, the deswelling ratio of the PNIPAM-IPN-PAAc microgels is considerably reduced 

compared to that of PNIPAM microgels due to the addition of the negatively-charged PAAc 
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network.  The AFM image reveals that the shapes of IPN microgels still remain spherical even 

the particle diameter is reduced to about 50 nm after they are dried. 

      The storage modulus and loss modululus of IPN microgel dispersions are measured in the 

linear viscoelastic rigion versus the temperature at three different polymer concentrations. At 1.5 

wt %, the IPN dispersion behaves as liquid as the storage modulus is always smaller than the loss 

modulus over the entire temperature range studied. However, at 3.0 and 6 wt %, there is an 

intersection between the storage modulus and the loss modulus at 33 ℃.  Below 33 ℃, the 

dispersion exhibits liquid behavior (G′′ >G′), but above this temperature, the dispersion behaves 

as solid (G′ > G′′). The frequency dependence of the storage modulus and the loss modulus is 

determined for the PNIPAM-IPN-PAAc microgel dispersions. It is found that the PNIPAM-IPN-

PAAc microgel dispersions display solid-like behavior at high concentrations (3.0 and 6.0 wt %) 

and at high temperatures (34 and 37 ℃) while they exhibit liquid-like behavior at 1.5 wt% and at 

28 ℃. The gelation temperature is determined to be 33 ℃ and further verified by using Winter 

and Chambon’s method. Because the PAAc network has pH-responsive property, the gelation of 

PNIPAM-IPN-PAAc microgel dispersions displays the pH dependence. The PNIPAM-IPN-

PAAc microgel dispersion forms a close-pack gel by pumping a large amount of water when 

heated above the gelation temperature at pH 2.5 while the negitavely-charged PAAc network 

allows the gel to keep water even above the gelation temperature at pH 7.0.  

      By studying in vivo Biocompatibility and Drug Release, we find that the gelled PNIPAM-

IPN-PAAc microgel dispersion does not adversely promote the tissue response to foreign body. 

At the same time, it is evident that most of fluorescein still remains in the microgel dispersion-

implanted tissue while a large amount of the fluorescein dissipates quickly from the no 

dispersion-implanted site. This indicates that the presence of the gelled microgels slows the 
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release of drug as expected. Our results may give rise to the development of a novel slow release 

system. 
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CHAPTER 4  

GROWTH OF COLUMNAR POLY(N-ISOPROPYLACRYLAMIDE) COLLOIDAL 

CRYSTALS IN WATER-ORGANIC SOLVENT MIXTURE * 

4.1 Introduction 

       Colloidal crystals have many interesting applications within the realm of optical switching 

as well as that of biochip and chemical sensing [1]. Many approaches have been developed for 

achieving colloidal crystals.  These include: sedimentation [1-3], base diffusion [4], solvent 

evaporation [5], electrostatic repulsion [6], growth in templates [7], gradient temperature fields 

[8], and physical confinements [9].  The latter of these methods is of paramount importance; 

crystals developed through physical confinement allow us to engineer useful functionalities for 

colloidal particles as well as the long-range ordering of these particles [10-12].  In this paper we 

address a unique emulsion method for preparing large columnar crystals by blending a microgel 

dispersion with an organic solvent.  A hydrogel colloidal crystal of several centimeters grows 

with the direction of gravity (up to down) in a test tube.  The growth is facilitated by the 

aggregation of micelles composed of organic oil droplets emulsified by the microgels. This is in 

contrast to the conventional method of forming either single crystals as a thin sheet [13] or 

randomly-oriented hydrogel colloidal crystals. This conventional method yields structures with 

the largest domain size on the order of several millimeters [14-16]. Previous studies have 

produced columnar crystals composed of hard spheres by use of a sedimentation [2, 3] or 

diffusion-of-base method [4]. To form columnar crystals, volume fractions of the silica spheres 

in these experiments were adjusted to less than the freezing value [3] or the silica spheres were 

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 

* The tables and graphs are reproduced with permission from American Chemical Society. [Zhou, J., Cai, T., Tang, 
S., Marquez, M., Hu, Z. H., Langmuir 2006, 22, 863-866]  
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dispersed in a pH gradient solution [4].  But unfortunately, these approaches are not suitable for 

hydrogel colloids. This is because, contrary to hard spheres such as silica or polystyrene hard 

spheres, the density and the refractive index of hydrogel colloids used in this study, due to the 

high water content (~97 wt % ) at room temperature [15b], are very close to those of the 

surrounding water. This leads to the condition of mini-gravity (～10-2 g) at room temperature 

[16]. Therefore, growing columnar crystals is very difficult via natural sedimentation of 

microgels. The preparation of hydrogel colloidal crystals through the current methods counts on 

the self-assembly of the hydrogel particles in water [13-16]. 

4.2 Experimental Section 

4.2.1 Materials 

      The monomer N-isopropylacrylamide (NIPAM, Polysciences, Inc.), Dodecyl sulfate sodium 

salt (SDS, Aldrich), potassium persulfate (KPS, Aldrich), comonomer allylamine (Aldrich), 

crosslinker N,N′-methylenebisacrylamide (BIS,Aldrich), and dichloromethane (Aldrich) were 

used as received. Water used through all the experiments was distilled and deionized a resistivity 

of 18 MΩ·cm. 

4.2.2 Preparation and Purification of PNIPAM-co-allylamine Microgels  

      PNIPAM-co-allylamine microgels were synthesized by KPS-initiated radical precipitation 

copolymerization of NIPAM, allylamine and BIS [17]. A typical synthetic protocol is as follows. 

PNIPAm-allylamine microgels were prepared with a 33.6: 3.4: 0.44 molar ratios of reactants 

(NIPAM: allylamine: BIS). NIPAM monomer (3.8 g), allylamine (0.2 g), BIS (0.067 g), and 

SDS (0.08 g) were dissolved in 240 ml DI water at room temperature. After introduction of the 

solution into a 500 ml reactor equipped with thermometer, N2 outlet/inlet and stir bar, the reactor 
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was heated to 60 ℃ while being purged with N2 gas for 30 min.  KPS (0.166 g) dissolved in 10 

ml DI water was then added to the reactor to initialize polymerization. The polymerization was 

allowed to continue for 5 hours at 60℃ under nitrogen atmosphere. After polymerization, the 

resultant dispersions were purified with dialysis for 2 weeks to remove surfactant and unreacted 

molecules. PNIPAM-co-allylamine microgels were centrifuged at 40 000 rpm for 2 hours, 

followed by removal of the supernatant solution and re-dispersion of microgel pellets into water 

to a certain concentration. By using a titration method, allylamine content of PNIPAM-co-

allylamine microgels was determined to be about 4.2 mol % within microgels.  

4.2.3 Preparation of PNIPAM-co-allylamine Microgel Columnar Crystals 

      To prepare the columnar crystals, a 0.27 g of dichloromethane was emulsified into a 1.0 g of 

PNIPAM-co-allylamine Microgel dispersion by shaking drastically for 2 minutes. Then the 

mixture was placed into a temperature-controlled incubator. To investigate effect of polymer 

concentration on phase diagram,   polymer concentrations ranging from 1.8 to 4.5 wt % were 

prepared. 

4.2.4 Dynamic Light Scattering Experiments 

      The average hydrodynamic radius and size distribution of the PNIPAM-co-allylamine 

microgels in water was measured by using a laser light scattering spectrometer (ALV, Co., 

Langen, Germany) equipped with a helium-neon laser (Uniphase 1145P, output power of 22mW 

and wavelength of 632.8 nm) as the light source. The scattering angle was fixed at 60°. 

4.2.5 UV-Visible Spectroscopy Characterizations 

      A diode array UV-visible spectrometer (Agilent 8453) was used to measure the turbiditiy (α) 

of the dispersion as a function of the wavelength. The turbiditiy (α) is defined as α= -(1/d) ln 
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(It/I0), where It is the transmitted light intensity, Io is the incident intensity and d  is the thickness 

(1 mm) of the sampling cuvette. 

4.3 Results and Discussion 

PNIPAM-co-allylamine microgels display phase behavior similar to that of the PNIPAM 

microgels [18] but the volume phase transition temperature shifts to 35 °C (higher than that of 

the PNIPAM microgels). The addition of the allylamine component functionalizes microgels 

with amine groups. They can be used as cross-linker sites in water at a neutral pH [19]. Although 

the allylamine is usually acted as a chain transfer agent and can hinder polymerization of the 

PNIPAM, it was evidenced that the allylamine was indeed integrated into PNIPAM microgels, as 

verified that a microgel network can form by the reaction of glutaric dialdehyde as a crosslinker 

with amide groups of these microgels in water. The average hydrodynamic radius and the 

polydispersity index (PDI) [20] of PNIPAM-co-allylamine microgels were determined by the 

dynamic light scattering to be 135 nm and 1.08 at 22℃ as well as 65 nm and 1.01 at 37 ℃.       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Time-dependent growth of columnar crystals in a mixture of an aqueous suspension 
of PNIPAM-co-allylamine microgels and dichloromethane in a test tube with 10 mm diameter 
and 75 mm length. The time started after homogenization: (a) 0, (b) 4, (c) 33, (d) 43, (e) 55, (f) 
72, and (g) 82 h. 
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      To investigate the formation process of PNIPAM-co-allylamine columnar crystals, we first 

mixed a 3.5 wt % PNIPAM-co-allylamine microgel dispersion with dichloromethane at 22℃. 

Here the weight ratio dispersion to oil is set to 1:0.27.At intervals of different time, we took a 

picture for the sample, as shown in figure 4.1. 

      At the initial time (t = 0 hr), the mixture appears milky (figure 4.1a). This initial mixture 

(Figure 4.1a) appears cloudy. After 4 hours (figure 4.1b), compared to the hard sphere systems 

growing from the bottom to the top [2], a small columnar crystal is observed to grow from the 

top to the bottom. The columnar crystal grows longer and longer with time along the gravity 

direction (figure 4.1c-f). At 82 hours, the length of the columnar crystal reaches the maximum 

value (~1.5 cm) as shown in figure 4.1g. In contrast to the previous investigations: the natural 

sedimentation [2] and the dip-coating method [21, 22], the rate of crystal growth in this study is 

comparable with that of the former but slower than that of the latter. It indicates that using 

emulsion is a practical method to grow columnar crystals for hydrogel colloid systems. In 

addition, one can observe from figure 4.1 that this oil-dispersion mixture is finally separated into 

three sections from the top to bottom: the crystal phase, the unstable emulsion (cloudy and white) 

and the relatively stable water-oil emulsion (cloudy). With stabilizing the entire structure by 

using chemical bonding between microgels, it is easily separated the crystal hydrogel from the 

other two parts. Previous study indicates that PNIAPM particles can used as emulsifiers [23], 

therefore, it is rationally speculated that after homogenization the oil-dispersion mixture 

immediately forms metastable oil-in-water emulsions composed of organic oil droplets 

emulsified by many microgels( micelles), as presented in figure 4.2. One can observe that the 

size distribution of the micelles is a bit broad and the diameter ranges from 10 to 40 µm. 

Unfortunately, the microgel particles coated on the oil droplets are too small to be observed due 
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to the diffraction limit of the microscope. However, recent study of SEM measurements 

demonstrates that PNIPAM microgels indeed act as surfactant to cover the surfaces of oil 

droplets [23]. These micelles slowly settle down the bottom of the vial due to the larger mass 

density of dichloromethane (1.33 g/ml) in contrast to that of water, leading to the coagulation 

occurrence due to the imbalance of surface tension between the particle/oil and the oil/water 

interfaces. When the coagulation develops, the microgel particles are discharged from the surface 

of the micelles. These free particles as building blocks crystallize from up to down to form 

columnar crystals.  

 

 

 

 

 

 

 

 

Figure 4.2 The optical microscopic picture of a mixture of an aqueous suspension of PNIPAM-
co-allylamine microgels and dichloromethane. The sizes of the oil droplets coated with 
microgels range from 10 to 40 µm. There is not enough resolution to see the microgels in this 
microscopic picture. 
 
 
      Because the lattice spacing of the columnar crystals is on the order of the wavelength of 

visible light, the columnar crystals are able to exhibit iridescent colors according to Bragg’s law: 

2ndsinθ=mλ, where n, θ, d, m and λ is mean refractive index of the suspension, the diffraction 

angle, the lattice spacing, the diffraction order and the wavelength of the diffracted light, 
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respectively [6]. To determine whether there are bending, combining or twisting columns along 

the long axis in the columnar crystals prepared by using our method, UV-visible spectra were 

measured at various height of the columnar crystal, the results are shown in figure 4.3a. We find 

that the peak position of the UV-visible spectra remains the same at various positions. This 

indicates that the inter-particle spacing of columnar crystals is constant along the columnar 

length of around 13 mm. Comparatively, the same measurement was also carried out for 

randomly-oriented crystals prepared in pure water, as presented in figure 4.3b. There is not 

significant change of the peak position at different positions in the cell. This demonstrates that 

the inter-particle spacing is the same for small crystal domains growing even at the different 

locations in the cell.  

 

 

 

 

 

 

 

Figure 4.3 UV-visible spectra of the PNIPAM-co-allylamine microgel crystals in a quartz 
cuvette (45 mm height×1 mm width) at three locations: (a) for columnar crystals prepared in a 
water-dichloromethane mixture and (b) for randomly oriented crystals prepared in water. Both 
crystals were grown at 20 ℃ and had a polymer concentration of about 2.7 wt %. 
 
 
      Polymer concentration can have impact on the morphology of a crystal, as shown in figure 

4.4a. At concentration below 2.0 wt % (figure 4.4a-1,2), no crystals form. At 2.2 wt % (Figure 

4.4a-3), the randomly-oriented crystalline domains are observed. At 2.5 wt% (Figure 4.4a-4), 
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there co-exist the columnar crystals and the randomly-oriented crystal domains. Only columnar 

crystals form when polymer concentrations range between 2.7 and 3.5 wt % (Figure 4.4a-5-8). In 

this concentration region, the columnar crystals display colors changing from red to blue with the 

increase in polymer concentration. By measuring UV-visible spectra (figure 4.4b), it is also 

evident that the diffraction peak blue-shifts as polymer concentration increases due to the 

reduction of inter-particle spacing. At 4.0 wt %, we observe both columnar crystals and 

randomly-oriented crystalline domains again (Figure 4.4a-9). When polymer concentration is 

increased to 4.5 wt %, there are only randomly-oriented crystalline domains (Figure 4.4a-10). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 (a) Mixtures of an aqueous suspension of PNIPAM-co-allylamine microgels and 
dichloromethane at various polymer concentrations at 22 ℃: (1) 1.8, (2) 2.0, (3) 2.2, (4) 2.5, (5) 
2.7, (6) 3.0, (7) 3.2, (8) 3.5, (9) 4.0, and (10) 4.5 wt %. (b) UV-visible spectra of columnar 
colloidal crystals at 2.5, 3.0, and 3.5 wt % at 22 ℃. 
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      We also studied effect of both temperature and polymer concentration on the formation of 

columnar crystals, the result is shown in figure 4.5. There are four zones in phase diagram: liquid 

phase, randomly-oriented crystal phase, columnar crystal phase, and glass phase. The thick blue 

lines denote coexisting phases of the columnar crystals and randomly-oriented crystals. In the 

liquid phase, the top part of the oil-dispersion mixture behaves like liquid and flows easily, while, 

in the glass phase, it behaves like solid and cannot flow. Temperature has a strong impact on 

crystallization kinetics of columnar crystals. For example, to develop a columnar crystal having a 

height of 1 cm, , it takes about 2 or 3 days at 22 ℃ while no crystals are observed after 7 days 

above 26℃.  Using this phase diagram as a guide, we can select the growing conditions for 

columnar crystals.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 A phase diagram of the mixtures of the aqueous suspension of PNIPAM-co-
allylamine microgels with dichloromethane. 
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4.4 Conclusion 

      A simple method has been developed to prepare columnar crystals hydrogel microgels by 

blending PNIPAM-co-allylamine microgel dispersions with organic solvent. By using previous 

methods such as the natural sedimentation, it is difficult to grow columnar crystals for the 

hydrogel microgels. More importantly, the novel method can develop columnar crystals having a 

height of several centimeters with the growth from up to down along the direction of gravity. 

The effect of temperature and polymer concentration on phase behavior is investigated. 

Following the phase diagram, we can selectively grow different crystals. They include columnar 

crystals, randomly-oriented crystals, and coexisting phase of randomly-oriented crystals and 

columnar crystals. 
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CHAPTER 5 

THE FORMATION OF CRYSTALLINE HYDROGEL FILMS BY SELF- 

CROSSLINKING MICROGELS * 

5.1 Introduction 

      Spherical poly-N-isopropylacryslamide microgels have been used extensively as models for 

the study of phase transitions [1-2] and for the fabrication of colloidal crystals for applications in 

sensors and optical materials [3-4]. Three dimensional colloidal crystalline structures can be 

easily obtained by self-assembling of PNIPAM microgels in water [1]. 

      Recently, microgel crystals have been obtained by solvent evaporation method [5-8]. 

Specifically, a few drops of PNIPAM microgel dispersion on a polystyrene substrate led to an 

ordered microgel array after evaporation of water [5-6]. The inter-particle distance remained 

during the drying process due to particles were stick to the substrate [6]. Partly soft microgels 

were made by copolymerization of polystyrene and PNIPAM [7-8]. These microgels have been 

used to form crystals by solvent evaporation with enhanced structural stability [7]. On the other 

hand, Pelton et al have studied PNIPAM microgels at the air-water interface and found that the 

microgels lowered the surface tension of water to about 43 mJ/m2 at 25 °C [9]. These microgels 

were observed to form an ordered array at the air/water interface with an environmental scanning 

electron microscope [9]. Here, instead of injecting a few drops of microgel dispersion into a flat 

substrate, we let a large quantity of microgel dispersion in a beaker to dry in ambient condition. 

We found that the ordered microgels array first formed at the air-dispersion interface and grew 

gradually to the bottom of the beaker. The microgels were prepared to compose of copolymer of 

 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 

*Reproduced by permission of RSC. http://www.rsc.org/ej/SM/2009/b814830a.pdf. [Zhou, J., Wang, G., Marquez, 
M., Hu, Z. H., soft matter, 2009, 5, 820–826] 
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poly(N-isopropylacrylamide) (PNIPAM) and N-hydroxymethylacrylamide (NMA) using 

precipitation polymerization method. These NMA-containing microgels can form a permanent 

crystalline structure after water was completely evaporated from the particle dispersion at room 

temperature. 

      All previous solvent evaporation methods [5-8] employed a flat substrate to be coated by the 

colloidal crystals. The substrate became an integral part of the structure. In this study, however, 

the resulting dried microgel film can be peeled off from the bottom of the beaker and immersed 

into water. The free-standing film can not only swell at room temperature and shrink above the 

low critical solution temperature (LCST) as a conventional hydrogel, but also exhibit thermally 

responsive iridescent colors.  

      Hydrogels with environmentally tunable colors have been made by embedding a polystyrene 

or silica colloidal crystalline array inside a hydrogel [10]. Inverse opal hydrogels were prepared 

using a colloidal crystal array as a template [11-14]. The other method was to chemically 

crosslink neighboring microgel spheres within a crystal structure [15-17]. Several routes were 

explored for the later method including reaction either between carboxyl groups in organic 

solvent [16] or between hydroxyl groups via divinyl sulfate,[15] or between amino groups in 

water at neutral pH [17]. These approaches required a crosslinker to covalently bond neighboring 

particles. In this study, the free-standing hydrogel film has kept its crystalline structure stable by 

self-crosslinking neighboring particles via a drying process. This eliminated the requirement of 

small molecule crosslinker for neighboring particles. Hydrogels have unique hydrophilic and 

environmentally responsive properties. Synthesis of hydrogels with advanced architectures may 

lead to applications including controlled drug delivery, artificial muscles, and biosensors [18-23]. 
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5.2 Experimental and Characterization 

5.2.1 Materials 

      N-isopropylacrylamide (NIPAM) was purchased from Polysciences Co. N-

hydroxymethylacrylamide (NMA), N,N’-methylenebisacrylamide (BIS), dodecyl sulfate sodium 

(SDS), and potassium persulfate (KPS) were purchased from Aldrich. All chemicals were used 

without further purification. Deionized (DI) water was used through all the experiments. 

5.2.2 Preparation of PNIPAM-co-NMA Microgels 

      PNIPAM-co-NMA microgels were synthesized by the precipitation polymerization [24]. The 

reactor was charged with 240g of water, 3.6 g of NIPAM, 0.4 g of NMA, 0.07 g of BIS and 0.05 

g of SDS. The reaction mixture was kept at 70 ℃ by the refrigerating circulating water bath and 

purged with a nitrogen gas for 30 min. Then 0.17 g of KPS was dissolved in 20 g of water and 

the solution was added to the reaction mixture to initiate polymerization. The polymerization 

was kept for 4 hours under nitrogen environment. PNIPAM-co-NMA microgel dispersions were 

dialyzed (Spectra/Por 7 dialysis tube, MWCO 14000, VWR) against DI water for one week with 

changing water twice a day to remove un-reacted monomers and surfactant. PNIPAM-co-NMA 

microgel particles were collected by the centrifugation. 

5.2.3 Preparation of Crystalline Hydrogel Films 

      A 40 g of microgel dispersion with polymer concentration of 0.8 wt% was put into a 50 ml 

beaker and was left at room temperature to evaporate water. The self-crosslink reaction between 

neighboring particles was carried out at room temperature for three weeks when the dispersion 

was completely dried. The dried thin film was taken out carefully from the beaker and cut into 

small pieces. They were then put into DI water and swollen at room temperature for two days to 

reach an equilibrium volume. The resultant crystalline hydrogel films exhibited iridescent colors. 
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5.2.4 Light Scattering 

      Microgel particle size and distribution were determined by dynamic light scattering 

spectrometer (ALV, Germany) equipped with an ALV-5000 digital time correlator and a helium-

neon laser (Uniphase 1145P, output power of 22 mW and wavelength of 632.8 nm) as the light 

source. The incident light was vertically polarized with respect to the scattering plane, and the 

light intensity was regulated with a beam attenuator (Newport M-925B). The scattered light was 

conducted through a thin (~100μm in diameter) optic fiber leading to an active quenched 

avalanche photodiode (APD), the detector. 

      In dynamic light scattering (DLS), the intensity-intensity time correlation function G(2) (t, q) 

in the self-beating mode can be expressed by[25-26]  

, , , 0 1 ,          (1) 

      Where  is the decay time, q=4πn sin(θ/2)/λ is the magnitude of the scattering vector,  is a 

measured baseline,   is the coherence factor, and ,  is the nomarlized first-order electric 

field correlation function and is related to the line width distribution ( Г ) by  

, Г Г Г                                                 (2) 

      Г  can be calculated from the Laplace inversion of , . ,  is analyzed by a 

cumulant analysis to get the average line width < Г > and the relative distribution width  /

Г .  The extrapolation of Г  to 0 leads to the translational diffusion coefficient (D).  

This corresponding analysis of this function yields the diffusion coefficient D, which can be 

translated into the hydrodynamic radius  by the Stokes-Einstein relation: 

      Rh = (TkB)/(6πηD)      (3) 

      Where kB, η and T are the Boltzmann constant, the solvent viscosity and the absolute 

temperature, respectively. The DLS measurements were carried out at scattering angle of 90°. 
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5.2.5 UV-Vis Characterization  

      The absorbance of crystalline hydrogels was measured as a function of the wavelength using 

a diode array UV-Visible spectrometer (Agilent 8453). 

5.2.6 AFM Characterization (Veeco/Digital Instruments Nanoscope III AFM) 

      The sample was prepared by casting 4-5 drops of microgel dispersion onto a glass slide. 

After it was naturally dried, the AFM images were taken, operating in tapping mode with a 

driving frequency 270 kHz. 

5.2.7 Shear Modulus Measurements 

      Shear modulus measurements were carried out using a rheometer (ATS Viscoanalyser) 

equipped with a solvent trap to prevent water evaporation. The parallel plate geometry with the 

plate diameter of 8 mm was used. Dynamic shear strain-sweeping programs were run in a range 

of shear strains from 0.001to 0.8 at a fixed frequency of 1.0 Hz. The results were collected and 

analyzed with Rheoexplorer v5.0 software. 

5.3 Results and Discussion 

      PNIPAM-co-NMA microgels in a dilute dispersion with polymer concentration of 1x10-5 wt% 

were characterized by dynamic light scattering. The hydrodynamic radius distributions of these 

particles at 20 and 40 ℃ are shown in Figure 5.1a. The average hydrodynamic radius of the 

particles was 200 nm at 20 ℃ but shrank to 87 nm at 40 ℃. The calculated polydispersity index 

(PD.I) for the microgels at 20 ℃ and 40 ℃ was 1.09 and 1.06, respectively. This showed that the 

as-prepared particles were monodisperse, which was required for self-assembling microgels into 

a crystalline array. It is known that a co-monomer could have different distribution profiles 

within a PNIPAM microgel [27]. Due to hydrophilic nature of NMA monomers, more NMA 

may be present near the particle surface. The temperature dependence of the hydrodynamic 
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radius for PNIPAM-co-NMA microgels is shown as Figure 5.1b. The temperature at which the 

derivative of the radius versus temperature curve reaches a maximum value is defined as the 

volume phase transition temperature Tc and it is about 34.5 ℃. 

 

 

 

 

 

 

 
 
 
Figure 5.1 (a) Hydrodynamic radius distributions of PNIPAM-co-NMA microgels at 20 and 
40 ℃, respectively. The light scattering angle is 90o. (b) The average hydrodynamic radius of 
PNIPAM-co-NMA microgels versus temperature. 
 
 
      The particles and their arrangement were characterized using an AFM microscope. As shown 

in Figure 5.2, the average diameter of the particles was about 162 nm that was smaller than the 

diameter (about 400 nm) in the dispersion because the particles were dried. The monodisperse 

microgels arrange themselves into many polycrystalline domains. One domain of the surface 

structure was selected as shown in the right bottom image. The fast Fourier transformation (FFT) 

of this image shows the four-fold symmetry, indicating that the particles in this crystalline 

domain self-assemble into a crystalline structure with the (100) plane in parallel with the glass 

surface. It is noted that the three-dimensional crystal structure of the PNIPAM microgels should 

be the FCC structure [28]. The (111) plane is usually aligned with the glass surface. 
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Figure 5.2 AFM images of PNIPAM-co-NMA microgels. The scale bar in the top panel is 1 μm.  
The bottom right image is the enlargement of a boxed area in the top image.  The bottom left 
panel is the fast Fourier Transformation of the structure.  
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       The film of a crystalline hydrogel was obtained by drying a dilute microgel dispersion at 

room temperature as revealed in Figure 3. After evaporating for one day, a lustrous colloidal 

crystalline layer was observed in the air/dispersion interface (Figure 5.3a). With further water 

evaporation, a thicker crystalline layer with stronger reflection formed on air/dispersion interface 

(Figure 5.3b). After evaporating for seven days, an iridescent crystalline layer formed on the 

bottom of the container (Figure 5.3c). Previously, polymethylmethacrylate (PMMA) or 

polystyrene had been utilized to fabricate the colloidal crystals by self-assembling the colloids 

from the air–liquid interface [29]. In contrast to PMMA and polystyrene particles, the PNIPAM 

microgel spheres contain up to 97 wt % water. Consequently, the density and the refractive index 

of the particles closely match up those of water, yielding a condition of minigravity (~10-2 g) at 

room temperature [30]. Sedimentation due to gravity is not significant in the aqueous dispersion 

of swollen PNIPAM microgel spheres. The initial polymer concentration of the dilute microgel 

dispersion was about 0.8 w% that is lower than the one (about 1.8 w% [17]) required for the 

PNIPAM microgels to form colloidal crystals. As the dispersion is allowed to evaporate, water 

evaporated starting from the air-dispersion interface. In order to lower surface tension on 

air/water interface, particles diffused to the air/water interface and formed an order array on the 

interface [9]. Furthermore, when the microgel dispersion becomes more concentrated, the 

evaporating rate of water in the air-dispersion interface is faster than the diffusion rate of 

microgels. As a result, the microgel concentration near the interface is higher than the interior of 

the dispersion. We have done a comparison experiment by sealing the microgels dispersion with 

a cover. There was no crystalline formation for several weeks. This is because the particle 

concentration in water is too low to form a crystalline lattice. Upon increasing water evaporation, 

3D colloidal crystals grow layer by layer toward the bottom of the beaker as illustrated in Figure 
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5.4. During the drying process, the PNIPAM-NMA microgels array was electrostatically 

stabilized by sulfate groups on the PNIPAM polymer chain ends introduced by the persulfate 

initiator [3]. As more water is evaporated, the particle volume is less; the density of electrically 

charged groups is higher. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 The photographs of the air/water interface of the PNIPAM-co-NMA particle 
dispersion with polymer concentration of 0.8 wt%. The dispersion at room temperature was 
exposed to air in: (a) one day, (b) 4 days, and (c) 7 days. The left image is the top view and the 
right one is the side view. The diameter of the beaker is 4.5 cm. 
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Figure 5.4 A schematic illustration of self-assembling 3D colloidal crystal. 
 
 

      After the colloidal crystal was obtained as shown in Figure 5.3(c), it was left at room 

temperature to dry for another two weeks. This further drying can create better contact between 

neighboring particles and facilitate self-crosslinking process. The NMA has already been used as 

an efficient self-crosslinking agent in the fabrication of the acrylate latex films [31-33]. Inter-

particle ether or methylene bonds can form by thermal activation (at around 110 ℃) for hard 

sphere latex films. Wohlleben et al found that interparticle ether bonds were sufficient to 

stabilize colloidal structures with an activation temperature at 50 ℃ [34]. We have obtained 

mechanically stable hydrogels by sintering microgels arrays at 50 ℃ for 10 hours after colloidal 

crystals were dried to the bottom of the beaker. 

      But unfortunately, colloidal crystals were damaged during the sintering process. Considering 

that PNIPAM hydrogels formed in the presence of NMA as a crosslinker at 4 ℃ [35], we have 

reduced the activation temperature to 25 ℃ but allowed a longer reaction time. With a prolonged 

drying period for total three weeks, a dried film was obtained and taken out carefully from the 

beaker and cut into small pieces. After immersing in water at room temperature for two days to 

reach equilibrium, they not only swelled like a conventional gel but also exhibited iridescent 

O n e   d a y  Four days S e v e n   d a ys 
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colors. These crystalline hydrogel films are stable in water and have their shape and color 

unchanged for more than one year. This indicates that the method discussed above can 

effectively turn an array of microgels into a network of microgels via self-crosslinking. 

      In order to further clarify the role of NMA in the formation of the network of microgels, we 

have taken IR spectra (Figure 5.5, Perkin-Elmer Spectrum One Spectrometer) for unreacted 

PNIPAM-NMA microgels (using a freeze-drying method to dry water) and for the reacted 

microgels that were dried and formed a film at ambient environment as described above. The two  
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Figure 5.5 FT-IR spectra of PNIPAM-co-NMA microgels dried under vacuum-freeze condition 
(a) and at room temperature (b), respectively. 
 
 
spectra display the characteristic absorption bands at 1644 cm-1 (γ C-O, amide I), at 1550 cm-1 

(N–H bending, amide II), at about 1173 cm-1 (γ C–N, amide III), and the bands assigned to the 

isopropyl groups (C–(CH3)2) at 1368 cm-1. The absorption bands at 1465 cm-1 in all spectra are 

attributed to C–H bending in –C(CH3)2 and –CH2–groups. The absorption region between 2877 
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and 3000 cm-1 corresponds to C–H stretching vibrations of –CH3 and –CH2–groups. The 

broadband above 3000 cm-1 is assigned to the stretching of O–H and N–H bonds. Although the 

band at 1041 cm-1 from the methylol groups of un-reacted particles and the one at 1032 cm-1 

from ether groups, which were formed through a condensation reaction between N-

hydroxymethyl groups, have been observed, these two bands are too close to be clearly 

distinguished. However, the broad band at 630 cm-1 for unreacted microgels, corresponding to 

the out-of-plane bending of O-H, is hardly seen for reacted microgels. The IR spectra are 

consistent with the self-crosslinking mechanism under ambient condition [36] as shown in Figure 

5.6. 

-CO-NH-CH2-OH HO-CH2-NH-CO-+

-CO-NH-CH2-O-CH2-NH-CO- + H2O
 

Figure 5.6 Self-crosslinking mechanism: The methylol groups in the neighboring particles react 
to form ether bond through a condensation reaction after water was evaporated from the particle 
dispersion at room temperature. 
 
 
      To check other possible mechanisms such as interpenetrating polymers between neighboring 

microgels or hydrogen bonding, etc, we have make pure PNIPAM, PNIPAM-co-acrylic acid, 

PNIPAM-co-allylamine, and PNIPAM-co-2-hydroxyethyl acrylate. These microgels have been 

used to prepare dried films with the same procedures as those of PNIPAM-co-NMA. All these 

dried films except PNIPAM-co-NMA redispersed into a homogenous colloidal dispersion in two 

days after they were placed in water. 
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                     25 oC                                          33 oC                                        35 oC 

 

  

                                                                     (b) 
 

Fig5.7 Thermally responsive properties: (a) Effect of temperature on the swelling of the 
PNIPAM-co-NMA crystalline thin film.  (b) This film changes its iridescent colors with the 
temperature, from left to right: 25, 33 and 35 oC.  The scale bar is 0.5 cm. 

 

      Because the building blocks for the sample here are temperature-sensitive colloidal particles, 

their sizes and the lattice spacing within the crystalline hydrogel should be tunable when 

temperature is changed. As shown in Figure 5.7a, at room temperature, microgels are hydrophilic 

and absorbed a lot of water into the particles network. This makes the crystalline hydrogel in the 

swollen state. Upon the increase of the temperature, microgels become more and more 

hydrophobic and expel water out of networks. When the temperature increases from 25  to℃  

40 , the swelling size ratio (L(T)/L(25℃  )) of the crystalline gel film decreases from 1.0 to 0.5.℃  
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The volume phase transition temperature (Tc) for this hydrogel obtained from the swelling curve 

is around 34.5 ℃. This temperature is the same as that of the building blocks (microgel particles).       

 

 

 

 

 

 

 

 
Figure 5.8 (a) The UV-visible spectra of PNIPAM-co-NMA crystalline thin film in water 
measured at various temperatures. The location of the middle point of the shoulder of the 
spectrum corresponds to the Bragg peak wavelength λc. (b) The value of λc is plotted as a 
function of temperature.  The solid line is a guide to the eye.  
 
 
       Figure 5.7b showed the temperature-dependent color change of the film. One could observe 

that the crystalline hydrogel at 25 ℃ displays a red color. With the increase of the temperature, 

the color of the gel changes to green at 33 ℃ and eventually to white blue at 34.5 ℃.  When the 

temperature was decreased to 25 ℃ again, the gel restored its color and volume. This process 

was fully reversible.  

      Figure 5.8a showed the UV-visible spectra of the crystalline hydrogel film at various 

temperatures. The shoulder-like spectra indicates there are polycrystalline structures in this film 

[37], in contrast to a sharp peak that is associated with a long range order of a crystalline phase.  

As shown by the AFM image in Fig. 5.2, air-dried microgels indeed arrange themselves into 

polycrystalline domains.  Let’s define the location of the middle point of the shoulder of the 
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spectrum corresponds to the average Bragg peak wavelength c, that is related to the lattice 

spacing (d) via the well-known Bragg diffraction law.  The value of c is plotted as a function of 

temperature as shown in Figure 5.8b.  One can observe that the peak position shifted to shorter 

wavelength when the temperature increased. This is because with the temperature increasing, the 

particles shrink, resulting in the decrease of the interparticle spacing, which causes the color 

shifts into a shorter wavelength.  

 

 

 

 

 

 

 

Figure 5.9 (a) Plots of shear stress versus shear strain for the PNIPAM-co-NMA crystalline thin 
film at 25 and 40 ℃, respectively. (b) The slopes of the best linear fits to the data in the small 
stress region yield the values of shear modulus of the sample at 25 and 40 ℃. 
 
 
      Figure 5.9a showed the mechanical properties of the thin film. The shear stress-shear strain 

relationship was determined using a rheometer. For small deformation, the shear stress increased 

linearly with the shear strain. The shear stress-shear strain relationship, however, became curved 

as the deformation became large, entering a non-linear region. In the small stress region, the best 

linear fit to the data yields the slope of the straight line as shown Figure 5.9b. As a result, the 

shear moduli were determined to be about 397 Pa at 25 ℃ and 614 Pa at 40 ℃, respectively. The 

increase of shear modulus with temperature may be understood according to classical theory of 

neutral gels composed of Gaussian chains.  Here the elastic modulus G is described by [38-39]  
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=                (4) 

      Where Ne is the density of effective elastic chains, kB Boltzmann’s constant, T the absolute 

temperature, φ the volume fraction of polymer at a given state of swelling, and φo the polymer 

volume fraction at preparation. As shown in Figure 5.6a, the size of the crystalline hydrogel film 

shrinks about half as the temperature increases from 20 to 40 ℃.  This doubles the volume 

fraction ratio of [φ(40℃)/ φ(25℃)]1/3. Correspondingly, the shear modulus at 40 ℃ should be 

higher than that at 25℃. Because the major contribution to mechanical strength of the crystalline 

gel film is the effective crosslinkers among neighboring particles, Equation (4) that is derived for 

gels made with the network of crosslinked polymer chains may be only used for qualitative 

explanation of the data.     

5.4 Conclusion 

      Monodisperse spheres composed of copolymer of N-isopropylacrylamide (PNIPAM) and N-

hydroxymethylacrylamide (NMA) have been prepared using precipitation polymerization 

method. The microgel undergoes the volume phase transition temperature at about 34.5 ℃, as 

measured by dynamic light scattering. AFM imaging shows that the microgels arrange 

themselves into polycrystalline domains as they were dried in air. A dilute dispersion of these 

microgels with polymer concentration of 0.8 wt% is allowed to slowly dry in air, resulting in the 

formation of microgels crystalline structures at the air/dispersion interface. Taking advantage of 

self-crosslinking property of NMA, the neighboring PNIPAM-NMA microgels react to form a 

covalent bond to stabilize the crystalline structure after water was completely evaporated from 

the particle dispersion at ambient temperature for three weeks. After immersed in water, this film 

not only swelled like a conventional hydrogel but also exhibited iridescent colors due to long 
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range ordered microgel arrays. UV-visible spectra of the crystalline hydrogel film shifted to 

shorter wavelengths when the temperature increased due to the decrease of the interparticle 

spacing. The shear stress-strain relationship was determined using a rheometer. For small 

deformation, the shear moduli of the crystalline hydrogel film were measured to be about 397 Pa 

at 25 ℃ and 614 Pa at 40 ℃, respectively. The increase of shear modulus with temperature may 

be qualitatively understood according to classical theory of neutral gels composed of Gaussian 

chains. 
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CHAPTER 6  

EFFECT OF PH, IONIC STRENGTH AND POLYMER CONCENTRATION ON MELTING 

TEMPERATURE OF COLLOIDAL CRYSTAL FORMED BY PH-,TEMPERATURE-

SENSITIVE SOFT MICROGELS 

6.1 Introduction 

      Monodispersed micro- and submicro- inorganic and polym eric partic les can self- assem ble 

into colloidal crystals. Because the inter-p article distance of such a structure is on  the order of 

hundreds of nanometers, colloidal crystals can diffract light in the visible and infrared region just 

as atomic crystals diffract X-rays under the Br agg condition, displaying ir idescent colors. This 

unique property has practical app lication in the fabrication of di ffractive devices such as optical 

filters, switches and bio sensors [1-3]. Therefore, growing re search attention has be en drawn to 

this f ield in  the re cent years. M eanwhile, collo idal d ispersions, just as in atom ic or  molecular 

systems, show gaseous, liquid, crystalline and gla ssy state with the relevant phase transitions 

similar to those observed in atomic crystals. Colloidal dispersion has been used extensively as a 

model for studying th e funda mental physical p henomena such as cry stallization, m elting, and 

other condensed matter phase behavior in recent years [4-17].  

      Many of these investigations have mainly used hard spheres such as polystyrene, poly-

methyl m ethacrylate an d silica as  model system s to study the phase behaviors of colloidal  

assemblies with different interactions between particles. Meanwhile, the phase transition of poly-

N-isopropylacrylamide (PNIPAM) microgels functions as a typical model of a soft sphere, due to 

the tunability of their softness and volum e as  a function of te mperature. This has been 

extensively investigated in recent years [18-24]. Compared to hard sphere systems, soft repulsion 

arising from excluded volum e interactions among PNIPAM m icrogels m akes their phase 
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behavior richer. Moreover, the incorporation of acrylic acid (AAc) into PNIPAM m icrogels 

makes phase behavior even m ore complicated as a result of its pH-, ion ic strength, and therm al 

sensitivities. Lyon’s group has re ported that PNIPAM-co-AAc particles were able to crystallize 

in a  broad  r ange of  con centrations in com parison with PNI PAM particles. These  r esults were  

interpreted in terms of particle compressibility and an attr active pair- or multibody-potential due 

to AAc dimerization and/or AAc-am ide hydrogen bonding between the part icles [25]. However, 

melting temperature, which is one of the most important properties of colloidal crystals, was less 

reported for PNIPAM-based colloidal system. Yodh’s group reported th e premelting mechanism 

of PNIPAM colloidal crystals. They have suggest ed that interfacial free energy was the crucial 

parameter for premelting in colloidal and atomic-scale crystals [26].  

      In this paper, three batches of PNIPAM-co-AAc particles with different AAc content were 

synthesized and self -assembled into collo idal crys tals. Their m elting tem peratures we re 

measured by using UV-visible transm ission spect roscopy. Effect of pH , ionic strength and 

polymer concentration on m elting temperature was reported. Our obse rvations revealed that as 

pH increases, the m elting temperature increases due to the dom inance of repulsive interactions 

arising fro m electrostatic and  excluded volume repulsion. W ith the a ddition of  s alt, m elting 

temperature is reduced because the repulsive interactions decrease by ionic screening. As particle 

concentration increases,  m elting temperature increas es du e to  the  red uction of  th e in teractions 

between particles with the incre ase in inte rparticle distance. These results were con sistent with 

those of light scattering and rheological investigations.                                           
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6.2 Experimental Section 

6.2.1 Materials 

      N-isoprylacrylamide(NIPAM) was purchased from Polysciences Inc. and recrystallized from 

hexane prior to use. N,N'-methylenebis(acrylamide) (BIS) was purchased from Bio-Rad Co. 

Acrylic acid (AAc), potassium  persulfate (KPS) , Sodium chloride and Sodium  dodecyl sulfate 

(SDS ) were purchased from  Aldrich Co. and used as received. Dei onized water was used 

through all the experiments. 

6.2.2 Preparation of PNIPAM-co-AAc Microgels 

      Three batches of PNIPAM-co-AAc microgels with AAc content of 12, 8 and 4 mol% wer e 

synthesized using the precipitation polym erization [27]. The total m onomer concentration was 

145 mM in 250 m l of Nitrogen-purged aqueous solution, in which 0.17 g of SDS was added to 

control microgel size and cross-linking density was kept constant at 2.5 mol%, 0.17 g of KPS 

dissolved in 20 m l DI water was added to initia te polymerization. All reactions were carried out 

at 70℃ for 4 hours under N 2 atmosphere. All the m icrogels were purified by dialysis for one 

week while changing the water twice per day and collected by centrifugation. Their compositions 

of prereaction solutions and hydrodynam ic radii in pH4.0 and 10m M NaCl at 20℃ were shown 

in Table 6.1. 

6.2.3 Colloidal Crystal Assembly 

      To obtain the concentrated PNIPAM-co-AAc disp ersions, a dilute m icrogel dispersion was 

ultracentrifuged at 20 ℃. To control pH value of m icrogel dispersion, microgel dispersion was 

adjusted with 0.1M HCl  and 0.1M NaOH solutions under certain NaCl concentration. Then this 

dispersion was injected into a cell consisting of two cle an glass slides separated by 240 µm 
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parafilm as spacers an d sam ple cell was fixed with two clam ps. Fi nally, the s amples wer e 

annealed between 20℃ and 55℃ four times prior to UV-visible measurements.   

Table 6.1 Compositions of pregel solutions for preparing PNIPAM-co-AAc microgels. 

  NIPAM AAc BIS KPS SDS Rh (nm) 
(g/ml) (g/ml) (g/m l) (g/ml) (g/m l) 20oC 

PNIPAM-co-AAc12 0.012889 0.001185 0.000519 0.000629 0.000629 163 

PNIPAM-co-AAc8 0.013593 0.000778 0.000519 0.000629 0.000629 142 

PNIPAM-co-AAc4 0.014222 0.000407 0.000519 0.000629 0.000629 130 

 

6.2.4 Particle Size Measurements 

      The hydrodynamic radius and size distribution of PNIPAM-co-AAc particles were m easured 

using a dynam ic light s cattering sp ectrometer (ALV, Ger many), equipped with an ALV-5000 

digital time correlator and a helium-neon lase r (Uniphase 1145P, output  power of 22 mW and 

wavelength of 632.8 nm). All the measurements were perform ed at a scattering angle of 90 °. 

The sample temperature was controlled with a refrigerator circulating water bath. 

6.2.5 UV-Visible Spectroscopy Measurements 

      The turbidity of PNIPAM-co-AAc dispersions was measured as a function of the wavelength 

using a diode array UV-visible spectrom eter (Agilent 8453). The sam ple cell was first m ounted 

into a  tem perature-controlled sam ple hold er. Then m elting proces s o f colloida l crysta l was  

monitored by measuring the UV-visible absorbance spectra with increasing sample temperature. 

At each temperature, the sample was equilibrated for 10 m in before being measured. Due to the  

Bragg diffraction of colloidal cr ystals, the UV-visible spectrum exhibited a sharp  attenu ation 

peak. 
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6.2.6 Rheological Characterization 

      Viscosity measurements of PNIPAM-co-AAc m icrogels we re c arried ou t with a  stres s-

controlled rheom eter (ATS Visc oanalyser) equipped with a solvent trap to prevent water 

evaporation. The plate-to-plate geometry with the plate diameter of 25 cm was employed and the 

sample gap was adjusted to 0.4 mm. All the expe riments were conducted at the temperature of 

20℃. The results were analyzed with Rheoexpl orer v5.0 software. The steady shear viscosity 

data presented in the paper were collected under equilibrium viscosity conditions. 

6.3 Results and Discussion  

6.3.1 DLS Characterization of PNIPAM-co-AAc Microgels 

      Three batches of PNIPAM-co-AAc microgels were synthesized via precipitation  

polymerization. SDS was used as surfactant to tune particle si ze and distribution. The m icrogels 

were characterized with Dynam ic Light Scattering. Figure 6.1a  shows the three batches of  

particle distributions at 20 ℃, measured under pH4.0 and 10mM NaCl. The avera ge 

hydrodynamic ra dius was 163nm, 142nm a nd 130nm for  PNIPAM-c o-AAc12, PNIPAM-co-

AAc8 a nd PNIPAM- co-AAc4, re spectively. It is  evident that at pH 4.0, m ore internal  

electrostatic repulsion occurs in side microgels containing more carboxyl groups, this is due to 

the increase of negative charges, which leads to more swelling. Thus, the particle size grows with 

the increase in carboxyl groups . The calculated polydispersity indexes (PD.I) for PNIPAM-co-

AAc12, PNIPAM-co-AAc8 and PNIPAM-co-AAc4 were 1.07, 1.08 and 1.06, respectively. Here 

PD.I is defined as )/(1 2
2 >Γ<+ μ [28]. This indicates that the particles prepared in the study 

were monodisperse enough and they were s uitable as bui lding blocks for  self-as sembly into 

colloidal crystals. PNIPAM-co-AAc microgels a lso exhibit pH-sensitive behavior, as shown in 

figure 6.1b. The m icrogel size increases slightly be low pH4.0 while increasing sharply above it.  
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Figure 6.1 (a) Particle size distributi ons of PNIPAM-co-AAc12, PNIPAM-co-AAc8 and 
PNIPAM-co-AAc4 at pH 4.0 and 20 ℃; (b) Hydrodynam ic radius  of PNIPAM-co-AAc12 
microgels versus pH at 20 ℃; (c) Hydrodynam ic radius versus tem perature for PNIPAM-co-
AAc12 at various pH values. Where NaCl concentration was adjusted to 10mM. 
 
 
This is because at low pH value ( 2.5 and 3.0), far below the acrylic acid p Ka of 4.25, 

deprotonation of carboxyl groups is m inimized. With pH increasing, however, the deprotonation 

of more carboxyl groups increases osm otic pressure within microgels, leading to the increase in 

particle size. Meanwhile, pH value had effect on the thermosensitivity of microgels, as shown in 

Figure 6.1c. At low pH (2.5 and 3.0) , particle sizes decreased w ith increasing temperature as 
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expected, however, small aggregates o ccur as the tem perature rises above 31 ℃ and 33 ℃ for 

particles dispersed at pH2.5 and pH3.0, respectively. It is understandable that the com plex 

formation, due to hydrogen bonding between A Ac moieties and NIPAM m oieties results from 

the depression of the carboxyl  group deprotonation at low pH, making m icrogels m ore 

hydrophobic. Thus, thanks to the increase of  hydrophobic interactions and insufficient 

electrostatic repulsion between e ach other, m icrogels flocculated together when heated [29,30]. 

at pH 3.5, electrostatic repulsive interactions between m icrogels, due to the deprotonation of 

enough carboxyl groups, m ake m icrogels stable even at high temperature. Therefore, no 

aggregates take place and the phas e transition tem perature reaches 32. 5℃. At the higher pH, 

microgels expand further with de protonation of more carboxyl groups . However, the decrease in 

diameter with tem perature is less  pronounced and the trans ition temperature shifts  to 43 ℃ and 

beyond the experimental range for pH4.0 and 4.5, respectively.    . 

6.3.2 Effect of pH on Melting Temperature of Colloidal Crystals 

      PNIPAM-co-AAc microgels are endowed with pH-and ionic strength-t unability and the pair 

interactions of  those colloid al par ticles are a ffected by tem perature, pH and ionic strength. 

Therefore, it is expected  that the m elting temperature of colloidal crys tals is able to be tailo red 

with the above factor s [31]. UV-Visible spectroscopy is a convenient m ethod to m easure the 

melting temperature of colloidal  crystals [32, 33]. The UV-visi ble spectrum , due to Bragg 

diffraction, exhibits a strong atte nuation peak in the crystall ine phase but disappears when 

temperature reach es th e m elting tem perature of colloidal crys tals. A typic al d iffraction pe ak 

versus temperature is shown in figure 6.2. At 20 ℃, diffraction is weak, since m icrogels contain 

high am ounts of water, leading to a sm all di electric constant m odulation. W ith increasing 

temperature, microgels collapse and pum p out wate r, resulting in dielectric constant modulation 
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increase, which improves the diffraction efficiency [1]. When heated above 47℃, the diffraction 

intensity decreases due to the reduc tion of the ordering of crystals. At 50 ℃, the diffraction peak 

disappears, indicating that the melting temperature has been reached.  

 

 

 

 

 

 

Figure 6.2 A typical diffrac tion profile versus tem perature for a colloidal crysta l prepared with 
3.5 wt% PNIPAM-co-AAc8 at pH 4.5. Where NaCl concentration was adjusted to 10mM. 

       

 

 

 

 

 

Figure 6.3 (a) Melting tem perature of colloid al crystal for 3.5 wt% PNIPAM-co-AAc12 and 
PNIPAM-co-AAc8 at various pH values, where NaCl concentration w as 10mM; (b) Viscosity 
versus sh ear ra te for 3 .5 wt% PNIP AM-co-AAc12 with various pH  at 20 ℃. Where NaCl  
concentration was 10mM. 
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      Figure 6.3(a) shows the effect of pH on the melting temperature of colloidal crystals prepared 

with PNIPAM-co-AAc12 and PNIPAM-co-AAc8. In order to elim inate the im pact of unequal  

ion strength of dispersions on the melting temperature, ionic strength was adjusted to 10mM with 

NaCl. It is observed that at low pH range, th e melting temperature increas es gradually for both  

dispersions (from 22℃ at pH2.5 to 29℃ at pH3.5) as pH increases and is alm ost independent on 

the am ounts of AAc. However, at pH  4.0, close to the acrylic acid p Ka, melting tem perature 

increases a bit sharply (from  29℃ and 28℃ at pH3.5 to 42 ℃ and 33℃ at pH4.0 for PNIPAM-

co-AAc12 and PNIPAM-co-AAc8, respectively) a nd is dependent on the AAc contents within 

microgels. The more AAc within particles, the higher melting temperature is. When the pH value 

reaches to 4.5 further, above the acrylic acid  pKa, the melting temperature goes up d ramatically 

for PNIPAM-co-AAc12 and PNIPAM-co-AAc8 (85℃ and 49℃, respectively). It is worthwhile  

to note that we attem pted to pr epare colloidal crysta ls with pH 5.0, but unf ortunately, this was  

not successful due to the high viscosity of the di spersions. It is well kn own that the  interaction 

between par ticles plays an im portant role on th e melting temperature of colloidal c rystals. For 

PNIPAM-co-AAc microgels presented in this study, colloidal crystal structures are stabilized via 

the balance between attractive and repulsive interactions. At low pH, the protonation of carboxyl 

groups indicates that the attr active interactions due to AAc-AAc and /or AAc-am ide hydrogen 

bonding, van der Waals attraction and hydrophobic interaction between isopropyl groups, should 

be the main forces of therm ostability of colloidal crystals. However, at high pH, because of the 

deprotonation of carboxyl groups a nd charge-induced particle swel ling, electrostatic repulsion 

and soft repulsion excluded volum e interaction are dom inant and thus, responsible for crystal 

thermostability [34-35]. This observation can be  explained according to the DLVO theory. The 

attraction interactions between particles are dominant and weak at low pH; while the electrostatic 
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repulsive interactions w ere predom inant and st rengthened at high pH. Therefore, the potential 

barrier keeping stability of crystal struct ures becom es higher and higher since potential 

interactions increase with pH value from  low to high. These interactions  between particles are  

also reflected on the shear viscosities of particle  dispersions, as shown  in figure 6.3(b). At the 

largest deprotonation degree of carboxyl groups (pH 4.5), m icrogels are highly swollen, thus 

they exhibit the largest viscosity and a signifi cant shear-thinning behavior due to the stronger 

repulsive interactions between microgels, this results from the more neutralized carboxyl groups. 

With decreasing pH, the viscosity reduces and ze ro-shear viscosities ar e found at the low shear 

rate because the repulsive interactions between particles become less significant.  

 

 

 

 

 

 

 

 

 

Figure 6.4 (a) Melting tem perature of collo idal crystal for 3.5 wt% PNIPAM-co-AAc12, 
PNIPAM-AAc8 and PNIPAM-AAc4 at pH 4.0; (b ) Viscosity versus sh ear rate for 3.5 wt% 
PNIPAM-co-AAc12, PNIPAM-co-AAc8 and PNIPAM-co-AAc4 microgel dispersions at pH 4.0 
and 20℃. Where NaCl concentration was 10mM. 
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because at pH4.0, particles with more carboxy l groups p roduce m ore carboxy l charges, thus 

enhancing the repulsive interaction between part icles. Rheologic al m easurements also giv e 

evidences o n the m acroscopic lev el. This is,  viscosity reduces with AAc decreasing in the 

studied shear rate region (figure 6.4(b)). 

       

 

 

 

 

 

 

        

 

 

 

 

 
 
Figure 6.5 (a) Melting tem perature versus NaCl concentration fo r colloidal crystals prepared 
with 3.5 wt% PNIPAM-co-AAc8 at pH 4.0; (b) Viscosity versus NaCl concentration for 3.5 wt% 
PNIPAM-co-AAc8 dispersi ons at pH 4.0 and 20 ℃; (c) Hydrodynam ic radius versus NaC l 
concentration for the diluted PNIPAM-co-AAc8 dispersion at pH 4.0 and 20℃. 
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6.3.3 Effect of Ionic Strength on Melting Temperature of Colloidal Crystals 

      It is well known that charged hard spheres, such as polystyrene an d silica, form  colloidal 

crystals in aqueous deionize d dispersions. The two essentia lly important param eters in 

characterizing properties of a collo idal crystal are an electro static interparticle repulsion and an 

expanded electrical double layer around particles in  the deionized water, each of which changes 

dramatically with the additi on of the sm all am ount of salt.  Therefore, the kinds and 

concentrations of salts in colloidal dispersions have a great impact on the melting temperature of 

colloidal crystals  and can even h inder the formation of colloidal crystals [37-39]. On the other 

hand, the soft particles s uch as PNIPAM-co-AAc microgels also exhib ited various equilibrium 

degree of swelling in response to kinds of salts as well as their concentration [40]. Thus, it is also 

anticipated that ionic strength plays an important role in the thermostability of a colloidal crystal 

formed with soft particles. However, to our best knowledge, there have been no reports on the 

effect of salt on the melting temperature of soft PNIPAM-co-AAc colloidal crystals. 

      Figure 6.5(a) shows the results of the melting temperature of colloidal crystals prepared with 

3.5 wt% of PNIPAM-co-AAc8 particles at pH 4.0 with various N aCl concentration. One  

observes that when NaCl concentration increas es from  0 mM to 10m M,  m elting tem perature 

drops drastically from 47℃ to 31℃, with further increase in NaCl concentration from 10mM to 

50mM, the m elting temperature decreases slowly from  31℃ to 26℃. This can be explained as 

follows: in the absence of added salt, carboxyl gr oups within microgels are partially dissociated 

under these conditions  (pH4.0). Microgels are highly s wollen as a result of the intern al 

electrostatic repulsion between the negative charged residues within m icrogels. It can be 

estimated that the deprotonation degree of carboxyl gr oups is 36% [41]. Therefore, it is expected 

that two main interac tions-the e lectrostatic re pulsive inte raction due to the negative charged  
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carboxyl groups on surfaces of particles and soft repulsion of excluded volume interactions [35]- 

increase the potential barrier  preventing colloidal crystals  from  m elting. However, with 

increasing concentrations of sodi um chloride, the salt screening e ffect lead to the decreas e not 

only in the electros tatic repulsion b ecause Debye screening length beco mes shorter, but also in 

soft repulsion because excluded volume interactions become smaller. Thus, the potential barriers 

for the crystal- liquid transition become lower with  increasing concentration of sodium chloride. 

This gives rise to the decrease in the melting temperature of colloidal crystals. Rheological study 

reveals that with the ad dition of sodium chloride, viscosities re duce in the range of the studied 

shear rate owing to the decrease in both of the repulsive interactions as presented in figure 6.5(b). 

On the other hand, the charge screening effect of salt on the negativel y charged carboxyl groups 

is expected to reduce th e osmotic pressure inside  the m icrogels. Thus, the radius of  m icrogels 

shows a dependence on the sodium  chloride concentration of media, as  pr edicted in figure 5(c). 

It is observed that particle radius shrink from 160nm in the absence of salt to 133nm at 50 mM of 

NaCl concentration. On ce again, th ese results f urther supp ort the conclusion that the m elting 

temperature of colloidal crystals is mainly dominated by repulsive interaction potentials. 

6.3.4 Effect of Polymer Concentration on Melting Temperature of Colloidal Crystals 

      In our previous report [42], we found that PNIPAM microge l crystals m elt around 26 ℃ 

(slightly below the LCST of PNIPAM). This is becau se therm ally in duced desw elling with  

increasing temperature decreases the effective volume fraction of the assem bly, thus driving the 

crystal pha se to the  liq uid ph ase trans ition. Here w e s tudied the dependence of the m elting 

temperature on particle concentr ation, where the assem blies we re prepared with PNIPAM-co-

AAc8 at pH3.0 and 10mM NaCl. The results are presen ted in figure 6(a). It is found that when 

particle concentration l owers from 4.0 wt% to 3.0 wt%, t he m elting te mperature of coll oidal  
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Figure 6.6 (a) Melting tem perature of colloidal crystal versus particle concentration for 
PNIPAM-co-AAc8 at pH 3.0; (b) Diffraction peak  shift versus particle concentration for 
PNIPAM-co-AAc8 at pH 3.0 and 20  ℃; (c) Viscosity versus p article con centration f or 
PNIPAM-co-AAc8 at pH 3.0. Where NaCl concentration was adjusted to 10mM.  
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carboxyl groups and (or) am ide groups, and hydrophobic interactio n between isopropyl groups, 

become dom inate and are the m ain f orces f or st abilizing structur e of  a colloidal crystal [ 25].  

Due to the short-range characteristic of the hydrogen bonding, it is rationalized that the attractive 

interactions reduce while interp lay spacing among particles increases. as it was also reported by 

Lyon’s groups that the s hort-range attractions betw een particles contribute to the crystallization 

of highly concentrated PNIP AM-co-AAc microgels at pH 3.0 and ther malstability of the  

resulting c olloidal c rystals. This  unus ually hi gh me lting te mperature of the de nse c olloidal 

crystals was attributed to the additivity of an attractive pot ential well due to hydrogen bonding 

(<LCST) and/or hydrophobic intera ctions (>LCST) and the rearrangem ent of PNIPAM-co-AAc  

coronas upon close contact [34]. W ith decreasing particle concentration , interp article distan ce 

between la ttices become large r as  dem onstrated with UV-vis spectra m easurements of the 

microgel assembly in figure 6.6(b). One can observe  that a sharp diffracti on peak appearing due  

to Bragg diffraction, red-shifts from 541 to 598 nm as the polymer concentration decreases from 

4.0 to 3.0 wt %. This shift is caused by the lower particle concentration, particles m ove to new 

positions to retain the ordered structures, the distance among the particles become larger, leading 

to the increased interparticle distance in the colloidal crystals and the shift of diffraction peaks to 

lower wavelengths according to Bragg’s law, θλ sin2ndm = [43]. Therefore, the decrease in 

particle concentrations reduces the attraction interac tions among particles in the assem blies and 

lowers the depth of potential wells that make the configurations of the colloidal crystals stable, 

and this reduces the m elting temperature of coll oidal crystals. The above conclusions are again 

verified with the rheological inve stigations, figure 6.6(c) shows th at the viscosity decreases wit h 

particle concentration decreasing, indicating the reduction of the attrac tive interactions am ong 

the particles. 
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6.4. Conclusion 

      Three batches of PNIPAM-co-AAc microgels with  the var ious AAc content wer e 

synthesized using the precipitation polym erization and characterized by li ght scattering. Particle 

size increases with the content of acrylic acid increasing at pH  4.0 and 10mM salt concentration 

as a result of  larger osmotic press ure with th e higher AAc content. More im portantly, the as-

prepared m icrogels are monodisp erse such that they are s uitably used  to s tudy the m elting 

temperature of colloidal crystals. The melting temperature of colloidal crystals formed with pH- 

and temperature- tunable PNIPAM-co-AAc soft microgels was investigated as a function of th e 

degree of deneutralization, salt concentration and particle concentrat ion by using UV-visible 

transmission spectroscopy. The m elting temperature of colloidal crystals increases continuously 

as pH value increases from  2.5 to 4.5, which is ascribed to the enhancem ent in the 

electrostatically repulsive interactions due to  the negatively charged carboxyl groups and the  

excluded volume interactions due to the expansion of particles induced by  the enhanced osmotic 

pressure of the charged carboxyl groups. W e demonstrated experimentally that the particle size 

and viscosity of microgels increased with increasing pH, which was in agreem ent with the result 

of the m elting tem perature experim ents. W ith th e addition of salt, the melting temperatu re of 

colloidal c rystals d ecreases. This is attribu ted to the de crease in bo th the e lectrostatically 

repulsive interaction and softly repulsive interaction of excluded volum e due to the penetration 

of salt into m icrogels to shie ld the negatively charged char ged carboxyl groups. This is 

consistent with the m icrostructure and m acroscopic inv estigation by  the ligh t s cattering an d 

rheological m easurements. W e also studied  the dependence of the m elting temperature of  

colloidal crystals at pH3.0 and 10 mM NaCl on the particle concentr ation. At this pH value, the 

carboxyl groups within microgels are predicted to become protonated, the melting temperature of 
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colloidal crystals is dominated by the attraction interactions, which mainly results from hydrogen 

bonding between particles due to AAc di merization and /or AAc-amide interactions. The 

attraction interactions become weaker when the interparticle distan ce between particles becomes 

larger with the lower particle concentration. This is supported by the shift of the diffraction peaks 

of colloidal crystals to the lower wavelength and the decrease of viscosity. Therefore, the melting 

temperature decreases as the particle dispersion is diluted.  
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CHAPTER 7  

EFFECT OF PARTICLE SIZE ON PHASE BEHAVIOR OF COLLOIDIAL DISPERSIONS 

AND THE IMPROVEMENT OF STABILITY OF COLLOIDAL CRYSTALS BY NaOH-

INDUCED PHYSICAL GELATION 

7.1 Introduction  

      Smart microgels are the cross-linked polymer particles with network structures that are 

swollen and shrunk in response to external environmental changes such as pH, temperature, 

solvent, ionic strength etc [1-4]. Among those microgels, temperature-sensitive poly(N-

isopropylacrylamide) (PNIPAM) microgel is one of the most frequently studied hydrogels as it 

can be used as an ideal microreactor for synthesis of inorganic nanoparticles as a carrier for 

controlled drug delivery [5-9]. On the other hand, PNIPAM microgels, due to the properties of 

its size monodispersity and easily-forming 3D crystalline structures in water, have been used as 

model systems in soft condensed matter to understand structure and phase behavior [10-16]. 

Similar to atomic systems, microgels displayed fluid, crystalline and glassy phases with the 

relevant phase transitions analogous to those observed in atomic systems. Because the lattice 

spacing of those 3D crystalline structures is on the order of hundreds of nanometers, they can 

interact strongly with UV-visible light, giving rising to environmentally-tunable Bragg 

diffraction. Thus, PNIPAM-based microgels have potential applications in the fabrication of 

sensors and optical materials [17-18].  

      PNIPAM microgels swell to an extreme extent at room temperature, and with the water 

content of more than 95 vol%, a soft interaction potential is expected to occur between particles. 

However, with temperature increasing, PNIPAM particles shrink and undergo a reversible 

volume phase transition around 32°C [19]. Therefore, the presence of a soft interaction potential 
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can affect the crystallization and phase transition behavior of crystals. Moreover, the effect of 

cross-linking density of microgels and temperature on the phase behavior of microgel dispersions 

have been investigated recently [10, 20]. However, up to now there still is no report of how the 

particle size affects the phase behavior of microgel dispersions.   

      In this contribution, we first synthesized four batches of poly(N-isopropylacrylamide-co-2-

hydroethyl acrylate) (PNIPAM-co-HEAc) with different particle sizes, in which the 

incorporation of HEAc into particles introduces hydroxyl groups that could be further 

functionalized for sensing applications. Then the effect of particle size on phase behavior is 

explored. Our results demonstrate that particle size indeed plays an important role for the 

formation of colloidal crystals, in addition to factors of temperature and concentration. An 

interesting result is also found when colloidal crystals are formed in NaOH solution. That is, 

microgel particles can still self-assemble into colloidal crystals with the addition of NaOH. More 

importantly, these ordered structures can be locked within the physical gels formed due to 

NaOH-induced sol-gel transition. Therefore, melting temperature and mechanical strength are 

enhanced in comparison with those of colloidal crystals formed in the absence of NaOH. NaOH-

induced physical sol-gel transition is determined by monitoring the change in viscosity and shear 

modulus of particle dispersions as a function of time. The effect of NaOH concentration on the 

melting temperature and mechanical strength of colloidal crystals has also been investigated 

using a UV-vis spectrometer and a rheometer.  Thus, a new route to prepare physical gels with 

ordered structures has been developed.  
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7.2 Experimental Section 

7.2.1 Materials  

      N-Isopropylacrylamide (NIPAM) was purchased from Polysciences Inc. 2-Hydroxyethyl 

acrylate (HEAc), Potassium persulfate (KPS), sodium hydroxyl (NaOH) and Sodium Dodecyl 

sulfate (SDS) were purchased from Aldrich Chemical Co. Methylene-bis-acrylamide (BIS) was 

purchased from Bio-Rad Lab. Deionized water was used throughout all the experiments. 

7.2.2 Microgel Preparation 

      Four different batches of PNIPAM-co-HEAc microgel dispersions were prepared by using 

precipitation polymerization. The composition of the pregel solutions for each of four batches is 

listed in table 7.1.  Briefly, NIPAM, HEAc, BIS and SDS were mixed with 240 g deionized 

water in a reactor. The solution was stirred and heated to 70℃ under nitrogen for 30 min. KPS 

dissolved in 20 g of deionized water was added to start the reaction. The reaction was carried out 

at 70℃ for 4.0 h. After cooling the solution to room temperature, the reaction dispersion was 

exhaustively dialyzed in a dialysis tube for one week while the deionized water outside the tube 

was changed twice a day. Concentrated particles were obtained by centrifuging the dispersions. 

The solid contents of those concentrated particles were calculated by drying method. 

7.2.3 Dynamic Light Scattering 

      To determine the sizes of the synthesized particles, a commercial laser light-scattering (LLS) 

spectrometer (ALV/DLS/SLS-5000) equipped with an ALV-5000 digital time correlator was 

employed with a He-Ne laser (Uniphase 1145P, output power = 22 mW, λ= 632.8 nm) as the 

light source, the scattering angle was fixed at 90º and the microgel concentrations were adjusted 

to 7.0x10-5 g/ml for all the measturements. 
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Table 7.1 Compositions of pregel solutions for preparing PNIPAM-co-HEAc microgels. 

Batch  NIPAM(g) HEAc(g) BIS(g) SDS(g) KPS(g) Water(g) Rh (nm)* 

1 

2 

3 

4 

3.79 

3.79 

3.79 

3.79 

0.4 

0.4 

0.4 

0.4 

0.066 

0.066 

0.066 

0.066 

0.19 

0.15 

0.12 

0.10 

0.166 

0.166 

0.166 

0.166 

260 

260 

260 

260 

149 

167 

180 

203 

* measured at 21℃. 

7.2.4 UV-Vis Spectrophotometer 

      The UV-vis absorbance spectra were measured at 1 nm resolution using UV-Vis 

Spectrophotometer (Agilent 8543) from λ= 200-900 nm. The turbidities of the samples were 

obtained from the ratio of the transmitted light intensity (It) to the incident intensity (Io) as α=-

(1/L) ln(It/Io). where L is the sample thickness . The temperature of the samples was controlled by 

a circulation water bath.  

7.2.5 Rheological Characterization 

      Dynamic rheological analysis was performed with a strain-controlled rheometer (ATS 

Viscoanalyser) equipped with a solvent trap to prevent water evaporation. During all the 

experiments, a 2.5 cm diameter parallel plate geometry was used and the sample gap was 

adjusted to 0.5 mm. All the rheological experiments were performed within the linear 

viscoelastic region. The dynamic modulus and complex viscosity were determined with the 

Rheoexplorer v5.0 software. 

7.3 Results and Discussion 

       Four batches of PNIPAM-co-HEAc microgel paticles were synthesized by using 

precipitation polymerization. Paticle sizes were tuned by adding SDS into reaction solutions. 
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Figure 7.1(a) shows the hydrodynamic radius distributions of four as-prepared PNIPAM-co-

HEAc microgels in the diluted dispersions at 21 . As the SDS content decreases from 0.19 g to ℃

0.10 g, the average hydrodynamic radius of microgels increases from 149nm, 167nm, 180nm to 

203nm, respectively. All the particles are monodisperse (PDI<1.1) [21] and therefore could 

easily self-assemble into ordered arrays. The temperature dependence of the hydrodynamic radii 

 
 
 
 
 
 
 
 
 
 
 
 
 
       

 
Figure 7.1 (a) Hydrodynamic radius distributions of four PNIPAM-co-HEAc microgels in the 
diluted dispersions at 21℃; (b) The temperature dependence of the hydrodynamic radii for 
PNIPAM-co-HEAc microgels of batch 1 and batch 2. 
 
 
for PNIPAM-co-HEAc microgels for batch 1 and batch 2 are showed in figure 7.1(b). At 21℃, 

the microgels were in the swollen state. When heated to 40 ℃, the microgels were in the 

collapsed state due to the expulsion of water from the network. The particle size for batch 1 and 

2 reduced from 149nm and 167nm at 21℃ to 53nm and 59nm at 40 ℃, respectively. The volume 

phase transition temperature (Tc) is usually defined as the temperature at which the derivative of 

the hydrodynamic radius vs temperature curve reaches a maximum value. For the PNIPAM-co-

HEAc microgels, Tc of batch 1 and batch 2 were the same at about 34.5℃, slightly higher than 
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that of PNIPAM microgels. This was expected because the hydroxyl groups in HEAc are 

hydrophilic, thus the incorporation of HEAc makes microgels more hydrophilic so that Tc shifts 

to a higher temperature.   

 

(a) 
 

 

(b) 
Figure 7.2 Photographs of PNIPAM-co-HEAc microgel dispersions with different particle sizes 
at 21℃. (a) For Rh = 149nm (batch 1). The particle concentration was 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 
and 2.0 wt % from left to right; (b) For Rh = 167nm (batch 2). The particle concentrations were 
1.3, 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9 wt % from left to right.  
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      The phase behavior of PNIPAM-co-HEAc microgel dispersions for the microgel dispersion 

with Rh=149nm were readily observed, as showed in figure 7.2(a) at 21℃. When particle 

concentrations were below 1.5 wt%, microgel particles were well separated, the interactions 

between particles were negligible and the microgels freely diffused in water. These microgel 

dispersions were in the liquid state. When the particle concentrations were increased within the 

range of 1.5 wt% and 1.9 wt%, the microgel particles had not only enough interactions but also 

sufficient freedom to form colloidal crystals. When particle concentrations were raised above 1.9 

wt%, the high viscosity of the microgel dispersions hindered the free movement of microgel 

particles such that the glass phases were formed. The crystal formation of PNIPAM-co-HEAc 

microgel particles relies not only on the concentration of PNIPAM-co-HEAc microgel particles, 

but also on particle sizes. As particle sizes increase, the formation of colloidal crystals occurs at 

lower concentrations. One observes from figure 7.2(b) that when the hydrodynamic radius of 

PNIPAM-co-HEAc microgel particles increased from 149nm to 167nm (batch 2), the particle 

concentration range for crystallization decreased to between 1.4 wt% and 1.8wt%.  

     Figure 7.3 summarizes the phase behaviors of the PNIPAM-co-HEAc microgel dispersions as 

a function of temperature, particle concentration, and particle size. Here Tc (dashed line) is the 

volume phase transition temperature of PNIPAM-co-HEAc microgel particles.  Tm (open circles) 

is the melting transition temperature, which defines the temperature at which PNIPAM-co-HEAc 

microgel dispersions transfer between the liquid phase and the crystal phase. Tg (solid circles) is 

the glass transition temperature, which defines the temperature at which PNIPAM-co-HEAc 

microgel dispersions transfer between the glass phase and the crystal phase. The phase 

transitions of PNIPAM-co-HEAc microgel dispersions are similar to those of pure PNIPAM 

microgel aqueous dispersions [15]. With temperature-dependent size and energy parameters, 
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Figure 7.3 Phase behaviors of the PNIPAM-co-HEAc microgel dispersions with different 
particle sizes: (a) Rh=149nm (batch 1); (b) Rh=167nm (batch 2); (c) Rh=180nm (batch 3); 
Rh=203nm (batch 4); (e) size-dependent phase behavior of PNIPAM-co-HEAc microgel 
dispersions at 21 .℃  
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a Sutherland-like potential is given to explain the interparticle potential of PNIPAM particles in 

swollen and in collapsed phases. Aqueous dispersions of PNIPAM microgels can freeze at either 

low or high temperature according to the phase diagram modeled by using a first-order 

perturbation theory and an extended cell model. For large particle volume fraction (low particle 

concentration), Tm occurs at low temperature. The phase transition from the crystal phase to the 

glass phase across Tg for PNIPAM-co-HEAc microgel dispersions results from the high viscosity 

caused by the large particle volume fraction (high particle concentration). In this state, PNIPAM-

co-HEAc microgel particles lose freedom of movement and are not able to reach the crystalline 

positions.  

      Here we focused on particle concentration regions for which crystallization took place as a 

function of temperature and particle size. With the increase of temperature, crystallization shifted 

to the higher polymer concentration range. Microgels of particle radius 149nm formed crystals 

between 1.5 and 1.9 wt % at 21 ℃. When the temperature was heated to 29 ℃, the particle 

concentration range for crystallization increased to within the range of 2.7 and 3.4 wt %. This 

can be explained by the factor that PNIPAM-co-HEAc particles pumped out water of their 

networks and the particle sizes became smaller as the temperature increased, as showed in figure 

7.1(b). Therefore, higher particle concentrations (more particles) are needed to obtain sufficient 

interparticle interactions for the formation of colloidal crystals as the temperature increases. 

Similarly, the particle size has an impact on the phase behaviors of microgel dispersions. Figure 

7.3(e) shows the size-dependent phase behavior of PNIPAM-co-HEAc microgel dispersions at 

21℃. It has been reported that crystallization for microgels starts at the effective volume fraction 

of ca. 0.59 in comparison with that of 0.494 for hard particles [10]. At the same concentration, 

the effective volume fraction of PNIPAM-co-HEAc particles increases as the particle size 
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increases. As a result, at low concentration (1.0 wt%), crystallization for larger microgels occurs 

due to the substantial effective volume fractions, while smaller microgel particles diffuse into the 

liquid state due to the lack of effective volume fraction. At high particle concentration (1.5 wt%), 

crystallization for smaller microgels takes place due to enough effective volume fraction, while 

the glass state for larger particles results due to the loss of free movement at high effective 

volume fraction.   

         

 

 

 

 

 

 

 

Figure 7.4 Turbidity vs wavelength curve measured with a UV-vis spectrophotometer at 21℃. (a) 
UV-vis spectra of the PNIPAM-co-HEAc microgel dispersion at various concentrations for batch 
2; (b) UV-vis spectra of the PNIPAM-co-HEAc microgel dispersion with different particle sizes 
at particle concentration of 1.6 wt%. 
 
       
      Owing to diffraction, resulting from ordered colloidal structures with lattice spacing on the 

order of the wavelength of visible light, the iridescent color can be observed in the dispersions. 

Figure 7.4(a) shows UV-vis spectra of the PNIPAM-co-HEAc microgel dispersions at various 

polymer concentrations, where the particle radius was 169nm (batch 2). The sharp peak was due 

to Bragg diffraction and shifted from 596, 624 to 648 nm as the polymer concentration decreased 

from 1.8%, 1.6% to 1.4 wt %. This shift is due to the increase in the interparticle distance with 
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decreasing polymer concentration. Figure 4(b) shows UV-vis spectra of the PNIPAM-co-HEAc 

microgel dispersions with different particle size at the same particle concentrations. When 

particle size increased from 149nm, 167nm to 180nm, the diffraction peak shifted from 572nm, 

623nm to 683nm, respectively. This red shift is due to interparticle distance increasing with the 

increase in particle size. The diffraction wavelength is related to interplane spacing according to 

the Bragg equation, mλ=2ndsinθ, where n is the mean refractive index of the dispersion, θ is the 

diffraction angle, d is the lattice spacing, m is the diffraction order, and λ is the wavelength of 

diffracted light [13, 22]. 

 

 

 

 

 

 

 

 

       

 

 

 
 
 
 
 
 
Figure 7.5 Schematic illustration of NaOH-induced sol-gel transition of PNIPAM-co-HEAc 
colloidal crystal. 
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      The direct application of colloidal crystals formed with PNIPAM-co-HEAc particle 

dispersions are considerably limited since crystalline structures might be easily destroyed by 

some external perturbations such as small vibration or temperature fluctuation. Thus, several 

approaches have been developed to stabilize these crystalline structures and enhance their 

mechanical strength [20, 23-24]. 

 

 

 

 

 

 

 

 

Figure 7.6 Hydrodynamic radius distributions (f(Rh) of  PNIPAM-co-HEAc  microgels (batch 2) 
measured before and 48 hours after hydrolysis reaction in 10mM NaOH solution at 21℃.  
 
 
      Here we developed a novel method to stabilize the ordered arrays by NaOH-induced sol-gel 

transition. The basic idea is schematically shown in figure 7.5. The PNIPAM-co-HEAc particles 

in NaOH solutions were first self-assembled into colloidal crystals. The swelling of microgels 

due to hydrolysis of ester bonds in particles led to the physical gelation of colloidal crystals. 

Figure 7.6 shows the hydrodynamic radius distributions of PNIPAM-co-HEAc microgels (batch 

2) before and after hydrolysis of ester bonds in NaOH solutions. The average hydrodynamic 

radius was 167nm and particle size distribution was narrow before hydrolysis. However, the 

average hydrodynamic radius increased to 188nm and particle size distribution became even 
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narrower. This increase in particle size is understandable because with the addition of NaOH, 

The ester bonds in HEAc residues of microgels are cleaved and converted into sodium 

carboxylic groups due to the ester hydrolysis reaction [25]. The hydrolysis reaction is 

schematically illustrated in figure 7.7.  

 

 

 

Figure 7.7 Schematic illustration of ester hydrolysis reaction 
 
 
      Sodium carboxylic groups within mcrogels lead to the close packing of microgels. This is 

due to the swelling of microgels induced by the increase in internal osmotic pressure inside 

networks, giving rise to a sol-gel transition to form an elastic hybrid gel [26-27].  

 

 

 

 

 

 

 

Figure 7.8 Crystallization kinetics of PNIPAM-co-HEAc microgel dispersion for batch 2. (a) The 
average linear crystal size versus time; (b) Diffraction peak versus time. Where particle 
concentration was 2.0 wt%, NaOH concentration was 15mM and temperature was set to 23℃. 
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induced hydrolysis reaction. Otherwise, the close packing of microgels in the hybrid gel due to a 

faster sol-gel transition induced by the hydrolysis reaction makes it difficult for particles to move 

freely so that colloidal crystals cannot be formed. Thus, we investigated the kinetics of 

crystallization and sol-gel transition for PNIPAM-co-HEAc microgel dispersions (batch 2) in 

NaOH solutions. The crystallization kinetics of PNIPAM-co-HEAc microgel dispersions in 

NaOH solutions was investigated according to the recent paper published by our group [28]. As 

presented in figure 7.8(a).  

 

 

 

 

 

 

 

Figure 7.9 Time-dependent dynamic modulus and complex viscosity of PNIPAM-co-HEAc 
microgel dispersion (batch 2). Where particle concentration was 2.0 wt%, NaOH concentration 
was 15mM and temperature was set to 23℃. 
 
 
      Here L(t) indicates the average linear crystal size, which is defined as RtwKtL q )(/)( π= , 

where 155.1=k  is the Scherrer constant for a cubic crystal, R is the particle radius and )(twq  is 

the width of the peak at half-maximum calculated from the diffraction peaks measured by the 

UV-vis spectroscopy(see in figure 7.8(b)). One observes that a weak diffraction peak appeared 

for about12min and diffraction intensity increased with time (so did the average linear crystal 

size). After around 1.5 hours, diffraction intensity (also the average linear crystal size) reached 

maximum and the average linear crystal size flattened out with time. Figure 7.9 shows the 
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evolution of dynamic modulus (G’, elastic modulus; G’’, loss modulus) and complex viscosity 

(η*) with time during the NaOH-induced hydrolysis reaction.  When the gelation time was less 

than 12 hours, the viscosity of the dispersion was low and G’’ was higher than G’, indicating the 

particle dispersion was still in the sol state. With increasing time, viscosity increased and the 

faster increase of G’ relative to G’’ gave rise to a crossover point at around 12 hours, which is an 

indication of the sol-gel transition. After 12 hours, G’ was much higher than G’’ and both G’ and 

G’’ and viscosity gradually approached plateaus. This indicates that the elastic response 

dominates thanks to the formation of the physical gel [29-30]. Thus, the rate of crystallization is 

faster in comparison with that of the physical gelation for the PNIPAM-co-HEAc microgel 

dispersions. This allows the colloidal crystals to be formed in the sol state and then be locked 

after the physical gelaton due to the swelling of microgels induced by NaOH-catalyzed 

hydrolysis reaction of ester bonds. 

 

 

 

 

 

 

 

 

Figure 7.10 Effect of NaOH concentration on dynamic modulus and complex viscosity for 2.0 wt% 
PNIPAM-co-HEAc microgel dispersion at room temperature. All the samples were measured 48 
hours after the addition of NaOH.  
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      Since the NaOH concentration has an impact on the hydrolysis reaction of ester bonds of 

HEAc within microgels, it is expected that the gelation of PNIPAM-co-HEAc microgel 

dispersions depends on NaOH concentration. The results are presented in Figure 7.10. When 

NaOH concentration increased from 0 mM to 7 mM, the viscosity increased quickly but G’’ was 

higher than G’, indicating that no gelation occurred. With the NaOH concentration increasing to 

between 10 mM to 20 mM, the viscosities of dispersions reached maximum and was almost 

independent of NaOH concentrations. Meanwhile, G’ became higher than G’’, indicating that the 

physical gelation occurred in this range of NaOH concentrations. With the further increase in 

NaOH concentration, the viscosity started to reduce and G’’ was higher than G’ again, thus 

indicating that dispersions had fallen into the liquid states. Figure 7.11 shows the photographs of 

PNIPAM-co-HEAc colloidal crystals at various NaOH concentrations. At very low or high 

NaOH concentration, samples were able to flow and crystal structures easily were destroyed with 

the slightest of shaking. However, at the midrange of NaOH concentration, these assemblies 

were in solid-like states and thus did not significantly deform due to gravity as apparent from the 

inverted orientation of the tubes.   

 

 

 

 

 

 

 
Figure 7.11 Photographs of 2.0% wt PNIPAM-co-HEAc colloidal crystals at various NaOH 
concentrations, which were taken 48 hours after samples were prepared: (A) 0mM, (B) 3mM, (C) 
10mM, (D) 15mM, (E) 25mM. 
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      The effect of NaOH concentration on the melting temperature of PNIPAM-co-HEAc 

colloidal crystals has also been investigated by using UV-vis spectroscopy. Figure 6.12(a) shows 

a typical turbidity profile versus temperature for a crystal hydrogel assembled from 2.0 wt% 

PNIPAM-co-HEAc microgel dispersion at 10mM of NaOH concentration. The intensities of the 

diffractions increase as temperature increases. This is because the dielectric constant modulation 

increases due to the shrinking of microgels upon heating, thus resulting in the increase in the 

diffraction efficiency [23]. When heated above 42℃. Diffraction intensity decreases due to the 

decrease in the ordering of crystals. At 43°C, the diffraction peak disappears, indicating that the 

melting temperature (Tmp) is reached.     

 

 

 

 

 

 

 

 
Figure 7.12 (a) A typical turbidity profile versus temperature (CNaOH:10mM); (b) Melting 
temperature of colloidal crystals versus NaOH concentration. Where the concentration of  
PNIPAM-co-HEAc particles (batch 2) was 2.0 wt%. 
 
 
      Figure 7.12(b) summarizes the effect of NaOH concentration on the melting temperature of 

PNIPAM-co-HEAc colloidal crystal. One observes that the melting temperature increases with 

the increase of NaOH concentration. When NaOH concentration increased to 10mM, the melting 

temperature reached maximum. With further increase in NaOH concentration, the melting 
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temperature leveled off. However, when NaOH concentration was increased to 25mM, the 

melting temperature started to decrease. These results are consistent with those of rheological 

investigation.   

      The above observations can be explained as follows: with NaOH concentration increasing, 

more and more negative charged carboxyl groups are formed through the saponification of the 

ester bonds in HEAc residues. PNIPAM-co-HEAc microgels expand due to the repulsive 

electrostatic interactions of the negative charges. This enhances the interactions between 

particles, leading to the increase in the viscosity and the melting temperature. But before NaOH 

concentration is increased to 10mM, the interactions between particles due to the microgel 

expansion are not strong enough to induce the formation of the physical gelation (G’’ > G’). 

When the NaOH concentration is increased to the range between 10mM and 20mM, maximum 

swelling of PNIPAM-co-HEAc microgels due to maximum degree of hydrolysis of ester bonds 

results in the strongest interactions between particles. Therefore, physical gels are formed 

(G’>G’’) and viscosity and the melting temperature reach their maxima. With further increase in 

NaOH concentration, the excess NaOH acts as an electrolyte and microgels shrink as a result of 

the electrolyte screening of the internal charge repulsion, thus reducing interactions between 

particles. This results in the reduction of the viscosity and the melting temperature. 

7.4 Conclusion 

      Monodisperse PNIPAM-co-HEAc colloidal spheres with various particle sizes were 

synthesized by using precipitation polymerization. The phase behavior of these microgel 

dispersions were investigated as a function of particle concentration, temperature, and particle 

size. It is found that these microgel dispersions exhibit liquid, crystal, and glass phases. The 

formation of colloidal crystals of PNIPAM-co-HEAc is dependent not only on particle 
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concentration but also on particle size and temperature. As particle size increases, the formation 

of colloidal crystals occurs at lower concentrations. At about 21°C, the range of particle 

concentration of crystallization for particles with the radius of 149 nm was between 1.5 and 1.9 

wt % but decreases to 0.7-1.2 wt % for particles with the radius of 203nm. Crystal phases for all 

the samples shifted to higher concentration ranges as temperature increased. 

      With the addition of NaOH, the negatively charged carboxyl groups due to the hydrolysis 

reaction of ester bonds in HEAc residues induces the formation of close- packed microgels 

following the expanding of microgels. This close packing effect can give rise to a sol-gel 

transition to form a hybrid gel with a crystalline structure. Therefore, such a crystalline structure 

can be stabilized with a NaOH-induced sol-gel transition. The effect of NaOH concentration on 

the formation of physical gelation was investigated. When NaOH concentration was less than 

10mM or more than 20mM, the weak interactions between particles, due to incomplete 

hydrolysis of ester bonds at low NaOH concentration or the screening effect of the excess NaOH 

at high NaOH concentration, did not induce the occurrence of physical gelation. When NaOH 

concentration was adjusted to between 10mM and 20mM, the strong interactions between 

particles,as a result of the maximum hydrolysis of ester bonds and the negligible screening 

effect- indeed made physical gelation occur. This can improve the mechanical strength and 

melting temperature of the crystalline assemblies. Such a hybrid gel with crystalline structure 

might serve as an optical filter in response to environmental changes.    
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CHAPTER 8 

CONCLUSION 

      This dissertation mainly focuses on the synthesis and properties of polymer nanoparticles, 

including HPC microgels, PNIPAM microgels, PS nanoparticles, PLA nanoparticles, positive-

charged PNIPAM-co-Allylamine microgels, PNIPAM-IPN-PAAc microgels and PNIPAM-co-

HEAc microgels, and their applications as biomaterials and colloidal crystals. The main contents 

are concluded as follows:   

      (1) Thermally-responsive hydrogel nanoparticles of PNIPAM and HPC have been 

synthesized. The particle size has been correlated to surfactant concentration and polymer 

concentration using dynamic laser light scattering techniques. The tissue compatibility of these 

hydrogel nanoparticles has been evaluated by comparing with PLA and PS nanoparticles using a 

mouse implantation model. Our results suggest that both PNIPAM and HPC nanoparticles 

triggered lesser inflammatory and fibrotic responses among all nanoparticles tested. This may be 

because the hydrophobicity of both PLA and PS nanoparticles is responsible to strong foreign 

body reactions. It is likely that these hydrogel nanoparticles may be suitable for tissue 

augmentation or drug-delivery devices. 

      (2) The dispersion of microgels with two interpenetrating polymer networks of PNIPAM and 

PAAc (PNIPAM-IPN-PAAc) has been synthesized and studied for its viscoelastic behavior, 

biocompatibility, and in vivo release properties. The IPN microgels in water have an average 

hydrodynamic radius of about 85 nm at 21℃, measured by dynamic light scattering method. The 

atomic force microscope image shows that the particles are much smaller after they are dried but 

remain spherical shape. The storage and loss moduli (G′ and G′′) of dispersions of IPN microgels 

are measured in the linear stress regime as functions of temperature and frequency at various 
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polymer concentrations. For dispersions with polymer concentrations of 3.0 and 6.0 wt % above 

33℃, the samples behave as viscoelastic solids and the storage modulus is larger than the loss 

modulus over the entire frequency range. The loss tangent is measured at various frequencies as 

a function of temperature. The gelation temperature is determined to be 33℃ at the point where a 

frequency-independent value of the loss tangent is first observed. At pH 2.5, when heated above 

the gelation temperature, IPN microgels flocculate by pumping a large amount of water from the 

gel. When the pH value is adjusted to neutral, deprotonation of -COOH groups on PAAc made 

the microgel keep water even above the gelation temperature. Using an animal implantation 

model, the biocompatibility and drug release properties of the IPN microgel dispersion are 

evaluated. Fluorescein as a model drug is mixed into an aqueous microgel dispersion at ambient 

temperature. This drug-loaded liquid is then injected subcutaneously in Balb/C mice from 

Taconic Farms. The test results have shown that the IPN microgels do not adversely promote 

foreign body reactions in this acute implantation model and the presence of gelled microgel 

dispersion substantially slows the release of fluorescein. These findings may lead to the 

development of novel slow release devices with improved safety and efficacy. 

      (3) A novel emulsion method has been demonstrated to grow columnar hydrogel colloidal 

crystals by mixing an aqueous suspension of PNIPAM-co-Allylamine microgels with organic 

solvent, driven by the coalescence of micelles consisting of organic oil droplets coated by many 

microgels. This method leads to microgel colloidal crystals of several centimeters growing from 

the top to the bottom along the gravity direction. Because both temperature and polymer 

concentration play critical role for the formation of columnar crystals, a phase diagram has been 

determined, and it can be used as a guide to selectively grow different crystals, including 
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columnar crystals and randomly oriented crystals, and enable the coexistence of columnar 

crystals and randomly oriented crystals. 

      (4) Monodisperse spheres composed of copolymer of N-isopropylacrylamide (PNIPAM) and 

N-hydroxymethylacrylamide (NMA) have been prepared using precipitation polymerization 

method. The microgel undergoes the volume phase transition temperature at about 34.5 , as 

measured by dynamic light scattering. AFM imaging shows that the microgels arrange 

themselves into polycrystalline domains as they were dried in air. A dilute dispersion of these 

microgels with polymer concentration of 0.8 wt% is allowed to slowly dry in air, resulting in the 

formation of microgels crystalline structures at the air/dispersion interface. Taking advantage of 

self-crosslinking property of NMA, the neighboring PNIPAM-NMA microgels react to form a 

covalent bond to stabilize the crystalline structure after water was completely evaporated from 

the particle dispersion at ambient temperature for three weeks. After immersed in water, this film 

not only swelled like a conventional hydrogel but also exhibited iridescent colors due to long 

range ordered microgel arrays. UV-visible spectra of the crystalline hydrogel film shifted to 

shorter wavelengths when the temperature increased due to the decrease of the interparticle 

spacing. The shear stress-strain relationship was determined using a rheometer. For small 

deformation, the shear moduli of the crystalline hydrogel film were measured to be about 397 Pa 

at 25  and 614 Pa at 40 , respectively. The increase of shear modulus with temperature may 

be qualitatively understood according to classical theory of neutral gels composed of Gaussian 

chains. 

      (5) Three pH- and temperature-sensitive PNIPAM-co-AAc microgels containing 12, 8 and 4 

mol% AAc are synthesized and characterized by dynamic light scattering technology. These 

three microgels are monodisperse so that they easily self-assemble into colloidal crystals. The 
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melting temperature of those colloidal crystals is investigated as a function of pH, salt 

concentration and particle concentration by using UV-visible transmission spectroscopy. The 

melting temperature of colloidal crystals increases as pH value increases from 2.5 to 4.5 as a 

result of the enhancement in the electrostatically repulsive interactions due to the negatively 

charged carboxyl groups and the excluded volume interactions due to the expansion of particles 

induced by the enhanced osmotic pressure of the charged carboxyl groups. The increase in 

interactions also is demonstrated experimentally by measuring change in particle size and 

viscosity of dispersions using DLS and rheometer. At pH 3.0, the melting temperature increases 

with the increase in AAc content of PNIPAM-co-AAc microgels. Our studying reveals that salt 

concentration also affects the melting temperature of colloidal crystals. This is, the melting 

temperature reduces as salt concentration increases. This is attributed to the decrease in both the 

electrostatically repulsive interaction and softly repulsive interaction of excluded volume due to 

the penetration of salt into microgels to shield the negatively charged charged carboxyl groups, 

which is consistent with the microstructure and macroscopic investigation by the light scattering 

and rheological measurements. We also investigate the dependence of the melting temperature of 

colloidal crystals on the particle concentration under pH 3.0 and 10mM of salt concentration. At 

this pH value, the carboxyl groups in microgels were predicted to become protonated, the 

crystal’s melting temperature is dominated by the attraction interactions, which mainly results 

from hydrogen bonding between particles due to AAc dimerization and /or AAc-amide 

interactions. The attraction interactions become weaker when the interparticle distance between 

particles become larger with the lower particle concentration, which is revealed by the shift of 

the diffraction peak of crystals to the lower wavelength and viscosity decreasing. Therefore, the 

melting temperature decreases as the particle dispersion is diluted.  
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      (6) Four monodisperse PNIPAM-co-HEAc colloidal spheres with different particle size are 

synthesized. The phase behaviors of dispersions of these microgels are investigated versus 

particle concentration, temperature, and particle size. Depending on particle size, concentration 

and temperature, liquid, crystal and glass phases can be observed. As particle size increases, 

crystal phase takes place in low concentration range. As temperature increases, crystal phases for 

all the samples shift to high concentration ranges. Phase diagrams for four microgels with 

various sizes are determined and used to guide growth of colloidal crystals. A new method to 

stabilize crystalline structures has been developed by adding NaOH into dispersions, due to the 

swelling of microgels resulting from the negative charged carboxyl groups due to the hydrolysis 

reaction of ester bonds in HEAc, to induce the formation of close packing of microgels. The 

effect of NaOH concentration on the formation of physical gelation has been investigated. When 

NaOH concentration was less than 10mM or more than 20mM, the decrease in interactions 

between particles, due to incomplete hydrolysis of ester bonds at low NaOH concentration or the 

screening effect of the excess NaOH at high NaOH concentration, does not lead to the formation 

of the physical gelation. When NaOH concentration is adjusted to between 10mM and 20mM, 

the strong interactions between particles as a result of the complete hydrolysis of ester bonds and 

the negligible screening effect, indeed induce the formation of physical gelation. By this method, 

we can improve the mechanical strength and thermostability of the crystalline assemblies. 

Therefore, such a hybrid gel with crystalline structure may serve as an optical filter in response 

to environmental changes.    

 

 

 



143 
 

Chapter References 

[1] Zhou, J.; Wang, G.; Zou, L.; Tang, L.; Marquez, M.; Hu, Z. H.  Biomacromolecules, 2008, 9, 

142–148.  

[2] Zhou, J.; Wang, G.; Marquez, M.; Hu, Z. H. Soft Matter, 2009, 5, 820–826. 

[3] Zhou, J.; Cai, T.; Tang, S.; Marquez, M. Hu, Z. H. Langmuir, 2006, 22, 863-866. 

[4] Weng, H.; Zhou, J.; Tang, L.; Hu, Z. H. J. Biomaterials Sci.–Polymer Ed., 2004,15, 1167-

1180. 

[5] Kramer, P. R.; Guan, G.; Zhou, J.; Hu, Z. H.; Bellinger, L. L. Physiology & Behavior, 

2008,93, 546–552. 

[6] Nguyen, K. T.; Shukla, K. P.;  Moctezuma, M.; Braden, A. R. C.;  Zhou, J.; Hu, Z. B.; Tang, 

L.  Journal of Biomedical Materials Research Part A,  2009,  88A, 1020-1030. 

[7] Hu, Z. H.; Zhou, J.; Cai, T.; Tang, S.; Marquez, M. “Synthesis of columnar hydrogel 

colloidal crystals in water-organic solvent mixture,” US patent application filed 

(PCT/US2006/036879).  

[8] Zhou, J.; Wang, G.; Marquez, M.; Hu, Z. H. “Effect of pH value, ionic strength and polymer 

concentration on melting temperature of colloidal crystal formed with pH-,temperature-sensitive 

soft microgels”, Soft Matter (Manuscript in revision) 

 



 144

APPENDIX 

LIST OF ABBREVIATIONS 



 
  

 

                                                            

AAc                         Acrylic acid 

AFM                        Atomic force microscopy  

APS                         Ammonium persulfate 

APD                        Avalanche photo diode 

BIS:                         Methylene-bis-acrylamide 

DLS                         Dynamic light scattering 

DSC                         Differential scanning calorimetry 

DTAB                      Dodecyltrimethyl ammonium bromide 

DVS                         Divinyl sulfone  

G′                             Storage modulus 

G′′                            Loss modulus 

HA                           Hyaluronic acid 

HEAc                       2-Hydroxyethyl acrylate 

HPC                         Hydroxypropyl cellulose 

KPS                         Potassium persulfate 

IPN                          Interpenetrating polymer networks 

LCST                       Lower critical solution temperature 

LLS                          Laser light scattering 

MC                           Methylcellulose 

NaAc                        Sodium acrylate 

NIPAM                     N-Isopropylacrylamide 
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NMA                        N-Hydroxymethylacrylamide 

NMR                         Nuclear magnetic resonance 

PAAc                        Poly (acrylic acid) 

PAAM                       Polyacrylamide 

PDI                            Polydispersity index 

PEG                           Poly (ethylene glycol) 

pKa                              Acid dissociation constant    

PLA                            Poly-L-lactic acid 

PMAA                        Poly (methacrylic acid) 

PMMA                        Poly (methyl methacrylate) 

PNIPAM                     Poly (N-isopropylacrylamide) 

PS                                Polystyrene           

PVA                             Poly (vinyl alcohol)  

Rg                                 Radius of gyration 

Rh                                 Hydrodynamic radius 

SDS                              Sodium dodecyl sulfate 

Tan (δ)                          Loss tangent 

TEMED                        Tetramethylethylenediamine 

146



 

BIBLIOGRAPHY 

[1] Park, K.; Shalaby, W. S. W.; Park, H. “Biodegradable Hydrogels for Drug Delivery”, 

Technomic Publishing Company, Inc., Basel, 1993, 1-12.  

[2] Qiu, Y.; Park, K. Adv. Drug Deliv. Rev., 2001, 53, 321-339. 

[3] Chen, S. C.; Wu, Y. C.; Mi, F. L.; Lin, Y. H.; Yu, L. C.; Sung, H. W. Journal of Controlled 

Release,  2004, 96, 285-300. 

[4] Torres-Lugo, M.; Peppas, N. A. Macromolecules, 1999, 32, 6646 -6651. 

[5] Khare, A. R.; Peppas, N. A. Biomaterials, 1995, 16, 559-567. 

[6] Siegel, R. A.; Firestone, B. A. Macromolecules, 1988, 21, 3254-3259. 

[7] Zhao, B.; Moore, J.S. Langmuir, 2001, 17, 4758 -4763. 

[8] Dong, L. C., Hoffman, A. S. ACS Symposium Series 350, American Chemical Society,  

Washington, DC, 1987, 236-244.  

[9] Ruel-Gariepy, E.; Leroux, J. C.  Eur. J. Pharm. Biopharm., 2004, 58, 409–426. 

[10] Park, T. G.; Hoffman, A. S. Journal of Applied Polymer Science, 1992, 46, 659 – 671. 

[11] Feil, H.; Bae, Y. H.; Feijen, J.; Kim, S. W. Macromolecules, 1992, 25, 5528-5530. 

[12] Filipcsei, G.; Fehér, J.; Zrínyi, M. Journal of Molecular Structure, 2000, 554, 109-117. 

[13] Kost, J.; Langer, R. Adv. Drug Deliv. Rev., 2001, 46, 125–148.  

[14] Hoffman, A. S. Adv. Drug Deliv. Rev., 2002, 43, 3. 

[15] Am Ende, M. T.; Peppas, N. A. J. Appl. Polymer Sci., 1996, 59, 673–685. 

[16] Am Ende, M. T.; Peppas, N. A. J. Control Rel., 1997, 48, 47–56. 

[17] Sparer, R. V.; Ehwuiibe, N.; Walton, A. G. Controlled Release Delivery Systems,  Roseman, 

T. J.; Mansdorf, S. Z., New York, NY: Marcel Dekker Inc., 1983. 

[18] Vogl, O.; Immergut, E. H. “Polymer Science in the Next Decades. Trends, Opportunities, 

147



 
 

Promises”, New York, NY: John Wiley&Sons, 1987. 

[19] Giammona, G.; Pitarresi, G.; Cavallaro, G.; Spadaro, G. J. Biomed. Sci. Polym. Ed., 1999, 

10, 969–987. 

[20] Peppas, N.A., Merrill, E.W. J. Appl. Polym. Sci., 1977, 21, 1763–1770. 

[21] Tanaka, F.; Edwards, S. F. Macromolecule, 1992, 25, 1516-1523. 

[22] Israelachvili, J. N. “Intermolecular and Surface Forces”, New York, NY: Academic Press, 

1985. 

[23] Eagland, D.; Crowther, N. J.; Butler, C. J. Eur. Polym., 1994, 30, 767–773. 

[24] Gacesa, P. Carbohydrate Polymers, 1988, 8, 161-182. 

[25] Goosen, M. F. A.; O’Shea, G. M.; Gharapetian, H. M.; Chou, S.; Sun, A. M. Biotechnol. 

Bioeng., 1985, 27, 146–150. 

[26] Gombotz, W. R.; Wee, S. F. Adv. Drug Deliv. Rev., 1998, 31, 267–285. 

[27] Sarkar, N. J. Appl. Polym. Sci., 1979, 24, 1073–1087. 

[28] De Jong, S. J.; De Smedt, S. C.; Wahls, M. W. C.; Demeester, J.; Kettenes-van den Bosch, J. 

J.; Hennink, W. E. Macromolecules, 2000, 33:3680. 

[29] Yokoyama, F.; Masada, I.; Shimamura, K.; Ikawa, T.; Monobe, K. Colloid Polym. Sci., 

1986, 264, 595–601. 

[30] Hassan,C. M.; Peppas, N. A. Macromolecules,  2000, 33, 2472–2479. 

[31] Cappello, J.; Crissman, J. W.; Crissman, M.; Ferrari, F.A.; Textor, G.; Wallis, O.; Whitledge, 

J. R.; Zhou, X.; Burman, D.;  Aukerman, L.; Stedronsky, E. R.; J. Controlled Release,  1998, 53, 

105–117. 

[32] Tanaka, T.; Fillmore, D. J.; Sun, S. T.; Nishio, I.; Swislow, G.; Shah, A. Phys. Rev. Lett., 

1980, 45, 1636-1639. 

148



 
 

[33] Saunders, B. R.; Vincent, B. Adv. Colloid. Interface Sci., 1999, 80, 1-25. 

[34] Tanaka, T.; Fillmore, D. J. J. Chem. Phys., 1979, 70, 1214-1218.  

[35] Nayak, S.; Lee, H.; Chmielewski, J.; Lyon, L. A. J Am Chem Soc., 2004, 126,10258-10259.  

[36] Zhang, J.; Xu, S.; Kumacheva, E. J Am. Chem. Soc., 2004, 126,7908-7914. 

[37] Zhang, J.; Xu, S.; Kumacheva. E. Adv. Mater., 2005, 17, 2336-2340. 

[38] Biffis, A.; Orlandi, N.; Corain, B. Adv Mater., 2003, 15, 1551-1555. 

[39] Biffis, A.; Minati, L. J Catal., 2005, 236, 405-409. 

[40] Lyon, L. A.; Debord, J. D.; Debord, S. B.; Jones, C. D.; McGrath, J. G.; Serpe, M. J. J. Phys. 

Chem. B, 2004, 108, 19099 -19108. 

[41] Schild, H. G. Prog. Polym. Sci., 1992, 17, 163-249. 

[42] Winnik, F. M. Macromolecules, 1990, 23, 1647-1649. 

[43] Winnik, F. M. Macromolecules, 1990, 23, 233-242. 

[44] Wu, C.; Zhou, S. Macromolecules, 1995, 28, 8381-8387. 

[45] Wu, C.; Wang, X. Phys. Rev. Lett., 1998, 80, 4092-4094. 

[46] Wu, C.; Zhou, S. Macromolecules, 1996, 29, 1574-1578. 

[47] Wu, C.; Qiu, X. Phys. Rev. Lett., 1998, 80, 620-622. 

[48] Park, T. G.; Hoffman, A. S. Biotech. Progress, 1991, 7, 383-390. 

[49] Pelton, R.H.; Chibante, P. Colloids Surf., 1986, 20, 247-256. 

[50] Elmas, B.; Tuncel, M.; Şenel, S.; Patir, S.; Tuncel, A. Journal of Colloid and Interface 

Science, 2007, 313, 174-183. 

[51] Kim, J. H.; Ballauff, M. Colloid & Polymer Science, 1999, 277, 1210-1214. 

[52] Lopez, V. C.; Hadgraft, J.; Snowden, M. J. International Journal of Pharmaceutics, 2005, 

292, 137-147. 

149



 
 

[53] Lu, Y.; Mei, Y.; Ballauff, M.; Drechsler, M. J. Phys. Chem. B, 2006, 110, 3930-3937. 

[54] Zha, L.S.; Zhang, Y.; Yang, W. L.; Fu, S. K. Advanced Materials, 2002, 14, 1090-1092. 

[55] Kim, J.; Serpe, M. J.; Lyon, L. A.  J. Am. Chem. Soc., 2004, 126, 9512-9513. 

[56] Varga, I.; Gilanyi, T.; Meszaros, R.; Filipcsei, G.; Zrinyi, M. J. Phys. Chem. B., 2001, 105, 

9071-9076.  

[57] Serpe, M. J.; Yarmey, K. A.; Nolan, C. M.; Lyon, L. A. Biomacromolecules, 2005, 6, 408-

413. 

[58] Gorelikov, I.; Field, L. M.; Kumacheva, E. J. Am. Chem. Soc., 2004, 126, 15938-15939. 

[59] Meyer, S.; Richtering, W. Macromolecules, 2005, 38, 1517-1519. 

[60] Lopez-Leon, T.; Ortega-Vinuesa, J. L.; Bastos-Gonzalez, D.; Elaissari, A. J. Phys. Chem. B., 

2006, 110, 4629-4636. 

[61] Zhou, S.; Chu, B. J. Phys. Chem. B., 1998, 102, 1364-1371. 

[62] Zhang, J.; Pelton, R. Langmuir, 1999, 15, 8032-8036. 

[63] Brugger, B.; Richtering, W. Advanced Materials, 2007, 19, 2973.  

[64] Tam, K. C.; Ragaram, S.; Pelton, R. H. Langmuir; 1994, 10, 418-422. 

[65] Suzuki, D.; Kawaguchi, H. Langmuir, 2006, 22, 3818-3822. 

[66] Gao, J.; Hu, Z. Langmuir, 2002, 18, 1360. 

[67] Pelton, R. Adv. Colloid. Interface Sci., 2000, 85, 1-33. 

[68] McPhee, W.; Tam, K.C.; Pelton, R. J. Colloid Interface Sci., 1993, 156, 24-30. 

[69] Weissman, J. M.; Sunkara, H. B.; Tse , A. S.; Asher, S. A. Science, 1996, 274, 959-960. 

[70] Holtz, J. H.; Asher, .; S. A. Nature,  1997, 389, 829-832. 

[71] Lee, K.; Asher, S. A. J. Am. Chem. Soc., 2000,122, 9534-9537. 

[72] Reese, C.; Mikhonin, A.; Kamenjicki, M.; Tikhonov, A.; Asher, S. A. J. Am. Chem. Soc., 

150



 
 

2004, 126, 1493. 

[73] Hu, Z. B.; Huang, G. Angewandte Chemie, Int. Ed., 2003, 42, 4799. 

[74] Hu, Z. B.; Lu, X. H.; Gao, J. Advanced Materials, 2001 ,13, 1708. 

[75] Debord, J. D.; Lyon, L. A. J. Phys. Chem. B, 2000, 104, 6327-6331. 

[76] Debord, J. D.; Eustis, S.; Debord, S. B.; Lofye, M. T.; Lyon, L. A. Adv. Mater., 2002, 14, 

658-661. 

[77] McGrath, J. G.; Bock, R. D.; Cathcart, J. M.; Lyon, L. A. Chem. Mater., 2007, 19, 1584-

1591. 

[78] Meng, Z.; Cho, J. K.; Debord, S.; Breedveld, V.; Lyon, L. A. J. Phys. Chem. B, 2007, 111, 

6992-6997. 

[79] Suzuki, D.; McGrath, J. G.; Kawaguchi, H.; Lyon, L. A.  J. Phys. Chem. C, 2007, 111, 5667-

5672. 

[80] Fujimoto, K.; Nakajima, Y.; Kashiwabara, M.; Kawaguchi,H. Polym. Int.,1993, 30, 237-241. 

[81] Mears, S. J.; Deng, Y., Cosgrove, T.; Pelton, R. Langmuir, 1997, 13, 1901-1906. 

[82] Shibayama, M.; Kawakubo, K.; Ikkai, F.; Imai, M. Macromolecules, 1998, 31, 2586-2592. 

[83] Ikkai, F.; Shibayama, M.; Han, C. C. Macromolecules, 1998, 31, 3275-3281. 

[84] Nolan, C. M.; Gelbaum, L. T.; Lyon, L. A., Biomacromolecules, 2006, 7, 2918- 2922. 

[85] Snowden, M. J.; Chowdhry, B. Z.; Vincent, B.; Morris, G. E. J. Chem. Soc, Faraday Trans., 

1996, 92, 5013-5016. 

[86] Agbugba, C. B.; Hendriksen, B. A.; Chowdhry, B. Z.; Snowden, M. J. Colloids Surf. A, 

1998, 137,155-164. 

[87] Mielke, M.; Zimehl, R. Prog. Colloid Polym. Sci., 1998, 111,74-77. 

[88] Öle Kiminta, D.M.; Luckham, P.F.; Lenon, S. Polymer, 1995, 36, 4827-4831. 

151



 
 

[89] Lowe, J. S.; Chowdhry, B. Z.; Parsonage, J.; Snowden, M. J. Polymer, 1998, 39,1207-1212. 

[90] Mielke, M.; Zimehl, R. Ber. Bunsenges. Phys. Chem., 1998,102, 1-7. 

[91] Wu, C.; Zhou, S.; Au-Yeung, S.C.F.; Jiang, S. Die Ang. Makro. Chemie, 1996, 240,123-136. 

[92] Wu, C. Polymer, 1998, 39,4609-4619. 

[93] Wu, C.; Zhou, S.  J. Polym. Sci., Part B  Polym. Phys., 1996, 34,1597-1604. 

[94] Gan, D.; Lyon, L. A. J. Am. Chem. Soc., 2001, 123, 7511-7517. 

[95] Gan, D.; Lyon, L. A. Macromolecules, 2002, 35, 9634-9639. 

[96] Jones, C. D.; Lyon, L. A. Macromolecules, 2003, 36, 1988-1993. 

[97] Xia, X. H.; Hu, Z. B.; Gao, J.; Qin, D. J.; Durst, H. D.; Yin, R. Langmuir, 2002, 18, 8300. 

[98] Brown, W. “Dynamic Light Scattering”, Oxford University Press: Oxford, 1993.  

[99] Huglin, M, B. “Light scattering from polymer solution”, Academic press: London, 1972. 

[100] Provencher, S. W.  Makromol. Chem., 1979, 180, 201. 

[101] Stockmayer, W, H.; Schmidt, M. Macromolecules, 1984, 17, 509.  

[102] Peppas, N. A. “Hydrogels in Medicine and Pharmacy”, CRC Press, Boca Raton, FL, 1987. 

[103] Hoffman, A. S.  Ann. N.Y. Acad. Sci.,  2001, 944, 62. 

[104] Tanaka, T. Phys. Rev. Lett.,  1978, 40, 820. 

[105] Hirotsu, S.; Hirokawa Y.; Tanaka, T. J. Chem. Phys., 1987, 87, 1392. 

[106] Hu, Z. B.; Zhang, X.; Li, Y. Science 1995,269, 525. 

[107] Hu, Z. B.; Chen, Y.; Wang, C.; Zheng, Y.; Li, Y. Nature,  1998,393, 149. 

[108] Misra, G. P.; Siegel, R. A.  J. Control. Rel.,  2002,81, 1. 

[109] Osada, Y.; Matsuda, A. Nature,  1995, 376, 219. 

[110] Wang, C.; Stewart, R. J.; Kopecek, J. Nature, 1999, 397, 417. 

[111] Hoffman, A. S.  J. Control. Rel., 1987, 6, 297. 

152



 
 

[112] Hoffman, A. S.; Afrassiabi, A.; Dong,  L. C.  J. Control. Rel.,  1986,  4, 213. 

[113] Dong, L. C.; Hoffman, A. S.  J. Control. Rel.,  1986,  4, 223. 

[114] Okano, T.; Bae, Y. H.; Jacobs, H.; Kim, S. W.  J. Control. Rel.,  1990, 11, 255. 

[115] Gutowska, A.; Bae, Y. H.; Feijen, J.; Kim, S. W.  J. Control. Rel.,  1992, 22, 95. 

[116] Harsh, D. C.; Gehrke, S. H. J. Control. Rel.,  1991,17, 175. 

[117] Gehrke, S. H. Adv. Polym. Sci., 1993,110, 81. 

[118] Cai, T.; Hu, Z. B.; Ponder, B.; St. John, J.; Moro, D. Macromolecules,  2003, 36, 6559. 

[119] Berton, M.; Turelli, P.; Trono, D.; Stein, C. A.; Allemann, E.; Gurny, R. Pharm. Res., 

2001,18, 1096. 

[120] Michaelis, M.; Matousek, J.; Vogel, J. U.; Slavik, T.; Langer, K.; Cinatl, J.; Kreuter, J.; 

Schwabe, D.; Cinatl, J. Anticancer Drugs,  2000,11, 369. 

[121] Panyam, J.; Sahoo, S. K.; Prabha, S.; Bargar, T.; Labhasetwar, V. Int. J. Pharm., 2003, 

262,1. 

[122] Westedt, U.; Barbu-Tudoran, L.; Schaper, A. K.; Kalinowski, M.; Alfke, H.; Kissel, T. 

AAPS PharmSci.,  2002, 4, 41. 

[123] Hussain, N. Int. J. Pharm. ,2001, 214, 55. 

[124] Sakuma, S.; Sudo, R.; Suzuki, N.; Kikuchi, H.; Akashi, M.; Hayashi, M. Int. J. Pharm., 

1999,177, 161. 

[125] Lu, X. H.; Hu, Z. B.; Gao, J. Macromolecules,  2000, 33, 8698. 

[126] Gao, J.; Haidar, G.; Lu, X. H.; Hu, Z. B. Macromolecules,  2001, 34, 2242. 

[127] Fessi, H.; Puisieux, F.; Devissaguet, J. P.; Ammoury, N.; Benita, S. Int. J. Pharm., 1989,55, 

R1. 

[128] Odian, G. “Principles of Polymerization”, 3rd edn. Wiley, New York, NY, 1991. 

153



 
 

[129] Li, K.; Stöver,  D. H.  J. Polym. Sci. Part A Polym. Chem., 1993, 31, 3257. 

[130] Chu, B.  “Laser Light Scattering”, Academic Press, New York, NY, 1991. 

[131] Tang, L.; Eaton, J. W.  J. Exp. Med., 1993,178, 2147. 

[132] Tang, L.; Ugarova, T. P.; Plow, E. F.; Eaton, J. W.  J. Clin. Invest., 1996, 97, 1329. 

[133] Tang, L.; Jennings, T. A.; Eaton, J. W. Proc. Natl. Acad. Sci. USA, 1998, 95, 8841. 

[134] Diepold, R.; Kreuter, J.; Guggenbuhl, P.; Robinson, J. R.  Int. J. Pharm., 1989, 54, 149. 

[135] Srinivasan, V.; Pendergrass, J. A.; Kumar, K. S.; Landauer, M. R.; Seed,  T. M. Int. J. 

Radiat.Biol., 2002, 78, 535. 

[136]  Cui, Z.; Mumper, R. J.  Int. J. Pharm.,  2002, 238, 229. 

[137] Prokop, A.; Kozlov, E.; Newman, G. W.; Newman, M. J.  Biotechnol. Bioeng., 2002, 78, 

459. 

[138] Lenk, T. J.; Horbett, T. A.; Ratner, B. D.; Chittur, K. K. Langmuir,  1991,7, 1755. 

[139] Lu, D. R.; Park, K. J. Colloid Interface Sci., 1991,144, 271. 

[140] Hu, W. J.; Eaton, J. W.; Tang, L. Blood,   2001, 98, 1231. 

[141] Tang, L.  J. Biomater. Sci. Polymer Edn., 1998, 9, 1257. 

[142] Yin, X.; Hoffman, A. S.; Stayton, P. S. Biomacromolecules, 2006, 7, 1381–1385. 

[143] Han, C. K.; Bae, Y. H.  Polymer, 1998, 39, 2809. 

[144] Stile, R. A.; Healy, K. E. Biomacromolecules, 2002, 3, 591–600. 

[145] Matsudo, T.; Ogawa, K.; Kokufuta, E. Biomacromolecules, 2003, 4, 728–735. 

[146] Hu, Z. B.; Xia, X. H. Adv. Mater., 2004, 16, 305–308. 

[147] Xia, X. H.; Hu, Z. B. Langmuir, 2004, 20, 2094–2098. 

[148] Xia, X. H.; Hu, Z. B.; Marquez, M. J. Controlled Release, 2005, 103, 21. 

154



 
 

[149] Hu, Z. B.; Xia, X. H.; Marques, M.; Weng, H.; Tang, L. P. Macromol. Symp., 2005, 227 

(Biological and Synthetic Polymer Networks and Gels), 275. 

[150] Guenet, J. M. “ThermoreVersible Gelation of Polymers and Biopolymers”, Academic 

Press: London, 1992. 

[151] Franz, G. Adv. Polym. Sci., 1986, 76, 1. 

[152] Alexandridis, P.; Hatton, T. A. Colloids Surf.  A, 1995, 96, 1. 

[153] Jeong, B.; Kim, S. W.; Bae, Y. H. Adv. Drug Delivery Rev., 2002, 54, 37. 

[154] Chenite, A.; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M. D.; Hoemann, C. D.; 

Leroux, J. C.; Atkinson, B. L.; Selmani, F. A. Biomaterials, 2000, 21, 2155. 

[155] Silioc, C.; Maleki, A.; Zhu, K. Z.; Kjaniksen, A. L.; Nystrom, B. Biomacromolecules, 

2007, 8, 719–728. 

[156] Senff, H.; Richtering, W. Langmuir, 1999, 15, 102–106. 

[157] Zhao, Y.; Cao, Y.; Yang, Y. l.; Wu, C. Macromolecules, 2003, 36, 855–859. 

[158] Cho, J.; Heuzey, M. C.; Begin, A.; Carreau, P. J. Biomacromolecules, 2005, 6, 3267–3275. 

[159] Amin, S.; Kermis, T. W.; van Zanten, R. M.; Dees, S. J.; van Zanten, J. H. Langmuir, 2001, 

17, 805–8061. 

[160] Seetapan, N.; Mai-ngam, K.; Plucktaveesak, N.; Sirivat, A. Rheol. Acta, 2006, 45.1011-

1018 

[161] Winter, H. H.; Chambon, F.  J. Rheol., 1986, 30, 367. 

[162] Nordby, M. H.; Kjøniksen, A.-L.; Nystrom, B.; Roots, J. Biomacromolecules, 2003, 4, 

337–343. 

[163] Benee, L. S.; Snowden, M. J.; Chowdhry, B. Z. Langmuir, 2002, 18, 6025–6030. 

[164] Weng, H.; Zhou, J.; Tang, L.; Hu,  Z.  J. Biomater. Sci. Polym. Ed., 2004, 15, 1167. 

155



 
 

[165] Pusey, R. N.; van Megen, M. Nature, 1986, 320, 340. 

[166] Davis, K. E.; Russel, W. B.; Glantschnig, W. J.  Science, 1989, 245, 507. 

[167] Ackerson, B. J.; Paulin, S. E.; Johnson, B.; van Megen, W.; Underwood, S.; Phys. Rev. E, 

1999, 59, 6903. 

[168] Yamanaka, J.; Murai, M.; Iwayama, Y.; Yonese, M.; Ito, K.; Sawada, T. J. Am. Chem. Soc., 

2004, 126, 7156. 

[169] Jiang, P.; Bertone, J. F.; Hwang, K. S.; Colvin, V. L. Chem. Mater., 1999, 11, 2132. 

[170] Van Blaaderen, A.; Ruel, R.; Wiltzius, P. Nature, 1997, 385, 321. 

[171] Cheng, Z.; Russel, W. B.; Chaikin, P. M. Nature, 1999, 401, 893. 

[172] Park, S. H.; Qin, D.; Xia, Y. Adv. Mater., 1998, 10, 1028. 

[173] Yin, Y.; Xia, Y. J. Am. Chem. Soc., 2003, 125, 2048. 

[174] Smay, J. E.; Cesarano, J. J.; Lewis, A. Langmuir, 2002, 18, 5429. 

[175] Lellig, C.; Hartl, W.; Wagner, J.; Hempelmann, R. Angew. Chem., Int. Ed., 2002, 41, 102. 

[176] Senff, H.; Richtering, W. J. Chem. Phys. 1999, 111, 1705. 

[177] Tang, S. J.; Hu, Z. B.; Cheng, Z. D.; Wu, J. Z. Langmuir, 2004, 20, 8858. 

[178] Jiang, P.; Ostojic, G. N.; Narat, R.; Mittleman, D. M.; Colvin, V. L. Adv.Mater., 2001, 13, 

389. 

[179] Vlasov, Y. A.; Bo, X. Z.; Sturm, J. C.; Norris, D. J. Nature, 2001, 414, 289. 

[180] Ngai, T.; Behrens, S. H.; Auweter, H. Chem. Commun., 2005, 3, 331. 

[181] Wu, J. Z.; Zhou, B. and Hu, Z. B. Phys. Rev. Lett., 2003, 90, 048304. 

[182] Tsuji, S.and Kawaguchi, H. Langmuir, 2005, 21, 2434-2437. 

[183] Schmidt, S.; Hellweg, T.; von Klitzing, R.  Langmuir, 2008, 24, 12595-12602. 

[184] Hellweg, T.; Dewhurst, C. D.; Eimer, W. and Kratz, K. Langmuir, 2004, 20, 4330-4335. 

156



 

[185] Takeoka, Y.and Watanabe, M. Adv. Mater., 2003, 15, 199-201. 

[186] Nakayama, D.; Takeoka, Y.; Watanabe, M. and Kataoka, K. Angrew. Chem., Int. Ed., 2003, 

42, 4197-4200. 

[187] Lee, Y. J. and Braun, P. V. Adv. Mater., 2003, 15, 563-566. 

[188] Zhou, B.; Gao; J. and Hu, Z. B. Polymer, 2007, 48, 2874-2881. 

[189] Huang, G. and Hu, Z. B. Macromolecules, 2007, 40, 3749-3756. 

[190] Tanaka, T.; Nishio, I.; Sun, S. T. and Ueno-Nishio, S. Science, 1982, 218, 467-469. 

[191] Chen, G. and Hoffman, A. S. Nature, 1995, 373, 49-52. 

[192] Peppas, N. A. and Langer, R. Science, 1994, 263, 1715-1720. 

[193] Osada, Y. and Gong, J. P. Adv. Mater., 1998, 10, 827-837. 

[194] Berne, B. J. and Pecora, R. “Dynamic Light Scattering”, Wiley, New York, 1976. 

[195] Hoare, T. and Pelton, R. Langmuir, 2004, 20, 2123-2133. 

[196] Hellweg, T.; Dewhurst, C. D.; Bruckner, E.; Kratz, K. and Eimer, W. J. Colloid Polym. 

Sci., 2000, 278, 972-978. 

[197] Chan, C. H.; Chen, C. C.; Huang, C. K.; Weng, W. H.; Wei, H. S.; Chen, H.; Lin, H. T.; 

Chang, H. S.; Chen, W. Y.; Chang, W. H. and Hsu, T. M. Nanotechnology, 2005, 16, 1440–1444. 

[198] Wyss, A.; von Stockar, U. and Marison, I. W. Biotechnology and bioengineering, 2004, 86, 

563-572. 

[199] Chen, Y.; Zhang, C.; Wang, Y.; Cheng, S. and Chen, P. J. Appl. Polym. Sci., 2003, 90, 

3609-3616. 

[200] Xia, Y.; Gates, B.; Yin, Y.; Lu, Y.  Adv. Mater., 2000, 12, 693. 

[201] Anderson, V. J.; Lekkerkerker, H. N. W. Nature, 2002, 416, 811-815. 

[202] Dixit, N. M.; Zukoski, C. F. Phys. Rev. E., 2001, 64, 041604. 

157



 
 

[203] Gasser, U.; Weeks, E. R.; Schofield, A.; Pusey, P. N.; Weitz, D. Science, 2001, 292, 258. 

[204] Van Megen, W.; Underwood, S. M.  Nature, 1993, 362, 616. 

[205] Harland, J. L.; Henderson, S. I.; Underwood, S. M.; Van Megen, W. Phys. Rev. Lett.,  1995, 

75, 3572. 

[206] Harland, J. L.; van Megen, W. Phys. Rev. E., 1997, 55, 3054. 

[207] Okubo, T.; Tsuchida, A.; Kato, T. Colloid  Polym. Sci., 1999, 277, 191. 

[208] Weeks, E. R.; Crocker, J. C.; Levitt, A. C.; Schofield, A.; Weitz, D. A. Science, 2000, 287, 

627. 

[209] Cheng, Z.; Zhu, J. X.; Russel, W. B.; Chaikin, P. M.  Phys. Rev .Lett., 2000, 85, 1460. 

[210] Liu, J.; Weitz, D. A.; Ackerson, B. J. Phys. Rev. E, 1993, 48, 1106. 

[211] Russel, W. B. Phase Transit., 1990, 21, 27. 

[212] Ackerson, B. J.; Schatzel, K. Phys. Rev. E, 1995, 52, 6448. 

[213] Russel, W. B.; Chaikin, P. M.; Zhu, J. X.; Meyer, W. V.; Rogers, R. B. Langmuir, 1997, 

13, 3871. 

[214] Russel, W. B.; Chaikin, P. M.  Nature, 1997, 387, 883. 

[215] Cheng, Z.; Chaikin, P. M.; Zhu, J.; Russel, W. B.; Meyer, W. V. Phys. Rev. Lett., 2002, 88, 

015501. 

[216] Cheng, Z.; Zhu, J.; Russel, W. B.; Meyer, W. V.; Chaikin, P. M.  Appl. Opt.,  2001, 40, 

4148. 

[217] Jones, C. D.; Lyon, L. A. J. Am. Chem. Soc., 2003, 125, 460. 

[218] Hu, Z. B.; Lu , X. H.; Gao, J.; Wang, C. J.  Adv. Mater., 2000, 12, 1173. 

[219] Okubo, T.; Hase, H.; Kimura, H.; Kokufuta, E. Langmuir, 2002, 18, 6783. 

[220] Wu, J.; Huang, G.; Hu, Z. B. Macromolecules, 2003, 36, 440. 

158



 
 

[221] Debord, S. B.; Lyon, L. A.  J. Phys. Chem. B, 2003, 107, 2927. 

[222] Alsayed, A. M.; Islam, M. F.; Zhang, J.; Collings, P. J.; Yodh, A. G. Science, 2005,309, 

1207. 

[223] Makino, K.; Kado, H.; Hiroyuki Ohshima, H. Colloids and Surfaces B: Biointerfaces,  

2001, 20, 347-353.  

[224]  Okubo, T.  J. Chem. Phys., 1991, 95, 3690. 

[225] Pham, K. N.; Puertas, A. M.; Bergenholtz, J.; Egelhaaf, S. U.; Moussaid, A.; Pusey, P. N.; 

Cates, M. E.; Fuchs, M.; Poon, W. C. K., Science,  2002, 296, 104. 

[226] Kose, A.; Oxaki, M.; Takano, K.; Kobayashi, Y.; Hachisu, S.  J. Colloid .Interface Sci.,  

1973, 44, 330. 

[227] Gandhi, M. V.; Thompson, B. S. “Smart Materials and Structures”, Chapman & Hall, 

London,  1992. 

[228] Hoare, T.; Pelton, R. Macromolecules, 2004, 37, 2544–50. 

[229] Neyret, S.; Vincent, B. Polymer, 1997, 38, 6129–6134.  

[230] Kaneda, I.; Vincent, B. J. Colloid Interface Sci., 2004, 274, 49–54. 

[231] Xu, S. Q.; Zhang, J. G.; Paquet, C.; Lin, Y. K.; Kumacheva, E. Adv. Funct. Mater., 2003, 

13, 468–72. 

[232] Soppimath, K.S. ; Tan, D. C. W.; Yang,  Y.Y.  Adv. Mater., 2005, 17,318–323. 

[233] Zhang, H.; Mardyani, S.; Chan, W.C.W.; Kumacheva, E. Biomacrolecules, 2006, 7, 1568. 

[234] St. John, A. N.; Breedveld, V.; Lyon, L. A. J. Phys. Chem.  B, 2007, 111, 7796-7801. 

[235] Hritcu, D.; Muller, W.; Brooks, D. E. Macromolecules, 1999, 32, 565-573. 

[236] Li, L. Macromolecules, 2002, 35, 5990-5998.  

[237] Kim, J. Y.; Song, J. Y.; Lee, E. J.; Park, S. K. Colloid Polym. Sci., 2003, 281,614-623.  

159




