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 Abstract 

Stimuli-responsive polymers have found their way into numerous materials and devices for 

myriad applications that can solve problems related to human health and the environment. In this 

dissertation, the work covers the general scope of stimuli-responsive polymers, with a special 

focus on thermo-responsive poly (N-isopropylacrylamide) (pNIPAm)-based microgels and their 

co-functional composites, and their applications in controlled drug delivery.  

Chapter 1 gives a brief introduction about stimuli-responsive polymers and Chapter 2 

discusses the applications of stimuli-responsive polymers in controlled drug delivery. In Chapter 

3, the study of rate control, by varying the thickness of a membrane (device Au layer) was shown 

to control the rate of release from the device. With the increase of Au layer thickness, the drug 

release rate is able to slow down and the release could be triggered by temperature and pH. After 

that, the modification of the devices membrane layer was investigated for its ability to control the 

release behavior (Chapter 4). Subsequently, a multi-drug releasing system was developed by 

incorporating two different microgels, which has the ability to sequential release drugs by 

changing the pH (Chapter 5). Free-standing assemblies of microgels were then generated by 

simply applying a sacrificial layer under the film and this film was transferable to other 

substrates, whether flat or curve surface, and even human skin (Chapter 6). In Chapter 7, the 

optical properties and drug releasing behavior were studied on this developed device by light-

induced pH change, which makes this platform versatile for developing smart systems based on 

other stimuli. Furthermore, by tuning the chemistry of microgels, we were able to generate 

microgel-based aggregates for drug delivery applications from microgels with opposite charges 

(Chapter 8). In Chapter 9, novel microgels from supramolecular crosslinker were firstly prepared 
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with the degradable properties. The characterizations of this microgel promote it as a great 

candidate for degradable drug delivery system.  

Finally, in Chapter 10, conclusion and future outlook are presented to illustrate the future 

direction of this research topic. 
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 Chapter 1: Introduction 

1.1 Stimuli-responsive polymers 

Nature has created materials and systems with the ability to respond and adapt in response 

to their environmental conditions by changing their structure and/or chemistry.
1
 For example, 

snakes facial pits are extremely sensitive to the environmental temperature change;
2
 chameleons 

can change their color to adapt to the environment;
3
 plants like Dionaea muscipula and Mimosa 

pudica react to mechanical stimulus allowing them to protect themselves or capture nutrients.
4, 5

 

Inspired by nature, materials with dynamic and tunable properties, which are typically referred as 

smart or stimuli-responsive materials
6-9

 have been developed. Over the past few decades, 

polymers that can undergo physical or chemical changes as a consequence of small 

environmental variations (stimuli-responsive polymers), have been considered as one of the 

largest family of smart materials. The responses can be defined in a variety of ways depending 

on how the physical or chemical properties of the polymer change, e.g., a change in polymer size, 

structure, color, or solubility. The environment variations act as a stimulus to trigger the response 

of the materials. The scientific interest in stimuli-responsive polymers has persisted over the last 

several decades, and a tremendous amount of work has been dedicated to devising examples of 

environmentally sensitive polymers that can be crafted into new smart materials as shown in 

Figure 1-1. Stimuli-responsive polymers provide an ideal candidate to design smart materials, 

offering great opportunities to develop intelligent systems.   
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Figure 1-1. Representation of the growing interest in the field of stimuli-responsive polymers 

from years 1996 to 2016 inclusive, in the form of a number of publications per year. Data 

collected from Web of science (Term: stimuli-responsive polymers). 

Different stimuli can be used to yield a response, such as physical, chemical or biological 

stimuli. Physical stimuli, such as light,
10, 11

 temperature,
12, 13

 electric,
14, 15

 and pressure,
16

 affect 

the molecular structure or interactions. Chemical stimuli, such as pH,
17-20

 carbon dioxide,
21

 and 

other chemicals,
22

 interfere with the molecular interactions between polymeric chains and solutes 

or alternate the functional groups located in the polymers. Biological stimuli such as antigen,
23

 

ligand
24

 and enzymes
25-27

 can mimic the performance of these agents in the living system to 

change the structure or properties of polymers. With applied stimuli, the interactions and 

microenvironments of polymeric systems can be altered which cause changes in the physical 

state of the system. The removal of the stimuli will result in a reversion to the original physical 
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state. In order to better understand the relative research in this area, we will introduce some 

widely used stimuli-responsive polymers and illustrate their fundamental properties. 

1.1.1 Temperature-responsive polymers 

Temperature-responsive polymers are especially interesting since temperature variations 

can be applied in a non-invasive manner. Furthermore, spontaneous temperature fluctuations also 

occur in nature. There are different types of temperature-responsive polymers,
28

 however, the 

most widely studied are polymers that undergo a solution liquid-liquid phase transition in 

response to temperature variation. This phase transition occurs from a homogeneous solution 

into a concentrated polymer phase, accompanied by a transition from a clear to a cloudy solution. 

If the phase separation occurs at an elevated temperature, it is known as lower critical solution 

temperature (LCST) transition
29

 while the opposite phase behavior is referred to as upper critical 

solution temperature (UCST) transition.
30

 Although the early examples of LCST and UCST 

behavior of polymers were reported in organic solvents,
31, 32

 those with a phase transition in 

aqueous solution have gained the most interest since they provide high potential for application, 

especially in the biomedical area. Herein, we will mainly focus on the polymers with LCST since 

they are most prominent in water soluble polymers. The polymers are completely soluble in 

aqueous solution when the temperature is below the LCST, and become insoluble at a 

temperature above the LCST. Generally, all water soluble polymers exhibit LCST behavior in 

water as the enthalpy of hydration becomes less and the loss of entropy for hydrating water 

molecules increases with increasing temperature.
33

 However, a subtle balance of hydrophilic and 

hydrophobic groups needs to be present in the polymer structure to tune the LCST to be 

applicable at ambient pressure. The most extensively studied LCST polymers include poly (N-

isopropylacrylamide) (pNIPAm),
12

 poly (N-vinyl caprolactam) (pVCL),
34

 poly (oligo (ethylene 
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glycol) methacrylates) (pOEGMAs),
35

 poly (methyl vinyl ether) (pMVE),
36

 poly (2-

oxazoline)s,
37

 and their analogous polymers. Among these, the most studied during the past few 

decades and also most investigated in this thesis is pNIPAm,
12, 13, 18, 38-42

 which present LCST of 

~32 
o
C. It undergoes a coil-to-globule transition in water which is close to the physiological 

temperature range. Following, we will mainly discuss the solution behavior and thermodynamic 

properties of pNIPAm. 

A schematic depiction of solution behavior of pNIPAm is shown in Figure 1-2. At low 

temperatures, pNIPAm is highly solvated due to hydrogen bonding between the amide residues 

on the polymer chain and the water molecules. Furthermore, there is a “cage-like” 

conformational arrangement of water molecules around the isopropyl groups.
43

 Hence at low 

temperatures, the polymer-solvent interactions are stronger than the polymer-polymer 

interactions and pNIPAm exists in a random coil state. At elevated temperatures, the hydrogen 

bonds between the polymer and the water molecules are broken, leading to an entropically 

favored expulsion of water from the polymer network. Consequently, the polymer-polymer 

interactions (hydrophobic effect and hydrogen bonds) become stronger than the polymer-solvent 

interactions, resulting in phase separation as the polymer assumes a globule conformation. This 

process is an entropically driven transition, which was first proposed by Heskins and Guillet.
13

 

The Gibbs free energy of the system is given by the following equation: 

∆G = ∆H – T∆S          (1-1) 

where ∆G is the free energy of mixing, ∆H is the enthalpy change of the dissolution, T is the 

temperature in Kelvin and ∆S is the entropy change as a result of water association with the 

polymer.  
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∆H favors dissolution due to hydrogen bonding of NIPAm and water molecule makes a 

negative contribution. However, structured water around the pNIPAm leads to a loss in entropy 

(negative ∆S term) and a positive entropic contribution. As T increases the positive entropic 

contribution to the free energy grows. When the positive entropic contribution dominates over 

the enthalpic contribution, phase separation begins and makes dissolution unfavorable and 

pNIPAm undergoes the coil to globule transition above the LCST. In this dissertation, we 

utilized pNIPAm to prepare temperature-responsive materials and systems to study the 

controlled drug release properties. 

 

Figure 1-2. Structure and solution behavior of pNIPAm. (a) structure components on pNIPAm 

and (b) phase separation of pNIPAm under temperature change. 

1.1.2 pH-responsive polymers 

pH-responsive polymers are a group of stimuli-responsive polymers that can respond to 

solution pH by undergoing structural property changes such as surface activity, chain 

conformation, solubility, and configuration. pH-responsive polymers
20, 44

 are normally 

polyelectrolytes with weak acidic or basic groups that either accept or release protons in response 

to a change in the environmental pH. Similar to acidic or basic groups of monoacid or monobasic 

compounds, the pH-responsive groups in polyelectrolytes can also be ionized. However, 
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complete ionization of these systems is more difficult due to electrostatic effects exerted by other 

adjacent ionized groups, which makes the apparent dissociation constant different from that of 

the corresponding monoacid or monobasic.
44

 The physical properties, such as chain 

conformation, configuration, solubility, hydrophilicity and volume of pH-responsive polymers, 

could be tailored by manipulating the charges along the polymer backbone, resulting in 

electrostatic repulsion between charges on the polymer chain and allows them to expand. A large 

number of pH-responsive polymers can be designed using various electrolyte groups. Weak 

polyacid accepts protons at low pH and releases protons at high pH. Weak polybases accept 

protons at low pH and form a positively charged polymer chain. Figure 1-3 summarizes some of 

the classic pH-responsive polymers in the direction of acidic, basic and natural polymers. For 

example, poly (acrylic acid) (PAA) is a polymer with acidic carboxylic groups which has a 

dissociation constant (pKa ~ 4.25) and above this pH the carboxylic group becomes ionized. This 

leads to electrostatic repulsion between the chains that can then associate with water to cause 

swelling. The cationic polyelectrolyte poly (N, N-dimethylamino ethyl methacrylate) 

(PDMAEMA) with basic amine group shows ionized behavior at low pH values. Charge status 

in these materials is readily reversed by returning the pH of the solution; thus the switching 

behavior of pH-responsive smart materials is also reversible. 
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Figure 1-3. Typical pH-responsive polymers. 

Most anionic pH-sensitive polymers contain moieties anionically charged at a pH above 

their pKa and can attract positively charged molecules, e.g., therapeutic agents. By controlling 

the surface physical and chemical properties of materials, the interfacial characteristics can be 

altered to dictate the interactions between polymer and biological target, which makes pH-

sensitive polymers interesting for biomedical applications as many biological mechanisms are 

strongly affected by the levels of charge. The adjustment in pH alters ionic interactions, 

hydrogen bonding, and hydrophobic interaction, resulting in a reversible microphase separation 

or self-organization phenomenon. For example, since the extracellular pH of most tumors is 

acidic (pH 5.8-7.2),
45

 smart polymeric nano-devices can be designed for anti-cancer drug 

delivery, where the release of drugs can be triggered by manipulating pH. The pH triggering 

could be done by incorporating a pH-responsive moiety into the polymer structure, destabilizing 

a self-assembled polymeric aggregate or by chemical conjugation of pH-labile linkages between 

polymers and drugs. These strategies are particularly useful for targeted drug delivery. In this 
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dissertation, we utilized the ability of the pH-responsive polymer to control the release of 

positively charged drugs under different conditions. 

1.1.3 Field-responsive polymers 

Light-, electro-, magnetic- and ultrasound-sensitive polymers offering removable and 

dynamic controllable properties is considered as field responsive materials. Light-responsive 

polymers
46-48

 undergo a change in their properties, like conformation, polarity, amphiphilicity, 

charge, optical chirality, in response to exposure to light of a particular wavelength. The light-

induced molecular change is manifested as a macroscopic change of material properties like 

shape (i.e., contraction or bending), wettability, solubility, optical properties, conductivity, and 

adhesion. Light control possesses many advantages compared to temperature, pH, electric, and 

magnetic stimuli as it: (i) allows for remote/non-contact stimulation; (ii) can be easily dosed in 

order to tune the strength of the response, and (iii) allows accurate temporal and positional 

resolution of the response. In order to obtain light-responsive polymers, a light-responsive 

functional group (chromophore) needs to be incorporated into the polymer, either in backbone or 

side chain. Depending on the type of chromophore used, the response can be reversible or 

irreversible. Reversible chromophores, often named molecular switches, undergo a reversible 

isomerization upon light excitation at a specific wavelength. The photochromic interconversion 

between isomeric forms allows switching the properties of the polymer material by irradiation at 

two different wavelengths.  

Some commonly used light-responsive groups are shown in Figure 1-4. Azobenzene 

derivatives undergo trans-cis isomerization upon exposure to specific wavelengths of light.
10, 49-

51
 The responsive nature of azobenzene has been applied in photoinduced deformation of liquid 

crystalline polymers
52

 and also the optical properties of photonic materials.
53

 Spiropyran can 
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change from an unconjugated spiroheterocycle to a charged planar merocyanine form with 

extended conjugation.
54-56

 O-nitrobenzyl is one of the commonly used irreversible light-

responsive groups. It can release different side groups under UV light irradiation.
57

 For example, 

the release of a proton side group can decrease the solution’s pH. The light-induced change of 

neutral to charged state has been applied to control wettability,
58

 motion,
59

 particle dissociation,
60

 

and molecular recognition.
61

 In this dissertation, we utilized the ability of o-nitrobenzaldehyde to 

release the proton to decrease the surrounding pH in response to the UV light irradiation time. 

 

Figure 1-4. Examples of field responsive polymers. 

Electroactive polymers (EAPs) are materials that respond to an applied electric field by 

changing their size or shape.
62-65

 EAPs have attracted rapidly expanding scientific and 

technological interest lately due to their potential applications in sensors and actuators,
66, 67

 

robotics and artificial muscles,
68, 69

 optical systems,
70

 drug delivery,
71, 72

 and energy harvesting 

applications.
73

 Conducting polymers are one of the most extensively studied ionic electric-
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responsive polymers that can create a change in the local concentration of the ions in solution 

under the electric field, whereas dielectric elastomers and the electroactive polymers are 

dielectric EAPs whose deformation is induced by electrostatic forces developed between two 

electrodes. They normally exhibit fast response and high deformations and operate under dry 

conditions, however, high activation fields are required.
74

 The non-ionic polymers, poly 

(vinylidene fluoride),
75

 polyacrylates
76

 and silicone have also been shown to respond to an 

external electric field in the absence of charge carriers and have been employed as electro-active 

materials.
77

 For example, an alternative electric-responsive system comprises polyelectrolyte 

brushes that exhibit tunable swelling behavior upon application of an electric voltage.
78

 Most 

commonly studied EAPs are summarized in Figure 1-4 and their family is still growing. Polymer 

actuators and walkers, as well as electric-responsive drug delivery systems, have been developed 

by EAPs and their properties and functions have been studied during the past decades. 

Modification of the chemistry of these materials with significantly increased response rate is still 

being pursued and will further extend the potential application of this area. 

Other fields like magnetic fields and ultrasound have also been exploited to create 

responses from materials. Magnetic-responsive systems
79

 are polymers incorporated with 

magnetic materials to generate magnetic-responsive polymer materials. It provides unique 

capabilities as it can be spatially and temporally controlled, and can additionally be operated 

externally to the system, providing a non-invasive approach to remote control. There are several 

strategies that can be applied to generate magnetic-responsive polymer systems. For example, 

magnetic nanoparticles are doped into the polymer to produce highly efficient magnetic-

responsive materials. They can respond to weak stimuli with a movement,
80

 heat generation,
81

 

magnetic or optical signal.
82

 Ultrasound-responsive polymers
83

 use different frequency 
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ultrasound to induce formation transitions
84

 and bond cleavage
85

 based on the thermal effect, 

which is the transfer of acoustic energy to the tissues causing a rise of temperature, or non-

thermal effect, which is the formation of tiny gas bubbles in the tissues as the result of ultrasound 

vibration.
86

 Some of the magnetic-, ultrasound-responsive polymer systems are listed in Figure 

1-4.   

1.1.4 Enzyme-responsive polymers 

Enzyme-responsive materials are in an early stage of development and were first described 

in 2006 by R. V. Ulijn. They were described as “materials that undergo reversible macroscopic 

transitions that are triggered by selective enzyme catalysis”.
26

 However, the use of enzymes to 

alter the materials properties dates back to 1970s.
87

 The definition was broadened by Zelzer
27

 in 

2013 as “materials whose structure or functionality changes after the direct action of the 

enzyme”. In nature, dynamic processes in living organisms are almost exclusively controlled by 

enzymes. Enzymes have evolved to be highly specific catalysts whose action and activity are 

naturally controlled either by regulating enzyme expression levels or the availability of cofactors. 

Enzymes thus present a highly attractive alternative to conventional stimuli for the development 

of functional biomaterials. Figure 1-5 shows the development of enzyme-responsive polymers 

during the past few decades. Enzyme-responsive polymers are one of the most important types of 

this kind of materials and stand apart from other stimuli-responsive polymers in their ability to 

respond to biological molecules to regulate the function of natural materials. There are many 

advantages for enzyme-responsive polymers. One of them is selectivity, the ability of an enzyme 

to convert one specific substrate in the presence of a mixture of molecules that are very similar to 

the target substrate. Another important advantage is the cross-reactivity of the enzyme-sensitive 

functionality with other enzymes. Ideally, the enzyme-sensitive functionality should react only 



12 
 

with the enzyme that it was designed for and show little to no sensitivity to other enzymes. Other 

advantages like enzyme-sensitive functional groups are easy to be chemically incorporated, a 

large number of enzyme/substrate pairs are available, and transitions are reversible.  

 

Figure 1-5. Milestones in the development of enzyme-responsive polymers. Adapted from ref. 33 

Naturally derived polymers, such as gelatin and dextran hydrogels,
88

 are the first developed 

enzymatic degradable polymers. After that, short peptide cross-links were incorporated into poly 

(ethylene glycol) (PEG) to create an enzyme-responsive artificial polymer that exhibits enzyme-

responsive properties.
89

 Till now, enzyme-responsive polymers have been developed and 

diversified into different architectures, divided into four classes, enzyme-responsive polymer 

hydrogels,
90

 enzyme-responsive supramolecular polymers,
91, 92

 enzyme-responsive polymer 

conjugates
93, 94

 and enzyme-responsive self-immolation polymers.
25, 95

 Enzyme-responsive 

polymers have found applications in areas such as cell supports, injectable scaffolds, and drug 

delivery systems and have been integrated with other stimuli-responsive polymers to obtain 

materials with closely tailored stimuli-responsive characteristics. For example, a poly (N-

isopropylacrylamide-co-acrylic acid) (p(NIPAm-co-AAc)) hydrogel that included peptide-based 

cross-links was used as the stimuli-responsive polymer to create the artificial extracellular 

matrix.
96

 It can be biodegraded by collagenase enzyme and be removed once it is no longer 
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required. Another example shows that polymer hydrogel particles have been designed such that 

exposure to the triggering enzymes causes swelling of the particle. The resulting increase in the 

mesh size of the polymer hydrogel allows the encapsulated proteins to diffuse out of the particle 

to achieve the purpose of releasing of payload.
90

  

1.1.5 Redox-responsive polymers 

Redox-responsive polymers
97

 are polymers that contain redox-sensitive groups that can 

have a reduction or oxidation reaction to induce changes in structure or properties. Basically, it 

can be separated into two different strategies, one is reduction-responsive polymers and the other 

one is oxidation-responsive polymers. In reduction-responsive polymers, the most commonly 

developed one contains disulfide or diselenide groups.
98, 99

 They are sensitive to the reduction 

agent with a thiol group, like dithiothreitol (DTT) and glutathione (GSH) through thiol-disulfide 

exchange reaction. Using disulfide group as an example, polymers with disulfide linkers
100

 and 

disulfide pendent groups
101

 are all developed during the past years. The disulfide linker is easy to 

break and degrade the polymer. However, the pendant disulfide can trigger the release of the 

attached payload. Those two strategies are very common in designing the controlled drug 

delivery vehicles by using this type of stimuli-responsive polymers. Other reduction-responsive 

polymers like reduction-responsive platinum(IV)-coordinate polymers,
102

 Trimethyl-locked 

benzoquinone (TMBQ) polymers,
103

 4-N-amino- 2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl 

(TEMPO) polymers
104

 are also being pursued. In oxidation-responsive polymers,
105

 the response 

relies on reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) and hydroxyl radicals. 

Sulfide-containing polymer, like poly (propylene sulfide) (PPS), is one of the first studied 

oxidation-responsive polymers. Similar to sulfide, selenide is more reactive than sulfide since the 

lower bond energies of diselenide and the carbon-selenium bond and selenium containing 



14 
 

polymers
106

 are developed. One of the important works was published in 2009 by Xu and 

Zhang's group.
107

 They reported a diselenide-containing polyurethane triblock copolymer, PEG-

PUSeSe-PEG, which assemblies exhibited both the reduction- and oxidation-responsive 

behaviors, and the results indicated that the diselenide was much more sensitive (even under 0.01 

mg mL
-1

 GSH the encapsulated Rhodamine B could still be released almost entirely in only 5 h), 

while they were stable without redox stimuli. Besides those, there are few other oxidation-

responsive polymers also studied, such as ferrocene-containing polymers,
108

 which can tune the 

polymer property with different redox stage, poly (NiPAAm-co-Ru(bpy)3), one can generate a 

chemical wave by the periodic redox change of Ru(bpy)3 into an oxidized state.
109

 This redox 

reaction alters the hydrophobic and the hydrophilic properties of the polymer chains and results 

in swelling and deswelling of the polymer. 

The great advantage of designing and developing redox-responsive polymers is their 

uniqueness in biomedical applications. Since the interconversion of thiols and disulfides plays an 

important role in many biological processes in cells, the redox-responsive polymers have become 

effective candidates in controlled drug delivery systems to actively deliver the drugs.  

1.2 Stimuli-responsive polymer microgels 

The term microgel was first mentioned in 1949 by Baker
110

 and describes a new 

macromolecule from cross-linked polybutadiene latex particles. The word micro referred to the 

size of the gel particles usually in the range of 100 nm-1000 nm. While microgels internally have 

the same gel structure as their macroscopic counterparts, like macrogels or hydrogels, microgels 

and macrogels are physically different. Microgel particles have surface to volume ratios that are 

several orders of magnitude larger than those existing in bulk gels. Tanaka and Fillmore (TF) 
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developed a theory of deswelling kinetics that was based on the concept of cooperative 

diffusion.
111, 112 

According to the TF theory: 

τ ≈ R
2
/D              (1-2) 

where τ is the time needed for gel swelling or collapse, R is the gel size and D is the cooperative 

diffusion coefficient. According to this relation, the most obvious way to achieve faster response 

rates is to decrease the size of the gel.
113 

Microgels, therefore, de-swell at rates much faster than 

bulk gels because of their significantly decreased size. The collapsing rates of temperature-

responsive microgel are typically on the microsecond time scale.
114

 

A breakthrough with responsive microgels was in 1986 when Pelton and coworkers 

successfully synthesized temperature-responsive pNIPAm microgels by precipitation 

polymerization.
38

 After that, responsive microgels have received increased attention and found 

great potential in different areas of application. The family of responsive microgels are growing 

and a variety of stimuli-responsive microgels have been developed.
18, 115-120

 However, pNIPAm-

based microgels are still the most studied one with potential to be practically used in future. In 

the following sections, we will mainly focus on the pNIPAm microgels from the basic aspect. In 

this dissertation, all the microgels based materials and devices are prepared based on pNIPAm 

microgels. 

1.2.1 Temperature-responsive pNIPAm microgels 

Microgels constructed from pNIPAm exhibit similar temperature responsive properties to 

their bulk hydrogel. It has extremely solvent swollen properties, approximately 95 % by volume 

in their hydrated state and 20 % solvent in their de-swollen state.
12, 121-123

 The size of pNIPAm 

microgels can range from 50 nm to 5 µm and the volume phase transition temperature (VPTT) is 

close to the LCST of pNIPAm. However, more parameters affect the VPTT of the microgels, 
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such as cross-linking density, solvent nature, microgels structure and composition, and the nature 

of the functional groups in the copolymer.
116

 For example, charged groups in microgels having a 

large influence on the VPTT was proved recently by dielectric analysis on poly (N-

isopropylacrylamide-co-methacrylic acid) (p(NIPAm-co-MAA)) microgels.
124

 Most of the 

researchers focus on the incorporation of functional moieties within pNIPAm based microgel 

materials by copolymerization or post-functionalization that alter the hydrophilic/hydrophobic 

balance as well as swelling capacity and explored the application of pNIPAm microgels. One of 

the examples is copolymerization of acrylic acid monomer into the system to incorporate 

charged species into this microgel, which found employment in controlled uptake and release of 

various model drug compounds.
125, 126

 There is also an increasing attention on constructing 

microgels in a large scale to create new functional materials or devices, like microgels 

assemblies based devices are developed by Asher group
127-129

 and Serpe group.
130-132

 

1.2.1.1 PNIPAm microgel synthesis and functionalization 

Precipitation polymerization is defined as a polymerization that starts from a homogeneous 

monomer solution and ends when polymer dispersion is obtained and is one of the most 

convenient polymerization methods for microgel formation. PNIPAm microgels are usually 

prepared by free radical precipitation polymerization.
38, 133

 The components needed for microgel 

synthesis are monomer, crosslinker and initiator. NIPAm served as the monomer in all of the 

synthesis, and comonomer can be added to increase the functionality of the microgels. Although 

Gao and Frisken reported self-crosslinking of pNIPAm microgels without cross-linker,
134

 cross-

linker is still vital to forming a uniform and stable microgels with high yield. It is versatile to 

choose different types of cross-linkers, such as N, N'-Methylenebisacrylamide (BIS), a relatively 

short and rigid cross-linked, poly (ethylene glycol) diacrylate (PEGDA), a more flexible 
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oligomeric cross-linker. Obviously, other cross-linkers can be prepared based on the required 

properties of microgels, like preparation of a degradable microgel using N, N'-(1, 2-

dihydroxyethylene)-bis-acrylamide as a cleavable cross-linker.
135

 There are several initiators 

available to be used during the synthesis such as ammonia persulfate (APS) for the aqueous 

system and azobisisobutyronitrile (AIBN) for the non-aqueous system.
136

  

In this dissertation, free radical precipitation polymerization was used to synthesize all the 

microgels. Figure 1-6 illustrates the mechanism of the free radical precipitation polymerization. 

Microgels are formed by homogeneous nucleation in an aqueous solution. First, the 

polymerization temperature much higher than the LCST of pNIPAm is necessary for the 

formation of stable pNIPAm microgels. There are few reasons for requiring this: (i) at this 

temperature, the radicals can be formed to initiate the polymerization, (ii) it allows the growing 

pNIPAm chains to reach a critical chain length and collapse on itself to give precursor particles. 

Then other growing oligo radical chains can attach and thereby forming growing particles that 

keep maturing until all of the monomers have been exhausted. The charge imparted by the 

initiator stabilizes the microgels. Since the cross-linker reacts faster than NIPAm monomer, the 

microgels have unevenly distributed cross-links: the inner layer of the pNIPAm microgel 

contains more cross-links than the outer one. There is a way to generate uniformly distributed 

crosslinks by delaying the addition of the cross-linker during the polymerization.
137

 Stable 

pNIPAm microgels are obtained at a low temperature when a co-solvent is used as the medium. 

For example, a water/ethanol mixture (7:3 v/v) enabled the precipitation polymerization of 

NIPAm at 40 °C. In this mixed solvent, the LCST of pNIPAm fell to 5 °C because water and 

ethanol interact closely and pNIPAm has a decreased affinity to both.
138-141

 The size of these 

microgel particles can be tuned by modulating the concentration of stabilizing surfactant as well 
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as initiator. Typically, higher surfactant concentration results in smaller microgels and vice versa. 

Attributed by the convenience of precipitate polymerization, other co-monomers with functional 

groups have been added to give microgels with multi-functional properties.
121, 142, 143

  

 

Figure 1-6. Mechanism of microgels formation in free radical polymerization. 

1.2.1.2 PNIPAm microgels characterization 

Several techniques are used to characterize microgel size, morphology, functional group 

distribution and responsive properties. They include optical microscopes, light scattering, 

scanning and transmission electron microscopy, UV-vis spectrometry, differential scanning 

colorimetry, fluorometry, small-angle neutron scattering, rheology, NMR and so on. In this 

dissertation, optical microscopy, UV-vis spectrometry and dynamic light scattering (DLS) are 

the most commonly used techniques to characterize the microgels.  

Differential interference contrast (DIC) microscopy was used to characterize the 

synthesized microgels to evaluate the success of the synthesis and characterize the size and 

uniformity of the microgels. In this dissertation, an Olympus IX 70 inverted microscope 
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equipped with a high numerical aperture, oil immersion 100X objective was used to obtain 

images of the microgels adsorbed to the glass substrate as well as imaging a mask through the 

microgel to prove the lensing abilities of the microgels. Images were captured using a black and 

white CCD camera.  

DLS has been used most often to study the size distribution and solution behavior of 

microgels. All of the DLS experiments in this dissertation were carried out on a Protein Solutions 

DynaPro-MS/X. The source is a semiconductor laser of λ = 784.8 nm. The light impinges on the 

sample through fiber optics and the scattered light at 90° to the source is collected by an 

avalanche photodiode. The signal from the photodiode is fed to an autocorrelator board, from 

which the diffusion coefficient is calculated. In DLS, the fluctuations in the scattered intensity 

are collected and these fluctuations are used to plot the autocorrelation function. The diffusion 

coefficient is then calculated from the decay of the autocorrelation function. Assuming that the 

particles have random Brownian motion the diffusion coefficient is used to calculate the 

hydrodynamic radius (Rh) of the particles from the Stoke-Einstein equation: 

   
   

                       (1-3) 

where kb is the Boltzman constant, T is the temperature in Kelvin, η is the solvent viscosity and 

D is diffusion coefficient.  

The temperature-induced volume phase transition of pNIPAm microgels can be followed 

by detecting the scattered light. A dilute dispersion of microgels appears transparent because at T 

< VPTT the microgels are swollen with water and the contrast in refractive indices of the 

polymer and the solvent is small. At T > VPTT, the expulsion of water from the particles causes 

an increase in refractive index contrast between the polymer and the solvent, and the dispersion 

appears turbid. 
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1.2.1.3 PNIPAm microgel assemblies 

Microgels have been applied as a building block to self-assemble into structures such as 

one-dimensional (1D) monolayer,
144, 145

 two-dimensional (2D) films
146

 and three-dimensional 

(3D) hydrogels,
146-149

 and these structures are used in different applications, like sensing and 

biosensing. Microgel monolayer has been developed as non-fouling coatings to increase the 

biocompatibility of the biomedical devices.
150

 For example, Schmidt prepared pNIPAm microgel 

monolayer for studying cell culture substrates.
151

 Lyon group fabricated microgel 2D films as 

drug delivery vehicles.
126

 Zhang group prepared microgels 2D colloidal crystals assemblies by a 

different method.
152, 153

 Lyon group used microgels to create large-scale photonic crystals with 

tunable bandgaps.
148, 154

 In our group, we originally developed a microgels based device that has 

excellent optical properties, called etalon.
144

 In this dissertation, the main structure we used is 

based on the microgels monolayer assemblies.  

The devices that we investigated in this dissertation are made by assembling pNIPAm-

based microgels on a Cr/Au coated glass substrate. The excess microgel was washed away and 

another layer of Cr/Au was deposited on top of the microgels layer, sandwiching the microgels. 

Hence, the distance between two Au layers depends on the diameter of the microgels. The 

resultant device is typically referred to as a microgels-based etalon and is shown schematically in 

Figure 1-7 (Figure 1-7a is the structure of this device and Figure 1-7b is the typical reflectance 

spectrum, Figure 1-7c shows the instrument setup for collecting the reflectance spectrum).
155

 

This device shows visible color and characteristic multipeak reflectance spectra both of which 

depend on the refractive index of the microgels and the distance between the two Au mirrors 

based on equation (1-4).  

               (1-4) 
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where n is the refractive index of the dielectric layer, d is the mirror–mirror distance, θ is the 

angle of the incident light relative to the normal, and m (an integer), is the order of the reflected 

peak. Because λ is directly proportional to n, an increase in n for a given peak of order m results 

in a red-shift. Similarly, because λ is also proportional to the distance between the two mirrors, d, 

an increase in d gives rise to a red-shift in λ for order m.  

 

Figure 1-7. The structure of microgel-based etalon device (a) and (b) the standard optical 

spectrum of this device. (c) the instrument setup for collecting the reflectance spectrum. 

Reproduced with permission from ref. 156 Copyright 2013, Springer. 

The color tunability is a result of the temperature-dependent solvation state of the 

microgels dynamically modulating the distance between the mirrors; the predicted red shift due 

to the increase in refractive index of the dielectric microgels layer with temperature (due to 

microgels deswelling) was dominated by the decrease in the mirror separation distance. 

Furthermore, when reflectance spectra were collected, multiple peaks in the visible were 
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observed, corresponding to different reflection orders as defined by equation 1-4. While 

materials that have multiple spectral peaks in the visible region can be extremely beneficial for 

various types of sensing, we seek a configuration that produces a single reflectance peak in the 

visible. This can be useful for developing sensors that have distinct colors in the absence and 

presence of an analyte for point-of-care and home testing devices. 

1.2.2 Multi-responsive microgels systems 

Multi-responsive microgels are prepared by incorporating a second functional monomer 

into pNIPAm microgels to generate other response properties. There are two methods can be 

used to achieve this, one of during the polymerization and forming of pNIPAm microgels, the 

second monomer was added before the reaction was initiated. In this case, during the 

polymerization of NIPAm and forming the precursor particles, the second monomer will be also 

polymerized and inserted into the polymer chains. The other method is post-functionalizing the 

synthesized microgels, which can give more diversity of function of microgels if there is no 

relative monomer exists. Many functional monomers have been studied to create multi-

responsive pNIPAm microgels.
157

 Negatively charged microgels with pH-responsive pNIPAm 

microgels are produced by copolymerization with anionic monomers, such as acrylic acid 

(AAc),
158

 and 3-(Acrylamide)phenylboronic acid (APBA).
159

 Temperature and pH-responsive 

microgels with a positive charge are prepared by incorporating cationic monomers like 4-vinyl 

pyridine (4-VP),
160

 N-(3-aminopropyl) methacrylamide hydrochloride (APMH),
161

 and N, N-

(dimethylamino)ethyl methacrylate (DMAEMA).
143

 Others multi-responsive microgels can be 

prepared by just incorporating the specific response unit into the microgels network, for example, 

by incorporating functional nanoparticles, researchers developed novel superparamagnetic 

microgels
162

 and catalyst microgels.
163

  

https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwiJsav16KjQAhVI1WMKHZ2EBFAQFgg3MAM&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F771465&usg=AFQjCNHPqkTwLT8yzyaJk1oj7kVfWyigAg
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The architectures relative to the co-monomer of the resulting microgels can be controlled 

by the addition time of the monomers during the polymerization. Besides the comonomers 

location controllable, the microgel’s structure can also be tailored by forming core-shell 

microgels. A stepwise addition of monomers during polymerization or a real two-step synthesis 

process results in core-shell structures. Researchers have studied the core-shell microgels from 

their basic concept of phase transition properties to the application in controlled molecules 

release. One of the first group of researchers who reported the synthesis of core-shell microgels 

using stepwise polymerization of NIPAm and acrylic acid was Lyon.
164

 Recently, Richtering 

group synthesis the hollow microgels with different components and study the swollen and 

assemble behavior.
165

  

There is steadily growing interested in the synthesis of copolymer microgels since the 

variation of the comonomer and crosslinker is a straightforward strategy to tune the properties of 

the obtained particles. For example, microgels based on supramolecular chemistry were 

successfully prepared in our group recently
166

 and responsive microgel with supramolecular 

crosslinker developed by Pich group at the same time.
167

 In addition, we observe growing 

interest in not-NIPAm based microgels systems.
168, 169

 Meanwhile a variety of colloidal 

copolymer microgels is available and the volume phase transition temperature of these systems 

can be tuned over a wide range.
116

 During the past few years, a clear tendency of research 

towards more complex monomer mixtures was observed and particles with a specific affinity to 

nanoparticles, biopolymers or drugs were made to meet the requirement of different applications.  

1.3 Applications of responsive microgels 

Over the past few decades, several new applications of microgels have arisen due to their 

stimulus-responsive nature. These include their uses as microreactors for the synthesis of 
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inorganic nanoparticles with predetermined properties, as carriers for targeted drug delivery, as 

tunable optical lenses and as building blocks of photonic crystals. This section below will briefly 

chart the functional roles and properties of microgels in the context of these applications. 

The swelling and deswelling of responsive microgel particles open up a new mechanism 

for sensing and biosensing.
131

 One early example of this was presented by Hoare and co-

workers,
170

 where they used APBA-modified microgels to detect the presence of glucose 

molecules in solution. Specifically, the microgel’s APBA groups bind glucose, which (via 

equilibrium arguments) increases the microgel’s anionic charge density, leading to a swelling 

response due to both Donnan equilibrium and direct intra-microgel charge-charge repulsion. 

Another early example from the Asher Group showed that the volume changes that pNIPAm 

undergoes as a function of temperature can be used to tune the visual color of colloidal crystals. 

Microgels-based etalons were able to fabricate that could detect the concentration of glucose in 

solution.
171

 P(NIPAm-co-AAc) microgels based etalons could be attached to the surface to 

sensitive detect the solution pH.
172

 Furthermore, pNIPAm microgels based etalons and etalon 

arrays are developed to determine the molecular weights of polymers in solution.
161

 Recently, 

our group synthesized Triacylglycerols (TAG)-responsive microgels by conjugating lipase to 

poly (N-isopropylacrylamide-co-4-vinylpyridine-co-N-acryloxysuccinimide) (p(NIPAm-co-4VP-

co-NAS)) microgels.
173

 When triolein penetrated into the microgel layer, it was hydrolyzed into 

a long chain fatty acid (C18H37COOH) by the lipase inside the microgels. The long chain fatty 

acid could subsequently attach to the microgels via acid–base reactions between a fatty acid and 

the microgel’s pyridine groups. The lipophilicity of long chain fatty acid increases the 

hydrophobicity of the microgels, hence water was expelled from the microgels, and they 

collapsed. This resulted in a blue shift of the etalon’s reflectance peaks, which corresponded to 
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the concentration of triolein. Such devices were able to detect the physiologically relevant range 

of triolein. 

Microgels also have shown promised advantages in water remediation application. 

Flocculation and coagulation have proved to be extremely important in wastewater treatment 

over thousands of years, with clarifying agents such as crushed seeds known to have been used 

in treating potable water since ancient times.
174

 Today, coagulation and flocculation are key 

processes for removing suspended fine particles, colloids, turbidity, and inorganic/organic 

contaminants during most water treatment.
175

 Synthetic or natural polymers (polyelectrolytes) 

are commonly utilized, either adsorbing to and binding adjacent colloid particles to cause 

bridging flocculation, or by attracting and absorbing oppositely charged materials, thereby 

decreasing the potential energy of repulsion between adjacent colloids and allowing flocculation 

to occur. As microgels are capable of the sorption/desorption of a variety of materials
116

 and can 

also be tailored to flocculate under specific environmental conditions.
176

 For example, microgels 

show promise in assisting in removing metal ions in wastewater treatment;
177

 Microgels with 

affinities for many compounds and the porous structure are potentially used in water 

purification.
178

  

One of the key areas of intensive research of microgels is in the biomedical application, 

such as controlled drug delivery. The open network structure of microgels can be used to 

incorporate small molecules such as drugs in their interiors while their large swelling-deswelling 

transitions may be employed as triggers to direct release of the drugs. In addition to pH, ionic 

strength, or temperature-triggered volume transitions, microgels loaded with a drug can interact 

with biological components or events such as enzymatic processes that would activate the release 

of the drug. Functionalization of microgels allows one to tune their volume transitions in 
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physiologically relevant conditions. Furthermore, by attaching receptor-specific proteins to the 

microgel surface, one can achieve selective targeting ability designed to treat specific diseases or 

specific tumor cells. 

Besides these described above, there is still another application that microgels involved 

like emulsion stabilization,
179

 micro-reactor
118

 and lubrication materials.
180

 We will not go 

through them one by one. In this dissertation, microgels and their assemblies are mainly studied 

in the biomedical application. The next chapter will discuss the responsive polymeric materials, 

specifically, microgels, in controlled drug delivery in detail.  
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 Chapter 2: Stimuli-Responsive Polymer Materials in Controlled Drug 

Delivery  

2.1 Background of controlled drug delivery 

Drug delivery describes the method and approach to delivering drugs or pharmaceuticals to 

their site of action within an organism, for achieving a therapeutic outcome.
a
 When employing 

standard drug delivery approaches, only a very small fraction of the dose actually arrives at the 

relevant receptors or sites of action, and most of the dose is actually wasted either by non-

specificity and/or degradation before arrival at the required site. Scientists researching drug 

delivery seek to address these issues in order to maximize drug efficacy and minimize side 

effects.
181

 Over the past few decades, the rise of modern pharmaceutical technology and the 

incredible growth of the biotechnology industry have revolutionized the approach to drug 

delivery systems development. Controlled drug delivery technologies have made great progress 

in the last six decades from the primitive delayed release forms in the 1960s to highly 

sophisticated self-regulated delivery systems in 2000s. Kinam Park describes the development of 

controlled drug delivery technologies into three generations.
182

 The 1
st
 generation (1950-1980) 

used to develop numerous oral delivery systems, transdermal patches and studied the drug 

release mechanisms. The 2
nd

 generation (1980-2010) was dedicated to the development of zero-

order release systems, self-regulated drug delivery systems, long-term depot formulations, and 

nanotechnology-based delivery systems. During this generation, many novel drug delivery 

technologies were developed. The 3
rd

 generation (2010-2040) is yet to be established; the 

technologies contain target delivery, on-demand delivery and long-term delivery and so on. For 

                                                           
a
 From www.nature.com/subjects/drug delivery 
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this generation of drug delivery to be beneficial, it should address and overcome the hurdles 

associated with the current drug delivery systems. 

Figure 2-1 shows the schematic illustration of the drug released from matrix system and 

the drug concentration release profiles. There is certain concentration range considered as an 

effective drug level for disease treatment. However, beyond (toxic) or below (ineffective) is 

better to be eliminated. Figure 2-1c and d are two standard controlled drug release profiles, 

sustained and pulsatile release, respectively. 

 

Figure 2-1. Release profiles in controlled drug delivery system. 

The route of administration of therapeutics is crucially important to cure the disease. 

Development of alternative drug delivery methods to overcome the challenges plays an 

important role throughout the history of medicine. Scientists have been working on the creation 

of smart drug delivery system and such approaches could provide an easy route of administration, 

ensuring patient compliance, decreasing toxicity, improving bioavailability and achieving the 

precise therapeutic target. Figure 2-2 summary the typical routes of administration of 

therapeutics developed. The traditional delivery method like oral
183, 184

 have been developed and 

applied for many years. Oral administration is a desirable alternative because of the convenience 
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and increased compliance by patients, especially for chronic diseases that require frequent 

administration. There are still challenges that exist for oral delivery like gastrointestinal tract, 

which may involve the enzymatic degradation, poor permeability and instability because of the 

extremely acidic pH environment. Many smart systems are developed to afford the requirement 

of different drugs to address these challenges.
185-187

 For example, the gastric-retentive device 

with prolonged gastric retention of drugs is developed by pH-responsive polymer systems 

recently with stable properties in stomach acid condition.
188

 These supramolecular polymer gels 

are formed by hydrogen bonds between the terminal carboxyl groups, which are protonated at 

the acid condition to stabilize the gel structure, however, under neutral pH, the carboxyl groups 

deprotonate and destroy the interaction to dissociate the gels.  

Injection is a method of introducing a drug into the bloodstream via a hollow hypodermic 

needle and a syringe, which is pierced through the skin into the body. It provides an alternative 

way to admit drugs that are limited by oral delivery while providing increased efficiency. These 

injectable delivery systems have various advantages including easy of application, localized 

delivery in case of site-specific action, extended delivery periods, enhanced patient comfort and 

reduced body drug dosage by lessening unwanted side effects that may occur in systemic 

delivery.
189, 190

 Polymeric hydrogel with the sol-gel transition is a great candidate to apply into 

injection drug delivery systems.
191

 Bioactive molecules, like drug, protein, and DNA can be 

easily mixed with precursor solution and loaded at target site via the in situ gelatin right after the 

injection.
192

 The release of these bioactive molecules can be performed in a sustained or 

triggered way on demand in response to the external stimuli. Most of the studies are focused on 

the hydrogel-forming strategies,
193

 biocompatibility,
194

 and the novel hydrogel systems.
195
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For example, Burdick and co-workers describe the synthesis of a polysaccharide-based 

hydrogel that can be locally injected into tissues and releases a recombinant tissue inhibitor of 

matrix metalloproteinases (MMPs) (such as rTIMP-3) in response to MMP activity. Specifically, 

rTIMP-3 is sequestered in the hydrogels through electrostatic interactions and is released as 

crosslinks are degraded by active MMPs. This is the first proof-of-concept demonstration of 

designing MMP-degradable hydrogels to release an MMP inhibitor in the presence of MMP 

activity to limit off the clinically problematic target effects and to provide an on-demand 

presentation of an inhibitor based on local MMP activity. Others, like self-healing hydrogel, is 

also developed with injectable properties to apply to this area. Zeng’s group report a new type of 

injectable hydrogel based on self-assembly of a tri-block copolymer with rapid self-healing 

properties through mussel-inspired catechol-mediated hydrogen bonding interactions and 

aromatic interactions and with anti-biofouling capability.
196

 Besides the design of materials and 

properties used in hydrogel system, the needle for injection was also interestingly studied 

recently by Kang and Lee.
197

 They modified the surface of the needle by crosslinked catechol-

functionalized chitosan that undergoes a solid-to-gel phase transition to seal punctured tissues. 

However, there are still some disadvantages exist for injection method, like the chance of 

infection, increased the chance of overdose and arterial damage.  
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Figure 2-2. Typical routes of administration of therapeutics. 

Another alternative way is the transdermal route, which has the advantages of preventing 

prematurely metabolize drugs, non-invasive and can be self-administered. The common structure 

of transdermal delivery is patch-based devices, which are a construct of a drug reservoir and rate 

controlling membrane. Drug reservoir works as a carrier to load the drug. The rate controlling 

membrane has a specific structure, like pores to control the drug release from the reservoir and 

penetrate the skin. The requirements of these materials are limited by biocompatibility and 

stability. The greatest challenge for transdermal delivery is the skin permeability that makes only 

limited number of drugs amenable to administration by this route, relative to the hydrophilicity 

of drugs and their molecular weight. To overcome this limitation, a number of different 

approaches were developed and studied with the same goal.  

Needle-free transdermal patches have been reported to disrupt stratum corneum structure in 

order to create “holes” big enough for delivery of large vaccine molecules,
198

 which is still a 

challenge for most of the traditional patches. Recently, increasing efforts are contributed to 

developing microneedles based patches,
199, 200

 which can efficiently deliver a variety of drugs to 
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the skin by combing the microneedles puncture into the skin for transdermal delivery and get 

admirable success. At the early stage, silica microneedles were fabricated by micro electrical 

mechanical systems based techniques
201

 to mechanically and painlessly disrupt the skin barrier 

and deliver vaccines epidermally. The devices effectively breach the skin barrier in humans with 

minimal discomfort and skin irritation.
202

 Polymer microneedles were also developed recently 

for different purposes. For example, dissolving polyvinylpyrrolidone based microneedles
203

 were 

fabricated to vaccination with protective immune responses superior to other methods. And this 

dissolving microneedle also offers additional benefits, like small storage and disposal size, 

inexpensive fabrication and ease of use to enable self-administration at home. Poly(L-lactic acid) 

(PLA) based polymer microneedles with bioresorbable properties were also employed for 

vaccination.
204

 Gu group report a novel glucose-responsive insulin delivery device based on 

microneedle-array patches integrated with hypoxia-sensitive hyaluronic acid vesicles containing 

insulin and glucose oxidase.
205

 Instead of using enzymatically-induced pH changes, for the first 

time they have taken advantage of the local generation of hypoxia due to the consumption of 

oxygen in the enzymatic reaction as a trigger for rapid insulin release in response to 

hyperglycemia. Modification of microneedle is an alternative to applying polymer in transdermal 

patches. Hammond and Irvine's group introduce a new approach to delivering a vaccine 

formulation by modifying the poly (lactide-co-glycolide) microneedle arrays with multilayer 

films via layer-by-layer assembly of a biodegradable cationic poly(β-amino ester) and negatively 

charged interlayer-cross-linked multilamellar lipid vesicles.
206

 They demonstrated the potential 

utility of such functional multilayer coatings constructed on microneedle arrays for rapid transfer 

of particle-carrying multilayers into microneedle-treated skin and for the subsequent release of 

vesicle cargos through multilayer degradation in situ, which may ultimately serve as a potent 
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platform for protein vaccination providing enhanced immunogenicity, simple and safe 

administration, and the potential for dry-state storage. 

The implant is a medical device
207

 to maintain the functions of the body by replacing a 

missing biological structure, supporting a damaged biological structure or enhancing an existing 

biological structure. Implantable drug delivery devices
208

 offer several advantages over other 

forms. First, implantable devices allow site specific drug administration where the drug is needed 

most. Examples include implants used in the treatment of brain tumors or prostate cancer. This 

may also allow for significantly lower doses of the drug, which can minimize potential side 

effects. Second, implantable devices allow for sustained release of a therapeutic agent. The last 

and perhaps most important advantage is patient compliance, as the treatment regimen associated 

with an implantable device is generally less burdensome than pills or injections.  

There are several major factors need to be considered during the development of an 

implantable drug delivery system. Biocompatibility with the human environment is essential 

since the system is to be implanted and it should not cause any inflammatory response at the site 

of implantation.
209

 Historically, implantable drug delivery systems have been classified into two 

major classes: drug implants and implantable pumps containing the drug. The first major class 

utilizes various types of polymers and polymeric membranes, degradable or non-degradable, to 

control the release kinetics of drugs from the delivery systems.
210

 The second major class 

consists of mechanical pump-type implants which utilize an infusion pump-type action to control 

the release of the drug.
211

 Implantable drug pumps have been used to deliver insulin in the 

treatment of diabetes
212

 and histrelin implants
213

 for the palliative treatment of prostate cancer 

and uterine fibroids. No matter in which types, nowadays the research contribution mainly 

focuses on the development of nano- or micro- scale devices that can transport inside the vessel 
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and move to the target site to deliver the drugs. Relay on the development of nanotechnology and 

3D printing, more and more studies focused on the fabrication of micro-robot and chip-based 

controlled drug delivery devices. A half century of research has established that implanted 

“cyborg” biomaterials could be used to provide controlled, long-term release of drugs and 

proteins.
214, 215

 Technologies that can generate biocompatible micrometer and sub-micrometer 

particles with precise control over the shape and some control over surface topography are in use. 

Both the chemical and material properties of these systems can be engineered to control 

parameters such as degradability, cross-linking, and swelling in order to provide fine control 

over the kinetics, duration, and location of drug and protein release.
216, 217

 One example is a 

refined soft-lithography process known as PRINT,
218

 which utilizes fluorinated molds and non-

wetting substrates to polymerize a liquid precursor within the mold, producing particles with 

precise control over features and sub-50 nm resolution. Micrometer and submicrometer particles 

shaped as trapezoids, hex nuts, boomerangs, and arrows have been PRINT-fabricated from a 

range of biocompatible materials including PLA, PEG, and proteins.
219

 Another emerging 

technology that could allow 3D printing of free-standing robot device is two-photon 

lithography.
220

 This technology is capable of voxel-by-voxel additive construction of arbitrary 

3D microstructures without requiring pre-manufactured molds. The technique is performed using 

ultrafast lasers with photosensitive laser-transparent materials. Using the two-photon excitation 

mechanism, the energy transfer from the laser to the material is spatially confined to the vicinity 

of the laser focus. Thus, a photoreaction in the material, often polymerization, can be confined to 

a very small volume using laser focusing. Therefore, it is possible to control material properties 

by moving the laser focus in a predefined pattern throughout the volume of the material. 

Materials could be used to localize the release of chemotherapeutic in order to reduce the dose of 
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a drug, decrease systemic side effects, and increase its site-specific tissue absorption. 

Implantable drug delivery systems
221

 have played more and more important roles in progressing 

this area because of the precise fabrication and highly intelligent control properties and will 

continue to contribute to the developing of controlled drug delivery.  

Materials used for preparing controlled drug delivery device or systems are diverse. 

Among that candidate, polymeric materials are the widest studies area of drug delivery in 

recently, and it provides a significant contribution to developing smart controlled drug delivery 

systems in the 2
nd

 generation. Polymers can be manipulated to possess certain properties that can 

meet specific criteria for the designing of suitable delivery systems. Polymeric drug delivery 

systems
98, 222-227

 provide advantages such increased efficacy, reduced side effects and toxicity 

and convenience. Like small drugs in general, therapeutic macromolecular drug requires the use 

of polymeric systems, since these agents have very short half-lives in blood plasma and are 

susceptible to physical or chemical degradation. Polymers that exhibit physicochemical 

responses to stimuli have been widely explored as potential drug delivery systems.
9, 228-231

 Kinds 

of stimuli investigated to date include most of we described in Chapter 1. Among these, 

polymers that, in an aqueous solution, exhibit dramatic changes upon a temperature change 

below or above the body temperature are of particular interest in drug delivery. The application 

of pNIPAm and its copolymer is probably one of the best examples, and we will describe in 

details in the following section. Figure 2-3 summary the evolution of polymeric drug delivery 

systems over past 50 years. They are organized in the order of scale of the drug delivery systems 

contain macroscale, microscale, and nanoscale from different materials. In macroscale,
232

 mostly 

the earliest stage of controlled drug delivery systems. In microscale, the polymeric 
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microstructure is developed to apply into the drug delivery system. Nanoscale drug delivery 

systems are most recently developed with the progress of varieties of nanotechnologies. 

Three key technologies were the major factors that stimulated the immense activity and 

clinical success of nanotherapeutics from the late 1980s to the present. The first was the concept 

of “PEGylation”, which refers to polyethylene glycol conjugated drugs or drug carriers. The 

second is the concept of “active targeting” of the drug conjugate by conjugating cell membrane 

receptor antibodies, peptides or small molecule cell ligands to the polymer carrier. The third was 

the discovery of the “enhanced permeation and retention effect” (EPR) by Hiroshi Maeda in 

Kumamoto, Japan, wherein nanoscale carriers are entrapped within solid tumors due to the leaky 

vasculature of the fast-growing tumor. This is called “passive” targeting as contrasted with active 

targeting. 
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Figure 2-3. Evolution of polymeric drug delivery systems for past 50 years in the scale of macro-, 

micro- and nano-. (Adopted from ref. 98, 233) 

2.2 Release mechanism and mathematical models in polymeric material based 

controlled drug delivery systems 

Polymeric materials have played an integral role in the advancement of drug release 

technology by providing controlled release of therapeutic agents in constant dose over long 

periods and tunable release of both hydrophobic and hydrophilic drugs. The devices made by 

polymeric materials are expected to provide effective therapy, reduce toxicity and increase 

patient comfort levels. The versatility of polymeric materials gives these systems great 
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opportunity to design devices following relative principles. For examples, the degradable 

polymer can control the degradation process to control the drug release; porous structure on the 

polymer based device allows the drug molecules diffusion outside of the matrix. Study of the 

mechanism of polymeric controlled drug release systems
98, 234-236

 can be used to predict drug 

releasing profile and to reduce the number of the experiments. However, the mechanisms used 

for describe the controlled release process are normally diverse and complex, and mostly depend 

on the particular application. Sometimes, multiple mechanisms may simultaneously apply to one 

delivery process for illustrating the different stages. Herein, this section will discuss classical 

drug release mechanisms based on drug diffusion, polymer degradation, and erosion. Mathematic 

models are used for predict the release behavior of each mechanism, providing useful 

information, such as release kinetics and diffusion coefficient. 

2.2.1 Diffusion-based release mechanism 

In these systems, a drug is dissolved or dispersed in a non-swellable or fully swollen 

matrix that does not degrade during its therapeutic life. Diffusion occurs due to the drug 

molecules motion involves concentration gradients. The drug molecules migrate through the 

pores or channels.  Mathematic model for the simple slab-like system is derived from Fick’s 

second law of diffusion.
98, 237-239
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where   is the sum of drug released at time t, with    being the total of the drug-loaded mass, D 

is the diffusion coefficient, and h is the device thickness.  
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This model assumes that the dimension and physical properties do not change as the drug 

is released; for example, there is no loss of bulk polymer material or degradation. These models 

have been used in many studies. For example, the diffusion coefficients of functional proteins 

released from peptide nanofiber hydrogel scaffold was successfully predicted
240

 and in another 

study, measured the diffusion coefficients of small molecular-theophylline in the poly (acrylic 

acid-g-ethylene glycol) hydrogels and showed that both the early- and late-time approximations 

correlate with experimental data, which indicate the dominant release mechanism was Fickian 

diffusion in this study.
241

 However, there are some limitation if diffusion of drugs having 

heterogeneous structure, moving boundary condition, non-Fickian diffusion and ionic species.  

2.2.2 Dissolution-based release mechanism 

Polymer dissolution refers to a polymer releasing its payload drug into a 

thermodynamically compatible medium or solvent.
242-244

 The release process was controlled by 

drug diffusion as well as polymer dissolution.
245, 246

 As an example, the one-dimensional systems, 

such as slabs, films, or disks the model equation for accumulative drug release is described as 

below: 
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Variables A and B are designated as 
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where   is the initial crystalline polymer thickness,  represents the solvent diffusion coefficient 

value,    is the drug diffusion coefficient,   
  and   

  are the fixed fractions of the solvent and 

the drug (respectively) at the polymer crystalline-rubber transition,       and       are the fixed 
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fractions of the solvent and drug (respectively) at the polymer rubber phase-solvent phase 

equilibrium,    is the disentanglement rate of the polymer chain, and   is time.  

The model successfully captures Fickian and Case II type behavior and the transition state 

in between. It provides good represent to polymer dissolution as there is a good correlation 

between equation 2-3 and experimental data. For example, the release of cimetidine 

hydrochloride from a poly(vinyl alcohol) tablet was shown a zero-order release pattern and to be 

driven via a Fickian diffusion process using this model.
245

 

2.2.3 Erosion-based release mechanism 

There are several mathematic models for erosion mechanism, such as Hopfenberg model
247, 

248
 and Hixson-Crowell model.

249
 Surface eroding polymers can be represented using 

Hopfenberg’s model, where the zero-order surface release of the drug determines the rate-

limiting step. The following equation holds true for spheres, cylinders, and slabs. 

  

  
      

   

   
     (2-6) 

where    and    are the cumulative drug release at time   and infinite time,    is the erosion 

rate constant,    is the initial concentration of the drug,   is the radius of the cylinder/sphere (or 

half the thickness of the slab), and   is a shape factor where   = 3 for a sphere,   = 2 for a 

cylinder, and   = 1 for a slab. However, predicted values using this model for a cylindrical tablet 

did not correlate well with experimental values.
250

 The next model was developed for drug 

release from an erodible polymer matrix, which takes into consideration axial and radial erosion 

factors. 
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where    is the radial erosion rate constant,    is the axial erosion rate constant,    and    are 

the tablet’s starting radius and thickness (respectively), and C0 is the initial concentration of drug 

in the matrix. Under specific conditions, where       , the model accurately described drug 

release from a cylindrical tablet. After this, different models were developed to taking into 

account the system’s different situations, like considering the hydration kinetics, dissolution and 

pore formation for both surface and bulk eroding materials’ drug release with all the parameters 

were explained and expressed was described by Rothstein et al.
251

  

2.2.4 Affinity-based release mechanism 

Affinity-controlled release
232, 252-256

 is an approach proposed recently to study the 

controlled drug release systems. Due to the strong, reversible and noncovalent interaction 

between a therapeutic drug and a binding ligand, this alternative strategy provides a sustained 

and tunable release of therapeutics. The interaction used could be electrostatic, hydrophobic 

or/and van der waals between two binding partners.
232, 257

 This process, in contrast to degradation 

or erosion polymer-based release systems, is controlled through the strength of the binding 

interaction, the binding kinetics and the concentration of the binding partners. Recently, a 

mathematical model for affinity-based delivery systems was proposed by different groups.
253, 258-

261
 These models have broadened our understanding of the mechanisms of controlling affinity-

based protein released from hydrogels.  

Recently, Shoichet group proposed a mathematical model to simulate affinity-based 

protein release by considering the terms of kinetic constants, gel thickness, protein diffusivity, 

binding ligand concentration and some other factors.
253

 The mass transport within the hydrogel 

can be described using the mass balance for protein and complex. The concentration of free 
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protein (    ) changes due to diffusion from the gel as well as association or dissociation with 

the bound peptide are describes in equation (2-8). 
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Where     ,     , and      are the molar concentration of the free protein in the gel matrix, the 

uncomplexed or free peptide and the complexed or bound peptide. The concentration of the free 

peptide (    ) is described as a difference between the concentration of total immobilized 

peptide (      ) and the concentration of complex (    ).   is the diffusivity of the protein and 

assumed that the protein diffusivity through the gel and release media were not significantly 

different. Parameter     and      is the rates of association and dissociation of protein binding 

with the hydrogel matrix, respectively.  

They concluded that the protein release from affinity-based systems will fall into one of the 

three regimes. In regime 1, bound and free proteins are released together over a single timescale 

and dominant by diffusion controlled, and it requires the concentration of binding ligand must by 

greater than dissociation constant to achieve affinity-based release although the peptides are 

mostly uncomplexed. Regime 2 has a large proportion of complexed peptides relative to 

uncomplexed ones and represents another case of diffusion-controlled dynamics with. A two-

stage release profile is obtained for this regime. In regime 3, the decomplexation of bound 

protein is slow relative to diffusion, and nearly all the free protein is initially released from the 

gel over the diffusion timescale. The initial fast diffusive release is followed by the slower 

decomplexation and release of the bound protein over the timescale. When involving into a real 

controlled drug delivery system with different materials and morphologies, the mechanism is 

even more complex and not all of them can be predicted by the mathematical model. And we 

believe there still have large spaces to make progress in this area. 
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In this dissertation, most of the drug loading and releasing studies were based on the 

controlling of electrostatic interaction between the drug molecules and polymeric microgels. 

2.3 Responsive polymeric materials design for controlled drug delivery 

Stimuli-responsive polymers have very promising applications in the biomedical field as 

delivery systems of therapeutic agents, tissue engineering scaffolds, cell culture supports, 

bioseparation devices, sensors or actuators systems. The concept of stimuli-responsive drug 

delivery system was first reported in the late 1970s with the use of thermosensitive liposomes for 

the local release of drugs through hyperthermia.
262

 After that, a great deal of research has been 

carried out on stimuli-responsive materials for drug delivery, especially concerning the design 

and application of responsive polymers. The design of new systems and approaches of drug 

delivery must meet challenges associated with administration in the body, such as a simple route 

of administration, effective delivery to the desired biological compartment, response adapted to 

the pathological event, either rapid or slow, depending on the bio-specificity and use of non-toxic, 

biocompatible and biodegradable systems. The strategy underlying polymer-containing 

responsive systems is a dramatic physicochemical change caused by stimuli. At the 

macromolecular level, polymer chains can be altered in different ways, including changes in 

hydrophilic-to-hydrophobic balance, conformation, solubility, degradation, and bond cleavage, 

and these, in turn, will cause detectable behavioral changes to self-assembled structures. Many 

designs that vary the location of responsive moieties or functional groups are possible, like side 

chains on one of the blocks, chain end-groups, or junctions between blocks. The response may be 

reversible or not, depending on the strategy employed. Stimuli-responsive polymers are involved 

in building up the controlled drug delivery system in different ways, including 

microgels/nanogels, self-assembly vehicles, core-shell particles, polymer-inorganic hybrid 
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systems and polymer-biomacromolecules conjugates and so on. In this dissertation, we will 

mainly discuss the most significant progress made in the field of controlled drug delivery from 

responsive polymeric microgels.   

2.3.1 Thermo-responsive drug release 

Thermoresponsive drug delivery is among the most investigated stimuli-responsive 

strategies and has been widely explored in oncology.
226, 263

 Thermoresponsive is usually 

governed by a nonlinear sharp change in the properties of at least one component of the 

nanocarrier material with temperature. Such a sharp response triggers the release of the drug 

following a variation in the surrounding temperature. Ideally, thermosensitive nanocarriers 

should retain their load at body temperature (~37 °C), and rapidly deliver the drug to a locally 

heated tumor (~40-42 °C) to counteract rapid blood-passage time and washout from the tumor. 

Thermoresponsive systems are generally liposomes, or polymer micelles or nanoparticles 

(usually pNIPAm) that exhibit a lower critical solution temperature as we described in Chapter 1. 

We know that microgels are cross-linked polymeric particles, which possess high water content, 

biocompatibility, and desirable mechanical properties. They are faster in responding to changes 

in their environment than their macroscopic or bulk counterparts and can be used more 

efficiently in medical applications.
117, 264

 Due to their much higher interfacial area per unit mass, 

they have greater exchange rates. They offer unique advantages, like a tunable size from 

nanometers to micrometers, a large surface area for multivalent bioconjugation, and an interior 

network for the incorporation of biomolecules. Present and future microgels applications require 

a high degree of control over properties. They include stability for prolonged circulation in the 

blood stream, novel functionality for further bioconjugation, controlled particle size with a 

uniform diameter, and biodegradability for sustained release of drugs for a desired period of time 
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and facile removal of empty devices. When systems or materials are developed for used in 

medical application, the primary requirement is compatible with the biological environment or 

human body, which is proved with the character of nontoxic and easily digestion. A significant 

amount of work has been directed towards developing the responsive microgels with 

functionalized degradable groups or cross-linkers, such as peptides,
265

 anhydrides,
266

 

polyglycerol,
267

 disulfides,
268

 acetals,
269

 poly (3-hydroxybutyrate),
270

 and polyphosphoesters.
271

 

Recently, more and more attention is focused on the biomedical application of microgels. 
117, 226, 

264, 272-274
 The functionalities of pNIPAm can be further modified by embedding micro or 

nanoparticles that are responsive to different types of stimulations, including magnetic fields.
275-

277
 Recently, an example is pNIPAm microgel with embedded iron nanowires which shows 

highly efficient magnetic controlled drug release.
278

 These hybrid microgel particles are made 

from a simple microfluidic technique with a high control of the nanowire concentration and in a 

relatively short time compared to chemical synthesis methods. The thermoresponsive 

microparticles were used for the remotely triggered release of Rhodamine B (RhB). With a 

magnetic field of only 1 mT and 20 kHz, a drug release of 6.5 % and 70 % was achieved in the 

continuous and pulsatile modes, respectively, as shown in Figure 2-4. It also shows that almost 

no release is obtained from pNIPAm and NBC particles in a pulsatile low-power alternating 

magnetic field (AMF). The small release observed is due to RhB diffusion. 
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Figure 2-4. (a) The nanowire composite pNIPAm particles are fabricated in a microfluidic 

system and are loaded with a drug by means of diffusion. (b) The release of RhB from particles 

at low-power and high-power alternating magnetic fields. (c) Pulsatile release of RhB from 

particles exposed to an alternating magnetic field for 12 minutes separated by 5 minutes intervals. 

NWC means nanowire composite and NBC means nanobead composite particles. Reproduced 

with permission from ref. 278, Copyright 2016, Nature publication. 

2.3.2 pH-responsive drug release 

The pH values in various segments of the gastrointestinal tract, different organs, tissues, 

and cellular compartments are different have been exploited to control the delivery of drugs, as 

well as to trigger the release of the drug when subtle environmental changes are associated with 

pathological situations, such as cancer or inflammation.  For example, the pH values vary in a 

wide range from the stomach (pH ~1.5-3.5) and small intestine (pH ~5.5-6.8) to the colon (~6.4-
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7.0). The pH values in tumors and inflammatory tissues are lower than those in blood and normal 

tissues (~7.4), and the acidic cellular environments exhibit even lower pH values (e.g., 

endosomes (pH ~5.5-6.0) and lysosomes (pH ~4.5-5.0).
45

 The difference in the pH value of 

different organs, tissues, and cellular compartments may provide a suitable physiological 

stimulus for pH-responsive drug delivery.
279, 280

 The strongly pH-dependent drug release profile 

of the drug-delivery system is an ideal platform for targeted drug delivery because the drug 

release is inhibited during systemic circulation at the physiological pH value of 7.4 and the drug 

is released only in the acidic environment of cancer cells. Two main strategies exist: the use of 

polymers (polyacid or polybases) with ionizable groups that undergo conformational and/or 

solubility changes in response to environmental pH variation; and the design of polymeric 

systems with acid-sensitive bonds
281

 whose cleavage enables the release of molecules anchored 

at the polymer backbone, the modification of the charge of the polymer or the exposure of 

targeting ligands. The polymers with a large number of ionizable groups are known as 

polyelectrolytes. The polymer contains acid-sensitive bonds that can undergo a cleavage of the 

bond to break down the drug carriers to release the payload. It usually requires the specific 

chemical modification of the polymeric components and the details will describe later. 

Hydrogels are an important kind of material with many applications in various biomedical 

fields. Compared with other synthetic biomaterials, the physical properties of hydrogels resemble 

living tissues closely because of their relatively high water content and soft and rubbery 

consistency. More importantly, the ability of drug molecules with different sizes to diffuse into 

and out of hydrogels allows the possible use of dry or swollen polymeric networks as drug-

delivery systems. Hydrogels can perceive and respond the stimuli by changing their physical or 

chemical behavior, which results in the controlled release of loaded drugs. The pH change 
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induced swelling behaviors of hydrogel have been most frequently used to develop controlled 

release systems.
280

 For example, PAA-based hydrogels can be used to develop formulations that 

release drugs in a neutral pH environment.
282-284

 Hydrogels crosslinked with azoaromatic 

crosslinkers were developed for colon-specific drug delivery.
285

 pH-responsive hydrogels were 

also placed inside capsules
286

 or silicone matrices
287

 to modulate the drug release. Compare to 

hydrogels, as a hydrogel particles micro/nano size scale, microgels maintain all the excellent 

properties of hydrogels and with much faster in responding to changes in their environment, 

higher interfacial area, and well-defined compositional heterogeneity as we described in previous 

Chapter and sections. Microgels also have tremendous flexibility in terms of their composition, 

morphology or assembly, enabling the production of multiple types of microgels-based materials 

with properties not accessible by conventional hydrogel fabrication techniques. Specifically, 

microgels with pH responsivity have found important application in controlled drug delivery 

systems. Georgiou group fabricated Amphiphilic microgels of different composition based on the 

hydrophilic, pH-responsive acrylic acid and the hydrophobic, non-ionic n-butyl acrylate
288

 or 

hydrophobic crosslinks of different compositions
289

 via a microfluidic platform. Due to their 

amphiphilic nature, they were able to encapsulate and deliver both hydrophobic Sudan I dye and 

hydrophilic Trypan Blue dye. The release was influenced by both the hydrophobic content of the 

microgels and the pH of the surrounding solution. With increasing the hydrophilic content of the 

microgels and suspending them in a more basic solution, the release of the dyes was accelerated.  

Other more complex systems are design based on the concept of pH-responsive properties, 

instead of using acidic or basic polymers, acid or base degradable or cleavable polymers have 

been applied into the pH-responsive drug delivery system to generate novel delivery properties. 

Haag’s group developed a series of microgels/nanogels of labile based on crosslinks for 
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biomedical applications.
290-293

 Recently their group
294

 reported efficient and homogenous 

stimuli-responsive microgels to encapsulate living cells that overcome the limitation of 

traditional acid-cleavable systems with free radical cross-linking
295

 and copper(I)-catalyzed 

azide-alkyne cycloaddition.
267

 The process of microgels fabrication and the cell encapsulation 

and release were shown in Figure 2-5. These microgels were fabricated by combining 

bioorthogonal strain-promoted azide-alkyne cycloaddition (SPAAC) and droplet-based 

microfluidics. Poly (ethylene glycol)-dicyclooctyne and dendritic poly (glycerol azide) (dPG) 

served as bioinert hydrogel precursors, and nonspecific hydrogel-cell interactions are avoided. 

Azide conjugation was performed using different substituted acid-labile benzacetal linkers that 

allowed precise control of the microgels degradation kinetics in the interesting pH range between 

4.5 and 7.4. By this means, a pH-controlled release of the encapsulated cells was achieved upon 

demand with no effect on cell viability and spreading. As a result, the microgels particles can be 

used for temporary cell encapsulation, allowing the cells to be studied and manipulated during 

the encapsulation and then be isolated and harvested by decomposition of the microgels scaffolds.  
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Figure 2-5. The process of microgels fabrication and cell encapsulation and release: A) A set of 

dPG-azide precursors P1-P3 with acid-cleavable linkers were prepared by microfluidic devices. 

B)  Micrometer-sized, cell-laden hydrogel particles were formed with the living cells were 

stained green and dead cells were stained red. C) Microgel M1 degraded completely after three 

days at the condition of pH 7.4, 37 °C, and 5 % CO2. Microgel M2 showed incomplete 

degradation and no release of cells for an observation period of two weeks under the same 

condition. However, incubation of microgel M2 at pH 6.0, 37 °C, and 5 % CO2 led to complete 

particle degradation after three days. Microgel M3 showed no degradation between pH 6.0-7.4. 

Reproduced with permission from ref. 294, Copyright 2013, WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

Microgels or hydrogels that can response to multiple stimuli are also very interesting in 

this area.
296

 They are providing more opportunities to control the release behavior of the polymer 

systems. Like microgels response to both temperature and pH can be made by simply 

incorporating pH-responsive monomer and temperature-responsive polymer, the LCST of the 
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microgels or hydrogels depends on the ionization of the pendant ionizable groups. The 

commonly used one is p(NIPAm-co-AAc) microgels, which has been extensively studied in 

controlled drug release application.
126, 297-300

  

2.3.3. Light-responsive drug release 

Light-responsive systems has been engineered in the past few years to achieve on-demand 

drug release in response to illumination of a specific wavelength (in the UV, visible or near-

infrared (NIR) regions)
301

 because of the non-invasiveness and the possibility of remote 

spatiotemporal control. Light-induced changes at polymer level can be reflected on the 

macroscopic level of material properties. A large variety of different strategies available relies on 

either a one-time or repeatable on-off drug-release event triggered by light-sensitiveness induced 

structural modifications of the drug carriers. These strategies can be divided into three directions. 

The first one is the materials with photo-switchable groups, which can change its molecular 

structure reversibly by applying different wavelength light. For instance, photoisomerization of 

the azobenzene group and its derivatives (discussed in Chapter 1) from trans to cis on irradiation 

at 300-380 nm, and from cis to trans by shining light in the visible region is enabled light-

regulated control of drug release. Spiropyran isomerizes to colored merocyanine form upon UV 

light irradiation and back to the original structure under visible light. These transitions change 

not only the color of the materials but also the properties of charges and can alter the 

hydrophilic/hydrophobic balance, which is used tune the drug release. Light-responsive polymer 

micro- and nano-capsules
302

 with these responsive groups promising ideal light controlled drug 

release.
303

 For example, supramolecular valves constructed by tetra-ortho-methoxy-substituted 

azobenzene and β-cyclodextrin were used to control drug release from mesoporous silica 

nanoparticles by the red light trigger.
304

 The second direction is using the photocleavable groups 
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that can break the covalent bond with light irradiation.
305

 For example, o-nitro benzyl (o-NB) and 

its derivatives
57, 306, 307

 are efficiently cleavable upon UV exposure. Molecular with a p-

methoxyphenyl group can light-triggered hemolysis of the carbon-oxygen bond to release the 

pending groups, like benzoic acid, several amino acid derivatives, and peptides. Zhao and co-

workers show the first example of the potential application of o-NB linkers in drug delivery and 

phototherapeutic.
308

 It was demonstrated by the controlled release of Nile Red-previously 

trapped inside a hydrophobic core of the micelle. Upon irradiation, the hydrolysis of the 2-

nitrobenzyl moieties converts the polymer from hydrophobic to hydrophilic, which results in the 

disruption of the micelle and release the hydrophobic drug. The last one is combined with 

nanomaterials, like nanoparticles, nanosheets, and nanorod, with polymers to form hybrid 

materials which can response to light and control the drug release.
309-316

 The mechanism behind 

is using the photo-thermal effect of nanomaterials to induce the properties to change of 

polymeric materials to trigger the release of drugs. For example, gold nanorods encapsulated 

pNIPAm nanogel has been reported by application of the NIR laser caused rapid shrinkage of the 

hydrogels and released the drug.
317

  

A variety of materials and structures is designed to meet the requirement of a different 

situation for controlled drug release. Materials like block copolymers incorporated with 

photosensitive moieties and thermal-responsive polymers hybrid with nanoparticles. The 

structure could be macro-size hydrogels, films, micro/nanogels, micelles or vesicles, and so on. 

Photosensitive block copolymers have been intensively studied due to their self-assembling 

properties and drug delivery applications. Polymer micelles or vesicles formed through self-

assembly of photo-response block copolymers can be applied as carriers for controlled drug 

delivery. The increase in temperature resulting from the surface plasmon resonance of gold on 
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NIR irradiation may also cause a phase transition in polymers or lipids, allowing the leakage of a 

preloaded drug. Accordingly, poly (lactic-co-glycolic acid) (PLGA) entirely or half coated with a 

gold layer,
318

 gold nanoparticles are encapsulated within pNIPAM microgels,
319

 polymer-coated 

gold nanocages,
320

 gold nanoparticles coated with pNIPAm polymer shell
321

 or gold nanorods 

combined with thermosensitive liposomes
322

 have been designed, and some have shown 

significant antitumour activity in experimental models of breast cancer. 

Light with the wavelength range of 190 nm-1000 nm, which contains the UV-vis and NIR 

light, is normally considered as a trigger for light-responsive controlled drug systems to release 

their entrapped drugs. Lots of studies focus on the UV-vis region of the spectrum (less than 700 

nm),
323-325

 which have rather limited tissue penetration depth (~10 mm) that results from the 

strong scattering properties of soft tissues and thus would be inappropriate for vivo applications. 

Alternatively, NIR light with the wavelength ranging from 700 nm to 1000 nm exhibits great 

tissue penetration depth owning to its obviously reduced scattering and absorption by biological 

tissues. This makes NIR-responsive systems extremely promising for clinical applications. The 

capacity of NIR-absorbing plasmonic materials to convert the photon energy absorbed during 

irradiation into heat has been used to trigger the release of chemotherapeutic molecules from 

NIR-responsive nanodevices. 

Here is an example, light-sensitive composites consisting of CuS nanocrystals as a core 

and poly (N-isopropylacrylamide)-graft-chitosan (p(NIPAm-g-CS)) microgels as a shell was 

described recently.
326

 After loaded with another photo-sensitive component, Fe4S3(NO)
7-

, the 

microgels shows light triggered dual releasing properties. Due to the photothermal effect of CuS 

under NIR light (980 nm), the nanocomposites showed photo-thermal-sensitive volume shrink of 

p(NIPAm-g-CS), which release the loaded doxorubicin (Dox). Due to the visible-light response 
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of Fe4S3(NO)
7-

, nitric oxide (NO) was released from photolysis. NIR and visible light 

respectively triggered the release of Dox and NO from the nanocarriers, as shown in Figure 2-6. 

Together with the photothermal effect of CuS, the nanocarriers simultaneously realized light-

triggered release of dual drugs and synergistic chem-photo-thermal therapy to cancer cells. In 

Figure 2-6b, the release of Dox from the nanocomposites is slower at neutral than mildly acidic 

pH as Dox is less soluble in water at neutral pH and would, therefore, prefer to remain in the 

nanocomposites. Upon the increase of irradiation time (0-5 min), an obviously accelerated Dox 

release was found in Figure 2-6c, with almost no change when there is no irradiation. 

 

Figure 2-6. (a) Schematic illustration of the fabrication and light-regulated drug release of 

Dox/RBS loaded CuS@p(NIPAm-g-CS) nanocarriers. (b) Dox release from Dox-loaded 

nanocomposites in phosphate buffer solution (PBS) at different pHs. (c) Dox release in PBS (pH 

6.5) without or with NIR- light irradiation (980 nm, 0.5 W). Reproduced with permission from 

ref. 326, Copyright 2016, Royal Society of Chemistry. 
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Recently, more and more interests are focused on the developing of multi-responsive 

systems
327-329

 or multiple drugs releasing systems
330-332

 to combine with more than one function 

of the materials to generate advanced intelligent devices for controlled drug release. A smart 

composite hydrogel was reported to show both pH-dependent drug release in a cancer 

environment and heat generation based on NIR laser exposure, for the combined application of 

photothermal therapy and chemotherapy.
333

 The hydrogel was composed of a highly 

biocompatible polydopamine nanoparticle, as a near-infrared absorbing agent embedded within 

stimuli-sensitive poly (NIPAm-co-AAm) hydrogels. Bortezomib and Dox were loaded into the 

hydrogel through complexation with catechol groups to evaluate the multimodal treatment and 

multidrug release. Nanoparticles absorbed the light locally as heat to impact cancer cells via 

hyperthermia. Hydrogel will de-swell with the temperature increase to release Dox in an on-

demand manner. Moreover, in a typical acidic cancer environment, the conjugation between 

catechol and bortezomib dissociates, also resulting in the controllable release of this drug. This 

unique system combines multi-response materials and multiple drug release behaviors for both 

photothermal therapy and chemotherapy can be considered as a potential future direction for 

cancer treatment. 

2.4 Conclusion 

Research in polymer therapeutics has enjoyed success over the past few decades in 

mediating safe and effective delivery of bioactive agents, such as small molecules, peptides, and 

proteins, but also newer, complex molecules such as antisense oligonucleotides, to treat an 

enormous variety of medical conditions. Polymer hydrogels of different chemical architecture 

with novel physicochemical properties have shown potential to find applications as a promising 

drug carrying vehicles in various drug delivery technologies. With a fundamental understanding 
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of biological barriers, many candidates advanced materials can be developed as carriers and 

devices for the delivery of pharmaceuticals. The creation of smart, stimuli-responsive systems 

that respond to subtle environmental changes in the local cellular environment is likely to yield 

long-term solutions to many of the current drug delivery problems. Although reports of dual- and 

multi-responsive hydrogels have shown a marked increase in recent years, challenges remain in 

terms of reducing synthesis complexity and ensuring excellent biocompatibility. Not only the 

examples we illustrated above have made great progress in controlled drug delivery area, there 

are still many others have excellent properties that can apply to the development of new drug 

delivery systems which are not described in detail in this chapter. In future, we can expect to see 

the advancement of self-healing hydrogels, biomimetic scaffolds, and closed-loop drug delivery 

systems that are sustainable over long periods of time, resulting in regenerative treatments and 

implants with improved efficacy to restore a high quality of life for patients. 

There are still many important future challenges in drug delivery. Among the most 

important is the development of approaches where drugs can be targeted to specific cells for 

delivery of anticancer drugs. Another challenge is to develop ways to target genes or 

transcription factors to specific cells. In addition, the design of drug delivery systems able to 

cross complex barriers such as the gastrointestinal tract or brain is of great importance. Finally, 

increased research in materials science to understand how to improve implant biocompatibility 

and to achieve desired drug delivery patterns must be conducted to administer drugs optimally. 
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 Chapter 3: Controlled and Triggered Small Molecule Release from a 

Confined Polymer Film
b
 

In this chapter, we will discuss the small molecule controlled release behavior from the 

confined polymer microgel assemblies based device. The study focused on the development of 

microgel assemblies and tuning the release rate by varying the thickness of the covered gold 

layer. The results showed that the model drug could be released in a triggered fashion, turning on 

and off as a function of solution pH. 

3.1 Introduction 

Polymer-based materials that are capable of encapsulating small molecules (or drugs) and 

releasing them in a controlled/triggered manner are well known, pioneered by the work of the 

Langer group.
334 

In the following years a number of functional materials composed of stimuli-

responsive polymers,
6, 335, 336 

micro and nanoparticles,
337-339 

and porous materials
340-342 

have been 

developed that are capable of releasing a variety of small molecules and macromolecules (e.g., 

DNA and RNA)
343-346

 in a controlled and triggered fashion. Responsive materials have been 

developed that can respond to external stimuli, for example, temperature,
347 

light,
348, 349 

small 

molecules,
228 

magnetic fields,
350 

ultrasound
351, 352 

and electric field.
14, 353 

Various drug delivery 

systems, such as liposomes, micelles, polymeric particles, and hydrogels have shown great 

promise for controlled and targeted drug delivery. Among these systems, porous materials are 

emerging as a new category of drug delivery systems.  

Great attention has been focused on the development of porous materials as controlled drug 

delivery matrices because they can be synthesized to have a stable uniform porous structure with 

                                                           
b
 This Chapter has been adapted from the previously published article: Y. Gao, P. Zago, Z. Jia, M. J. 

Serpe.* ACS Appl. Mater. Interfaces, 2013, 5, 9803-9808. 
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tunable pore sizes and well-defined surface properties. Of particular interest to the work here are 

porous materials that were used for controlled release of encapsulated species from their pores 

via regulation of the pore size. Recently, different porous-container materials were used for the 

controlled release of the small molecules in a reservoir.
340, 341, 354-361 

The Willner group reported 

that nucleic acid modified mesoporous silica nanoparticles could be used to release a drug in a 

controlled and triggered fashion.
26 

Specifically, they modified the mesoporous silica 

nanoparticles with tailored nucleic acids, which defined the pores and pore size. The nucleic acid 

pores could be cleaved, and thus opened, in the presence of specific ions. This results in the 

release of the pore-encapsulated substrates. In another example, nitrospiropyran 

photoisomerizable units were used to modify mesoporous SiO2 nanoparticles.
27 

Photoisomerization of the capping units to the protonated nitromerocyanine opens the channels 

and releases the encapsulated dye molecules in the nanoparticles. Vasiliev and co-workers 

developed a polymer bilayer-based platform to control the local release of drugs.
361

 A polymer-

based "sandwich" structure was formed by plasma polymerization followed by the embedding of 

the drug between the two polymer films. The top polymer film was porous, allowing the drug to 

leak from the bilayer structure at a given rate. They showed that the rate of release could be 

adjusted by varying the thickness of the top polymer layer. While these systems do show promise, 

many of the systems are complex and time-consuming to fabricate. Hence, easy to manufacture 

systems capable of controlling the release of small molecules to a system is needed. 

Poly (N-isopropylacrylamide) (pNIPAm) is by far the most extensively studied responsive 

polymer to date.
18, 39, 42, 170

 It is well known to be thermoresponsive, exhibiting a lower critical 

solution temperature (LCST) at 32 °C in water. That is, < 32 °C the polymer has favorable 

interactions with water molecules and exists as a solvated, extended random coil. The polymer-
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polymer interactions become dominant at > 32 °C, causing the polymer to desolvate and collapse 

into a dense globular conformation. Furthermore, the transition is fully reversible and can be 

repeated many times. As the LCST is close to physiological temperature, pNIPAm based 

materials, such as hydrogels and microgels have been widely exploited in biomedical and 

biological applications. 

Like linear pNIPAm, pNIPAm-based hydrogel particles (microgels) have also been 

synthesized and are fully water swollen (large diameter) at T < 32 °C, while they are dehydrated 

(small diameter) at T > 32 °C.
18, 362-364 

PNIPAm-based micro and nanogels are most easily 

synthesized via free radical precipitation polymerization.
38, 365

 This approach is versatile in terms 

of the variety of chemical functionality that can be added to the microgels by simply adding 

functional monomers to the reaction prior to the initiation. Using this approach, pNIPAm-based 

microgels with a variety of chemical functionalities have been synthesized.
142, 366, 367

 The most 

commonly used comonomer is acrylic acid (AAc), which renders the p(NIPAm-co-AAc) 

microgel pH responsive,
144, 367-369 

and can also be used to further modify the microgels with other 

small molecules.
170, 171, 370-372 

The pH responsivity is a result of the pKa of the AAc group. That is, 

the pKa for AAc is ~4.25, so when the pH of the environment is < 4.25, the AAc group are 

protonated and mostly neutral (a slight charge can exist depending on the initiator used), and 

when the pH > 4.25, the microgels are deprotonated and negatively charged. Therefore, at high 

pH, the microgels have attractive electrostatic interactions with positively charged species, while 

they have minimal interactions with positively charged species at low pH.  
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Figure 3-1. Structure of a pNIPAm microgel-based assemblies. (a) and (c) are 15 nm Au layers 

(with 2 nm Cr adhesion layer) sandwiching (b) a microgel layer all on a (d) glass substrate. 

Reproduced with permission from ref. 299, Copyright 2013, American Chemical Society. 

Recently, our group developed color tunable materials by sandwiching pNIPAm-based 

microgels between two thin gold (Au) films resulting in the “mirror-dielectric-mirror” 

configuration of a device.
40, 130, 144, 155, 156, 161, 171, 373-375 

The structure of the device is shown in 

Figure 3-1. When it is immersed in water, microgel layer swells, rendering them 

thermoresponsive. This allows the thickness of the microgel layer to be tuned by varying the 

water temperature. Since the color of the devices depends on the dielectric thickness, the color of 

the device can be dynamically tuned with temperature, which makes them good sensor 

devices.
373, 375 

Using appropriately modified microgels, the device can also be made to change 

color as a function of pH,
130 

and upon exposure to glucose.
171 

We also demonstrated that 

polyelectrolytes can penetrate into the microgel-based layer by entering through the pores in the 

Au layer (overlayer) covering the microgels, which will, in turn, change the optical properties of 

the devices.
155 

Finally, we showed that the Au overlayer's pore size can be varied by changing 

the thickness of the Au overlayer.
130, 156 

That is, thick Au has fewer and smaller pores than thin 

Au. We have been able to exploit this phenomenon for sensing and biosensing applications.
374

 

In the present work, we exploit the pH responsivity of p(NIPAm-co-AAc) microgels 

assemblies, and the pore size control of the top Au overlayers, to achieve devices capable of 
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delivering the small molecule tris (4-(dimethylamino)phenyl)methylium chloride (Crystal Violet, 

CV) to a system. The loading and release mechanism is illustrated Figure 3-2. CV molecules are 

positively charged and represented by the blue dots. As mentioned above, an increase in the 

solution pH to above the pKa for AAc renders the microgels negatively charged. Thus, at high pH 

there is a strong electrostatic interaction between the microgels and the positively charged CV 

molecules, which facilitates CV adsorption into the microgel. Reducing the pH of the solution to 

below the pKa of AAc renders the AAc groups neutral. Hence, the electrostatic interactions 

holding the CV into the microgels were destroyed, and the CV could exit the microgel layer. 

Here, we show that the rate of the release from the device depends on solution pH and the 

thickness of the Au overlayer. 

 

Figure 3-2. Loading and release mechanism of CV molecules into and out of p(NIPAm-co-AAc) 

microgels. Reproduced with permission from ref. 299, Copyright 2013, American Chemical 

Society. 
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3.2 Experimental section 

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon) 

and purified by recrystallization from hexanes (ACS reagentgrade, EMD, Gibbstown, NJ) prior 

to use. N, N’-methylenebisacrylamide (BIS) (99 %), acrylic acid (AAc) (99 %), and ammonium 

persulfate (APS) (98+ %) were obtained from Aldrich (St. Louis, MO) and were used as received. 

Sodium chloride was obtained from EMD (Millipore, Billerica, MA), and deionized (DI) water 

with a resistivity of 18.2 MΩ·cm was used. Cr/Au annealing was done in a Thermolyne muffle 

furnace from ThermoFisher Scientific (Ottawa, Ontario). Anhydrous ethanol was obtained from 

Commercial Alcohols (Brampton, Ontario). Sodium hydroxide (NaOH, 99.8 %) and 

hydrochloric acid were purchased from Caledon Chemicals (Georgetown, Ontario) and were 

used as received. Fisher’s finest glass coverslips were 25 × 25 mm and obtained from Fisher 

Scientific (Ottawa, Ontario). Cr was 99.999 % and obtained from ESPI as flakes (Ashland, OR), 

while Au was 99.99 % and obtained from MRCS Canada (Edmonton, AB). Tris (4-

(dimethylamino)phenyl)methylium chloride (Crystal Violet, CV) was obtained from Sigma-

Aldrich. 

Microgel synthesis: Microgels composed of poly (N–isopropylacrylamide)-co-acrylic acid 

(p(NIPAm-co-AAc)) were synthesized via free radical precipitation polymerization as described 

previously.
130

 Briefly, a 3-necked round bottom flask was fitted with a reflux condenser, nitrogen 

inlet, and temperature probe, and charged with a solution of NIPAm (11.9 mmol) and BIS (0.703 

mmol) in 99 mL deionized water, previously filtered through a 0.2 µm filter. The solution was 

bubbled with N2 gas and allowed to heat to 70 °C over ~1 hour. AAc (1.43 mmol) was added to 

the heated reaction mixture in one aliquot. The reaction was then initiated with a solution of APS 

(0.2 mmol) in 1 mL of deionized water. The reaction was allowed to proceed at 70 °C for 4 hours 
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under a blanket of nitrogen. The resulting suspension was allowed to cool overnight, and then it 

was filtered through a Whatman #1 paper filter to remove any large aggregates. The microgel 

solution was then distributed into centrifuge tubes and purified via centrifugation at ~8300 rcf to 

form a pellet, followed by removal of the supernatant and resuspension with deionized water, 6x. 

The cleaned microgels were recombined and stored in a brown glass jar.  

CV loaded device fabrication: CV loaded devices were fabricated using a previously 

published protocol
155

 with slight modification. The process is shown in Figure 3-3. To fabricate 

the Au coated coverslips (etalon underlayer), 2 nm Cr followed by 15 nm of Au was thermally 

evaporated onto a 25 x 25 mm ethanol rinsed and N2 gas dried glass coverslip (Fisher’s Finest, 

Ottawa, ON) at a rate of 0.2 Å s
-1

, and 0.1 Å s
-1

, respectively (Torr International Inc., thermal 

evaporation system, Model THEUPG, New Windsor, NY). The Cr/Au substrates were annealed 

at 250 °C for 3 h (Thermolyne muffle furnace, Ottawa, ON) and cooled to room temperature 

prior to microgel film deposition. Approximately 10 mL of microgels solution was centrifuged at 

~8300 rcf to form a pellet at the bottom of a centrifuge tube. The supernatant was removed and 

discarded, and the pellet was vortexed to loosen and homogenize the particles in the remaining 

solvent. A 40 μL aliquot of the concentrated microgels was put onto the substrate and then 

spread toward each edge using the side of a micropipette tip. The substrate was rotated 90°, and 

the microgel solution was spread again. The spreading and rotation continued until the microgel 

solution became too viscous to spread due to drying. The microgel solution was allowed to dry 

completely on the substrate for 2h with the hotplate temperature set to 35 °C. After that, the dry 

film was rinsed copiously with DI water to remove any excess microgels not bound directly to 

the Au. The film was then placed into a DI water bath and allowed to incubate overnight on a hot 

plate set to ∼30 °C. Following this step, the substrate was again rinsed with DI water to further 
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remove any microgels not bound directly to the Au substrate surface. The samples were then 

rinsed with deionized water, dried with N2, and then put into 20 mL of a CV solution (4 mg/mL, 

pH of 6.5) overnight. Excess CV was rinsed off the substrate with pH 6.5 solution (to not disturb 

the microgel-CV interaction) and incubated in pH 6.5 solution overnight followed by drying with 

N2 gas. Another Au overlayer (2 nm Cr for adhesion, followed by deposition of different 

thicknesses of Au overlayers) was evaporated onto the CV loaded microgel layer. Since we were 

interested in understanding how the Au overlayer thickness affected the rate of CV release from 

the etalon, we sealed the etalon's edges with clear nail polish.  

CV release: A Petri dish filled with 20 mL of pH solution was placed on a hot plate, and 

the solution temperature maintained at 25 
o
C. In our experiments, we use two pH values, 3.0 and 

6.5. The solution in the Petri dish was stirred continuously at 260 RPM using a magnetic stir bar. 

The solution flowed through a cuvette in an Agilent 8453 UV-Vis spectrophotometer, equipped 

with an 89090A temperature controller, via a peristaltic pump. The CV loaded device was added 

to the Petri dish, and a timer started. The absorbance spectrum of the solution was collected 

every 30 s. The flow rate of the solution was measured before and after each experiment and was 

used (along with the time measurements) to calculate a volume.  

3.3 Results and discussion 

Microgel assemblies based devices have been reported by our group as an optical device 

that can be used to sense ions,
373 

glucose,
171

 or biomolecules.
374

 It can also be used as a platform 

to study the penetration of macromolecules into confined spaces.
144 

Here, we show that the 

structure can be used for controlled and triggered small molecule (or "drug") release to a system. 

To accomplish this, the p(NIPAm-co-AAc) microgel assemblies based device was fabricated 

using the protocol shown schematically in Figure 3-3. Initially, 2 nm Cr and 15 nm Au was 
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thermally evaporated on the glass substrate, followed by annealing and deposition of the 

microgel layer. The microgel layer was loaded with CV as detailed above; CV was used as a 

model drug. CV is hydrophilic, positively charged, and has an absorbance maximum at ~590 nm, 

which makes it easy to detect spectrophotometrically and the purple color of CV solution makes 

it easily visible.  

 

Figure 3-3. Schematic of the fabrication of CV (drug) loaded devices and the release process. 

Reproduced with permission from ref. 299, Copyright 2013, American Chemical Society. 

Next, Au was deposited on the CV loaded microgel layer to form the top Au overlayer of 

the device. Again, the edges were sealed with clear nail polish to prevent CV leakage out of the 

sides and to ensure that the CV only exited the device through the Au overlayer. The device (in 

this example with a 500 nm overlayer) was added to a Petri dish containing pH 6.5 solution, and 

the solution's absorbance spectrum collected every 30 s. The UV-vis spectra are shown in Figure 

3-4. The absorbance value at 590 nm was used to quantify the amount of CV in solution after 

releasing. As can be seen in Figure 3-4(a), in pH 6.5 solution the increase was quite minimal, this 

was in contrast to a CV-loaded device exposed to pH 3.0 solution, which is shown in Figure 3-

4(b). From the data, it is clear that for a given Au overlayer thickness, we are able to control the 
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release rate with pH by modulating the CV-microgel interaction. It is worth noting here that the 

spectrum of CV was unaffected by the Au deposition process.  

 

Figure 3-4. Release of CV over time, monitored via UV-vis spectrophotometer, in (a) pH 6.5 and 

(b) pH 3.0 solutions. The Au overlayer thickness o this sample was 500 nm. The maximum 

absorbance is at 590 nm, and the absorbance increases with time. The spectra were obtained 

every 30 s, and the total release time was 2 h; here we show spectra for the first 10 min of release. 

Reproduced with permission from ref. 299, Copyright 2013, American Chemical Society. 

In order to evaluate how the rate of CV release from the device was affected by Au 

overlayer thickness, we constructed CV-loaded devices with four overlayer thicknesses 50, 200, 

500 and 700 nm. The release profiles for the CV-loaded device with different Au overlayer 

thicknesses were evaluated at for the device exposed to pH 6.5 and then pH 3.0 solutions. For 

these experiments, we simply monitored the absorbance at 590 nm over time. Figure 3-5(a) 

shows CV molecule release from the device in pH 6.5 solution. The data show that at this pH, 

the release was slow due to the favorable electrostatic interactions between the CV and the 

microgels, as discussed above. Figure 3-5(b) shows CV release from the device at pH 3.0, and 

clearly, shows that the Au overlayer thickness plays a major role in controlling the release rate. It 

is important to mention here that volume, instead of time, was used as the x-axis since the flow 
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rate was variable from sample to sample. The 50 nm Au overlayer sample released the CV the 

fastest, while the 700 nm Au overlayer sample released CV the slowest. The rate of CV released 

appears to scale with Au overlayer thickness. In previous studies of our group, we have shown 

that the average pore size decreases with increasing Au overlayer thickness.
40

 So we attribute the 

slower release kinetics as a function of increasing Au overlayer thickness to the decrease in Au 

pore size. It is interesting to note that the amount of CV released from each film varies with Au 

overlayer thickness. While this is not well understood, we attribute this to the thicker Au 

overlayers trapping the CV in a state in which it is not able to be released. For controls, we 

showed that ambient light and pH had no effect on the CV spectrum, as shown in Figure 3-6.  

Finally, we show that the thermoresponsive nature of the pNIPAm-based microgels can be 

used to accelerate the release of the CV from the etalon at a given Au overlayer thickness. As 

can be seen in Figure 3-7, when a device with a 700 nm Au overlayer is initially immersed in pH 

3.0 solution at 25 
o
C the release rate is much slower than when the solution temperature is 

increased to ~47 
o
C, showing that the collapse of the microgels in the assemblies can accelerate 

the release rate. 
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Figure 3-5. Release profiles for the microgel assemblies based devices in (a) pH 6.5 and (b) pH 

3.0 solutions. The Au overlayer thicknesses were (■) 50 nm, (○) 200 nm, (Δ) 500 nm, and (+) 

700 nm. In all cases, the total release times were 2 h. Since the flow rates were variable from 

experiment to experiment, the total volumes are slightly different, but allow for direct 

comparisons of the data with flow rate irrelevant. Reproduced with permission from ref. 299, 

Copyright 2013, American Chemical Society. 

 

Figure 3-6. Control experiments showing that the ability of CV to absorb light is independent of 

(left) solution pH, and (right) exposure to ambient light. This was done by monitoring the 

lambda max for CV as a function of time. 

We also point out here that the CV release rates for microgels in the devices are much 

faster than the same microgels in solution. We hypothesize that this is a result of the microgels 

being in a monolayer sandwiched between the two Au layers. The sandwiching process results in 

microgels that are approximately half their solution diameter, hence then have a smaller distance 

to diffuse into the solution, leading to an increased release rate compared to the larger microgels 

in solution. We also point out here that the microgels in solution were slightly aggregated after 

CV addition for microgel loading. This further increase the effective distance CV needs to travel 
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to get out of the microgels and into the solution. Although, the kinetics are so much different for 

microgels in devices versus in solution that there must be another process forcing the CV out of 

the microgel layer of the device. This may be a result of the microgel layer contracting when the 

solution pH is lowered to pH 3.0 due to the charge neutralization in the microgel layer. It is well 

known that p(NIPAm-co-AAc) microgels contract when AAc is neutralized when going from pH 

6.5 to pH 3.0. This contraction could mechanically push the CV out of the microgel layer leading 

to an increased release rate.  

 

Figure 3-7. CV loaded device with a 700 nm Au overlayer was immersed in pH 3.0 solution at (□) 

25 °C while the (■) CV release profile was collected. At 9 min, the solution temperature was 

increased to ∼47 °C while the release profile was continuously monitored. As can be seen, the 

release rate dramatically increased when the solution temperature reached ∼33 °C (>LCST for 

pNIPAm). The red dashed curve shows the predicted release profile if the solution temperature 
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was held continuously at 25 °C clearly illustrating the increased release rate. Reproduced with 

permission from ref. 299, Copyright 2013, American Chemical Society. 

It has been clearly demonstrated that the microgel assemblies based device could be used 

to control the rate of release of a small molecule "drug" to a system. The ability to control the 

amount of the small molecule released in a given amount of time is also of importance to design 

on demand drug delivery systems. Figure 3-8 clearly shows that CV can be released from the 

device on demand, and the release halted by simply changing the pH. To accomplish this, we 

first immersed the CV-loaded device (500 nm Au overlayer) in pH 6.5 solution and monitored 

the release for 15 min. Following this period, we lowered the solution to pH 3.0 by adding 

hydrochloric acid, and after few minutes monitoring, the pH was increased to 6.5 again by 

adding sodium hydroxide (0.1 M). The solution pH was continuously monitored using a pH 

meter. This process was repeated, and as can be seen in the figure, the on-off process can be 

repeated many times.  
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Figure 3-8. pH triggered release profile from an etalon with 500 nm Au overlayer. The dark 

regions represent where the solution pH was changed to 3.0, while the white regions are where 

the solution pH was 6.5. As mentioned, the solution pH was varied by adding either HCl or 

NaOH. Reproduced with permission from ref. 299, Copyright 2013, American Chemical Society. 

3.4 Conclusion 

In this Chapter, we developed a controlled and triggered drug delivery system utilizing 

p(NIPAm-co-AAc) microgel assemblies based device. The drug release can be triggered by 

varying the solution pH, with the release rate controlled by the thickness of the Au overlayer 

covering the microgels. Furthermore, we showed that the model drug could be released in a 

triggered fashion, turning on and off as a function of solution pH. In future, these devices will be 

used to release large macromolecular drugs from the confined microgel layers. 
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 Chapter 4: Controlled Release Kinetics from Surface Modified Microgel 

Assemblies Based Reservoir
c
  

In this chapter, surface modification of our previously developed microgel assemblies 

based devices shows improvement of the controlled release behavior. This study will discuss 

how the surface modification was done and effect on the releasing rate control experiment. In 

short, an easy fabricated, efficient and cheap method was developed to control the small 

molecule release rate by modifying the upper Au layer with a monolayer of silica. 

4.1 Introduction 

Stimuli-responsive polymer-based materials are often referred as “smart materials” due to 

their ability to respond to external stimuli, e.g., temperature,
347

 pH,
144, 367, 368, 376

 light,
349, 377, 378

 

magnetic field,
350

 and electrical field.
14, 353

 In the last few decades, functional stimuli-responsive 

materials such as porous materials,
341, 342, 379

 microgels,
338

 and nanogels
42, 339

 have been used to 

encapsulate and release small molecules (or drugs) in a controlled and triggered fashion. Among 

stimuli-responsive polymers, poly (N-isopropylacrylamide) (pNIPAm) is by far the most 

extensively studied to date; a direct result of its thermoresponsive.
18, 39, 42, 170

 As we discussed in 

previous Chapters, pNIPAm exhibits a lower critical solution temperature (LCST) of 32°C in 

water, which is close to physiological temperature. Above the LCST, pNIPAm undergoes a 

transition from a random coil (extended state) to a globule (collapsed state), expelling its 

solvating water in the process.  

PNIPAm can be crosslinked into a polymer network, and hydrogel particles (nanogels or 

microgels, depending on diameter) can be synthesized. These networks also undergo a swollen-

                                                           
c
 This Chapter has been adapted from the previously published article: S. Guo,

†
 Y. Gao,

†
 M. Wei, Q. 

Zhang, M. J. Serpe.* J. Mater. Chem. B, 2015, 3, 2516-2521.  
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to-collapsed transition in water at elevated temperature. Specifically, pNIPAm-based microgels 

transition from a swollen (large diameter) to a collapsed (small diameter) state at elevated 

temperature.
40, 380, 381

 Like all temperature-induced conformational state changes of pNIPAm, the 

transition for pNIPAm-based microgels is fully reversible over many cycles. PNIPAm-based 

microgels can also be made responsive to other stimuli, in addition to temperature. For example, 

copolymerization of functional monomers or crosslinkers into the pNIPAm network can make 

them responsive to, e.g., pH, light and/or electric field.
353, 367, 377

 A well-known pH-responsive 

pNIPAm-based microgel is pNIPAm-co-acrylic acid (p(NIPAm-co-AAc)), which is made by 

simply adding AAc at the time of synthesis.
144

 We have shown that the charge switchability of 

the p(NIPAm-co-AAc) microgels allows oppositely charged molecules to bind and release at pH > 

pKa, and pH < pKa, respectively.
299

  

In Chapter 3, we showed that microgel assemblies based devices could be generated by 

"sandwiching" a homogeneous monolayer of p(NIPAm-co-AAc) microgels between two thin Au 

layers.
40, 130, 144, 155, 156, 161, 171, 299, 374, 375, 382

 The structure of this device has shown in Chapter 3. 

The optical properties of these devices have been studied in great detail, and they have been used 

for sensing a variety of species.
383, 384

 We found that the structure could be used for controlled 

and triggered drug delivery as described in Chapter 3. Importantly, we determined that the 

release rate depended greatly on the thickness of the Au layer covering the microgel layer (Au 

overlayer), which systematically varied the pore size. Therefore, thick Au layers slowed the 

release properties compared to thin Au layers.
299

  

We used Au layer thicknesses of up to 700 nm previously, which increases the device's 

cost and fabrication time dramatically. Therefore, new ways to control release rates are needed. 

In this study, we modify the Au overlayer porosity by adding a layer of silica via the hydrolysis 
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of tetraethyl orthosilicate (TEOS) vapor with water in the presence of ammonia. Using this 

approach, we were able to decrease the Au overlayer thickness to below 50 nm and subsequently 

modify the Au layer with silica to control the release rates. By varying the silica layer thickness 

by varying the modification time, the release rate could be effectively controlled and tuned, i.e., 

long modification time leads to slow release rates. This low-cost and effective method provides 

an alternative way to control and trigger drug release by using the microgel-based drug reservoir 

systems. 

4.2 Experimental section 

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon) 

and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ) prior 

to use. N, N’-methylenebisacrylamide (BIS) (99 %), acrylic acid (AAc) (99 %), and ammonium 

persulfate (APS) (98+ %) were obtained from Sigma-Aldrich (St. Louis, MO) and were used as 

received. Tris (4-(dimethylamino)phenyl)methylium chloride (Crystal Violet, CV) and tetraethyl 

orthosilicate (TEOS, 98 %) were obtained from Sigma-Aldrich (St. Louis, MO). Sodium chloride 

was obtained from EMD (Millipore, Billerica, MA), and deionized (DI) water with a resistivity 

of 18.2 MΩ•cm was used. Cr/Au annealing was done in a Thermolyne muffle furnace from 

ThermoFisher Scientific (Ottawa, Ontario). Anhydrous ethanol was obtained from Commercial 

Alcohols (Brampton, Ontario). Sodium hydroxide (NaOH, 99.8 %) and hydrochloric acid were 

purchased from Caledon Chemicals (Georgetown, Ontario) and were used as received. Fisher’s 

finest glass coverslips were 25 × 25 mm and obtained from Fisher Scientific (Ottawa, Ontario). 

Cr was 99.999 % and obtained from ESPI as flakes (Ashland, OR), while Au was 99.99 % and 

obtained from MRCS Canada (Edmonton, AB).  
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Microgel synthesis: Temperature-ramp, surfactant-free, free radical precipitation 

polymerization was used to synthesize the microgels here, as previously described.
369

 Briefly, a 

3-necked round- bottom flask was fitted with a reflux condenser, nitrogen inlet, and temperature 

probe, and charged with a solution of the monomer mixture, comprised of NIPAm (11.9 mmol) 

and BIS (0.703 mmol) in 99 mL of deionized water, previously filtered through a 0.2 μm filter. 

The solution was bubbled with N2 while stirring and heated to 70 °C over ~1 hour. 99 μL of AAc 

(1.43 mmol) was added to the heated reaction mixture with a micropipette in one aliquot. The 

reaction was then initiated with APS solution, prepared by dissolving 0.2 mmol ammonia 

persulfate in 1mL of deionized water. The reaction was then allowed to proceed at 70 ℃ for 4 

hours under a blanket of nitrogen and vigorous stirring. The resulting suspension was allowed to 

cool overnight while stirring and then filtered through glass wool to remove any large aggregates. 

About 12 mL of the microgel suspension was then distributed into centrifuge tubes and washed 

via centrifugation at ~8500 rcf for 45 min to form a pellet at the bottom of centrifuge tubes, 

followed by removal of the supernatant. And then the pellet of microgel was re-suspended with 

original volume, 12 mL, of deionized water. This process was repeated to a total of six times to 

remove any unreacted monomers.  The purified microgels were recombined and stored in a 

brown glass jar. 

CV loaded device fabrication: CV loaded devices were fabricated by using a previously 

reported protocol with slight modification.
40

 The process is shown in Figure 4-1. To fabricate the 

Au coated glass substrates, 2 nm Cr and 15 nm of Au was sequentially thermally evaporated at a 

rate of 0.2 Å s
-1

, and 0.1 Å s
-1

, respectively, (Torr International Inc., thermal evaporation system, 

Model THEUPG, New Windsor, NY) onto a 25 x 25 mm DI water/ethanol rinsed and N2 gas 

dried glass substrate (Fisher’s Finest, Ottawa, ON). The Cr/Au coated substrates were annealed 
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at 250 °C for 3 h (Thermolyne muffle furnace, Ottawa, ON) and cooled down to room 

temperature prior to microgel film painting. The annealed substrate was washed with deionized 

water and ethanol followed by drying with N2 gas. Then a 40 μL aliquot of the concentrated 

microgels was dispensed onto the substrate and then spread toward each edge using the side of a 

micropipette tip. The substrate was rotated 90°, and the microgel solution was spread again. The 

spreading and rotation continued until the microgel solution became too viscous to spread due to 

drying. The microgel solution was allowed to dry completely on the substrate for 2 h with the 

hotplate temperature set to 35 °C. After that, the dry film was rinsed copiously with DI water to 

remove any excess microgels not directly bound to the Au. The microgel painted substrate was 

then placed into a DI water bath and allowed to incubate overnight on a hot plate set to 30 °C. 

Following this step, the substrate was again rinsed with DI water to further remove any 

microgels not bound directly to the Au substrate surface. The samples were then dried with N2, 

and soaked in CV solution (4 mg/mL, pH of 6.5) for 5 hours. Then the samples were rinsed with 

pH 6.5 solution (to maintain the microgel-CV interaction) to remove excess CV, and incubated 

in pH 6.5 solution for 1 hour followed by drying with N2 gas. Finally, another 2 nm Cr and 50 

nm of Au metal layers were deposited on the microgel layer.  

Au overlayer modification: Two 0.5 mL glass vessels were placed inside of a glass Petri dish. 0.4 

mL of TEOS and NH3 (28 % in water) were added separately into each vessel. Another Petri dish, 

with a CV-loaded device secured inside, was placed on top of the above Petri dish such that the 

Au overlayer was facing the TEOS/NH3 vessels. Parafilm used to completely seal the system. 

The whole apparatus was held at room temperature, for different periods of time, to yield SiO2 

layers with various thicknesses. After silica layer formation, the etalon edges were sealed with 

clear nail polish, to ensure CV could only exit the microgel layer through the Au/silica overlayer.  
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CV release experiments: A Petri dish filled with 20 mL of water at pH 3 (ionic strength=2 mM) 

was placed on a hot plate, and the solution temperature was maintained at 25 ℃. The solution in 

the Petri dish was stirred continuously at 400 rpm using a magnetic stir bar. A peristaltic pump 

was used to pump the solution through a quartz cuvette in an Agilent 8453 UV-vis 

spectrophotometer, equipped with an 89090A temperature controller and Peltier heating device. 

The absorbance spectrum of the solution was collected every minute. The flow rate of the 

solution was set to a constant value, 0.042 mL/s (as measured). 

4.3 Results and discussion 

PNIPAm microgel assemblies based device loaded with the small molecule tris (4-

(dimethylamino)phenyl)methylium chloride (Crystal Violet, CV) were generated. The procedure 

is outlined in Figure 4-1. Briefly, a glass substrate was coated with 2 nm Cr followed by 15 nm 

Au layer via thermal evaporation. Then p(NIPAm-co-AAc) microgels were painted on the Au 

surface and the excess microgels not directly bound to the Au layer rinsed away with deionized 

(DI) water. Then, positively charged CV was loaded into the p(NIPAm-co-AAc) microgel layer 

via soaking in a CV solution with a pH 6.5 that renders the microgels negatively charged. This 

layer was subsequently coated with another layer of Cr and Au, and the "sandwich" structure 

exposed to TEOS (as described in experimental) for various times. The reaction of TEOS with 

water to form silica is shown below and has been utilized previously for coating surfaces. 
385-387
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Figure 4-1. Schematic of the fabrication of Silica monolayer modified CV (drug) loaded devices 

process. Reproduced with permission from ref. 388, Copyright 2015, Royal Society of Chemistry. 

A schematic depiction of the silica layer generation is shown in Figure 4-2. We 

hypothesize that the silica layer covers the surface of the Au overlayer, and fills in the Au 

overlayer pores to block the path of CV exiting the microgel layer to enter the surrounding 

solution. As the modification time is increased, the silica layer thickness should likewise increase, 

and more of the Au pores should be filled. The surface morphology of the resulting devices was 

investigated using atomic force microscopy (AFM, tapping mode, Asylum Research, Santa 

Barbara, CA) at room temperature. The images are shown in Figure 4-3. Prior to silica layer 

formation, the microgel curvature can be clearly seen. From the images, it can be seen that the 

microgel curvature is obvious before silica layer formation, while the curvature is largely 

diminished after silica layer formation. From the image, the apparent microgel diameter 

(diameter that can be measured, not necessarily the absolute diameter) before silica layer 

deposition was ~500 nm, while it appears to increase to ~700 nm as a result of silica layer 

deposition. The surface morphology is also clearly affected by the silica layer deposition. These 

observations allow us to conclude that the silica layers are forming on the Au overlayer.   



79 
 

 

Figure 4-2. Schematic diagram of diffusion paths on thin Au overlayer and mechanism of paths 

blocked with SiO2 layer. Reproduced with permission from ref. 388, Copyright 2015, Royal 

Society of Chemistry. 

X-ray photoelectron spectroscopy (XPS) was also used to confirm the elemental 

composition of the overlayers after silica layer deposition, and how the atomic mole percent of 

silicon was affected by deposition time. The signal at 104 eV from the XPS spectrum (data not 

shown) was used to determine the atomic mole percent of Si
4+

, which is evidence of the oxide 

state. Figure 4-4 shows that as the silica layer “growth” time increased, the amount of Si
4+

 also 

increased, with a concomitant decrease in the Au signal due to the silica layer covering it. 

Secondary ion mass spectrometry (SIMS) was conducted, and the data is shown in Figure 4-5 for 

the unmodified, 3 hours modified and 9 hours modified samples. The data shows that the Si layer 

formation is homogeneous on the Au surface. In fact, after 3 h deposition, the surface appears 

uniformly coated with Si, with little Au detectable over this area. The results after 9 h are similar. 

These data are consistent with thicker silica layers being deposited on the device's Au overlayer 

as a function of increasing deposition time. 
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Figure 4-3. AFM images of surface morphology of sample device’ upper Au layer before 9-hour 

treating (a), and after 9-hour treating (b). Reproduced with permission from ref. 388, Copyright 

2015, Royal Society of Chemistry. 
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Figure 4-4. Relative atomic mole percentages of Au (Black) and Si (Grey) detected by XPS from 

upper Au surface of samples with varies of treating periods. Reproduced with permission from 

ref. 388, Copyright 2015, Royal Society of Chemistry. 

Once silica layers could be deposited on the device Au overlayers, the CV release kinetics 

was investigated. We determined the release kinetics for devices with no silica layer, and devices 

after 3, 6, and 9 h TEOS exposure.  These experiments were completed by adding CV loaded 

devices to a Petri dish containing 20 mL of pH 3.0 aqueous solutions. This pH neutralizes the 

microgel AAc groups allowing the CV to exit the devices. The solution from the Petri dish was 

pumped into a cuvette held in a UV-vis spectrometer, which was set up acquire a spectrum every 

1 min for 240 min (4 h).The flow rate of the liquid was fixed at a constant value of 0.042 mL/s. 

CV, a water-soluble dye, has a maximum absorbance at ~590 nm. Therefore, based on Beers’ 

law, and the constant solution volume, the magnitude of the absorbance at 590 nm is 

proportional to the amount of CV released. Figure 4-5a shows the full set of release kinetics. As 

is clearly seen, the release kinetics from the unmodified device is much faster than the modified 
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devices. The device exposed to TEOS for 9 h clearly has the slowest release kinetics, releasing 

only half the CV that the unmodified devices do in the given time period.  

 

Figure 4-5. (a), Average release profiles for the microgel assemblies based devices in pH 3.0 

solution. The modification time periods were (■) 0 hour, (●) 3 hours, (▲) 6 hours, (▼) 9 hours. 

There are 3 separate samples for each modification time period. And totally 12 samples are 

measured in experiments. In all cases, the total measuring time periods were 240 min (4h). Data 

were plotted for 10 minutes interval. (b), Time consumed by etalon devices with varied 

modification time release 50 % of loaded CV (absorbance 0.095) in pH 3.0 solutions. There are 3 

separate samples for each modification time period. And totally 12 samples are measured in 

experiments. Reproduced with permission from ref. 388, Copyright 2015, Royal Society of 

Chemistry. 

We went on to determine the long-term release characteristics of the devices. The release 

kinetics of samples modified for 6 and 9 hours were monitored up to 1200 minutes. And the 

highest value of absorbance was reached by 6-hour samples at around 650 min and by 9-hour 

samples at around 1000 min. And the final absorption values of solutions for all samples 

(modified and unmodified) are within the range of 0.185-0.205. By concluding the release 

kinetics data of all samples, we can find that different samples consume the significant different 
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amount of time to release 50 % of total amount of loaded CV which corresponding to the 

absorbance 0.195. (Figure 4-5b). 

Based on this result, we can get that the silica monolayer generated by TEOS and ammonia 

do not have a significant effect on the total amount of CV released. In other words, this approach 

only slows down the release rate of small molecules but does not block the molecules in 

microgels forever. Overall, the silica monolayer is highly efficient in controlling the drug release 

rate and has small side effects on the function of this microgel-based drug delivery device. In 

future, silica monolayer is potentially able to be modified to adjust its ability and properties on 

drug delivery controlling and triggering.
389, 390

 

4.4 Conclusion 

In summary, based on the p(NIPAm-co-AAc) microgel-based drug release platform, we 

developed an easy fabricated, efficient and cheap method to control the small molecules’ release 

rate by modifying the upper Au layer with a monolayer of silica. The silica layer is characterized 

and was shown to exhibit a dependence of hydrolysis reaction time of TEOS with ammonia. And 

by using a dye molecular, crystal violet, as a model drug to study the drug release behavior of 

this reservoir system, the releasing process was completely controllable through various surface 

morphologies by changing the modification time. Finally, the long-term efficiency of this drug 

delivery system shows the promise to be developed in medical science. 
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 Chapter 5: Sequential and Controlled Release of Small Molecules from Poly 

(N-isopropylacrylamide) Microgel Assemblies Based Reservoir Devices
d
 

In this chapter, we evaluated the sequential and controlled release of multi-drugs from our 

microgel assemblies based devices. Two different microgels are used for constructing the 

devices and drugs are easy to be loaded into the microgels separately. These systems represent a 

versatile approach to sequentially delivering small molecules, in a triggered fashion, with tunable 

release kinetics. With tuning the chemistry of microgels, it is able to further expand the multi-

drugs release concept in future. 

5.1 Introduction 

Controlled and triggered drug delivery systems have played a major role in improved 

disease treatment over the past few decades.
222, 391-395

 This is in part due to their ability to render 

otherwise toxic drug treatments relatively non-toxic by controlling dosages through controlled 

release rates. Most materials to date have been engineered to deliver a single small molecule 

drug to a system, and many are commercially available, such as the Cypher
®
 stent from Johnson 

& Johnson, and the Taxus
®
 stent from Boston Scientific. These and similar devices can be 

generated by mixing drug molecules with degradable polymers, which degrade under certain 

conditions to release a small molecule at a given rate. While these materials have certainly 

enhanced human health, many medical conditions are controlled by multiple biomolecules. 

Therefore, comprehensive treatment of certain diseases and conditions may be more effectively 

achieved by delivering more than one drug at a time to a system. Recently, the concept of multi-

drug therapy was introduced
396-399

 and systems that deliver multiple small molecules at the same 

                                                           
d
 This Chapter has been adapted from the previously published article: Y. Gao, K. Wong, A. Ahiabu, M. J. 

Serpe.* J. Mater. Chem. B, 2016, 4, 5144-5150. 



85 
 

time (co-delivery)
400

 or sequentially
401

 have been developed. For example, CombiPatch
®
, a 

transdermal patch marketed by Novogyne Pharmaceuticals, is a drug delivery system that can 

release both estradiol (an estrogen) and norethindrone acetate (a progestin) continuously upon 

application to the skin and delivers the medication in a steady and predictable manner for 

hormone replacement therapy. Similar approaches to drug delivery may provide great 

improvements to achieve enhanced therapies.  

To yield enhanced delivery systems, various materials have been utilized, such as 

inorganic nanomaterials,
402

 polymers,
222, 223, 403, 404

 and biomacromolecules.
405-407

 Among these, 

polymers have played an integral role in advanced drug delivery technologies, allowing both 

hydrophilic and hydrophobic drugs to be released at constant (or variable) rates over long periods 

of time. One approach utilized small molecule "drug" loaded polymer-based "reservoirs", which 

allowed for diffusion controlled drug release.
3,408

 Another approach relied on covalently
409, 410

 or 

non-covalently bonding
411

 drug molecules onto/into a carrier; the bond between the drug and the 

carrier can be broken at certain environmental conditions,
226

 e.g., in the presence of an 

enzyme,
412

 and/or at certain pH values.
413

  

Responsive polymers have also found their way into many drug delivery systems, with 

poly (N-isopropylacrylamide) (pNIPAm) being the most utilized to date.
18, 42, 170, 362 

PNIPAm is 

well known to be thermoresponsive.
363, 364

 Like linear pNIPAm, pNIPAm-based hydrogel 

particles (microgels) have also been synthesized as we introduced previously.
 
PNIPAm-based 

micro and nanogels are most easily synthesized via free radical precipitation polymerization.
39, 

365, 414, 415
 This approach is versatile in terms of the variety of chemical functionality that can be 

added to the microgels by simply adding functional monomers to the reaction prior to the 

initiation. Using this approach, pNIPAm-based microgels with a variety of chemical 
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functionalities have been synthesized. The most commonly used comonomer is acrylic acid 

(AAc), which renders p(NIPAm-co-AAc) microgel pH-responsive.
144, 276, 368 

AAc can also be 

used to couple other small molecules to the microgels by various coupling chemistries. The pH 

responsivity of the p(NIPAm-co-AAc) microgels is a direct result of the weak acidity of the AAc 

group and we have applied this pH responsivity into our microgels system as illustrated in 

Chapter 3. Similarly, other weak acid/base modified microgels can be synthesized, e.g., in this 

work, we generated boronic acid modified microgels by copolymerization of 3-(acrylamido) 

phenylboronic acid (APBA) into the microgels.
170, 171, 416, 417

 APBA exhibits a pKa of ∼8.4 and is 

therefore negatively charged at pH > 8.4, while APBA is neutral at pH < 8.4. Like AAc-modified 

microgels, the APBA-modified microgels exhibit attractive interactions with positively charged 

species at high pH, while they are neutralized, and have minimal interactions with positively 

charged species at lower pH (< 8.4).  

PNIPAm has found its way into controlled/triggered drug delivery devices mainly due to 

its above-described thermoresponsive, which occurs close to body temperature
117, 226, 228, 418

 

Recently, our group developed a pNIPAm microgel-based optical device (etalon) that we 

demonstrated to be very useful for sensing and biosensing.
40, 144, 160, 375, 419-421

 We also showed 

that this device structure could be used as a "reservoir" for small molecules, allowing controlled 

and triggered release of the small molecules to a system.
298, 299, 384 

Specifically, by localizing a 

small molecule into the microgel layer, we showed that the thickness of the Au layer covering 

the microgels (overlayer) allowed control over release rates; this due to the tunability of the Au 

pore size with its thickness.
40, 299

 That is, thick Au has fewer and smaller pores than thin Au, 

which allows small molecules to exit the microgel layer either slow or fast, respectively.
299
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In the present study, we combined the ability to control the release rate of small molecules 

from our reservoir devices with the ability to tailor microgel chemistry to produce a system 

capable of delivering small molecules only at a specific solution pH and at controlled rates. This 

was accomplished by constructing reservoir devices from p(NIPAm-co-AAc) and p(NIPAm-co-

APBA) microgels, which respond to pH by ionizing over drastically different ranges; the 

ionization (and neutralization) is what allows small molecules to be released only at drastically 

different solution pHs. We believe that these systems can provide more options for sequential 

and controlled drug release or multi-drug delivery approaches to therapy. 

5.2 Experimental section 

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon) 

and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ) prior 

to use. N, N’-methylenebisacrylamide (BIS) (99 %), acrylic acid (AAc) (99 %), 3-(Acrylamido) 

phenylboronic acid (APBA) and ammonium persulfate (APS) (98+ %) were obtained from 

Aldrich (St. Louis, MO) and were used as received. Sodium chloride was obtained from EMD 

(Millipore, Billerica, MA), and deionized (DI) water with a resistivity of 18.2 MΩ·cm was used. 

Cr/Au annealing was done in a Thermolyne muffle furnace from ThermoFisher Scientific 

(Ottawa, Ontario). Anhydrous ethanol was obtained from Commercial Alcohols (Brampton, 

Ontario). Sodium hydroxide (NaOH, 99.8 %) and hydrochloric acid were purchased from 

Caledon Chemicals (Georgetown, Ontario) and were used as received. Fisher’s finest glass 

coverslips were 25 × 25 mm and obtained from Fisher Scientific (Ottawa, Ontario). Cr was 

99.999 % and obtained from ESPI as flakes (Ashland, OR), while Au was 99.99 % and obtained 

from MRCS Canada (Edmonton, AB). Methylene blue was obtained from Sigma-Aldrich. 
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Microgel synthesis: Microgels composed of poly (N-isopropylacrylamide)-co-acrylic acid 

(p(NIPAm-co-AAc)) were synthesized via free radical precipitation polymerization as described 

previously.
48

 Briefly, a 3-necked round bottom flask was fitted with a reflux condenser, nitrogen 

inlet, and temperature probe, and charged with a solution of NIPAm (11.9 mmol) and BIS (0.703 

mmol) in 99 mL deionized water, previously filtered through a 0.2 µm filter. The solution was 

bubbled with N2 gas and allowed to heat to 70 °C over ~1 hour. AAc (1.43 mmol) was added to 

the heated reaction mixture in one aliquot. The reaction was then initiated with a solution of APS 

(0.2 mmol) in 1 mL of deionized water. The reaction was allowed to proceed at 70 °C for 4 hours 

under a blanket of nitrogen. The resulting suspension was allowed to cool overnight, and then it 

was filtered through a Whatman #1 paper filter to remove any large aggregates. The microgel 

solution was then distributed into centrifuge tubes and purified via centrifugation at ~8300 rcf to 

form a pellet, followed by removal of the supernatant and resuspension with deionized water, 6x. 

The cleaned microgels were recombined and stored in a brown glass jar. Poly (N-

isopropylacrlamide-3-(acrylamido) phenylboronic acid) (p(NIPAm-co-APBA)) microgels were 

synthesized in the same manner but replacing the AAc with APBA. 

Loading MB into microgels: 250 µL of highly concentrated p(NIPAm-co-AAc) microgels, 

250 µL of highly concentrated p(NIPAm-co-APBA) microgels, and 200 µL of aqueous MB 

solution (0.5 mg/mL) was added into 10.0 mL pH 10.0 solution (in a centrifuge tube), vortexed 

for 30 s and soaked for 3h. The solution was then centrifuged for 1 h at 10000 rpm, the 

supernatant solution containing the unbound MB was removed, and the microgels resuspended at 

the bottom in pH 10.0 solution. This pH allowed the unbound MB to be separated from the MB 

loaded microgels. This process of centrifugation and resuspension was repeated 3 times.  
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MB release from mixed microgels in solution: 25 µL of dye loaded mixed microgel 

solution was added to centrifuge tubes containing solutions with pH 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 

8.0, 9.0, 10.0. The microgels were left exposed to these solutions for 3 h then centrifuged for 1 h 

at 10000 rpm. We also prepared mixed microgel solutions to investigate the kinetics of MB 

release from the microgels in solution. This was done by mixing 200 µL of each drug-loaded 

microgels into 10.0 mL pH 10.0 solution, incubating for some time, then centrifuging to isolate 

the microgels from the supernatant solution. 1 mL of the supernatant solution was analyzed each 

time, which was completely returned back to the original solution in the centrifuge tube. The 

process was repeated many times, and the solution pH was varied by adding 1.0 M HCl. The 

absorbance value at 664 nm (max for MB) was collected from a UV-vis spectrum obtained with 

an Agilent 8453 UV-vis spectrophotometer, equipped with an 89090A temperature controller 

and Peltier heating device.  

Microgel assemblies based reservoir device fabrication: 2 nm Cr followed by 15 nm of Au 

was deposited via thermal evaporated (Torr International Inc., thermal evaporation system, 

Model THEUPG, New Windsor, NY) onto a 25 x 25 mm ethanol rinsed and N2 gas dried glass 

coverslip (Fisher’s Finest, Ottawa, ON) at a rate of 0.2 Å s
-1

, and 0.1 Å s
-1

, respectively. The 

Cr/Au substrates were annealed at 250 °C for 3 h (Thermolyne muffle furnace, Ottawa, ON) and 

cooled to room temperature prior to microgel film deposition. Approximately 10 mL of microgel 

solution was centrifuged at ~8300 rcf to form a pellet at the bottom of a centrifuge tube. The 

supernatant was removed and discarded, and the pellet was vortexed to loosen and homogenize 

the particles in the remaining solvent. A 40 μL aliquot of the concentrated microgels was added 

onto the substrate and then spread toward each edge using the side of a micropipette tip. The 

substrate was rotated 90°, and the microgel solution was spread again. The spreading and 
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rotation continued until the microgel solution became too viscous to spread due to drying. The 

microgel solution was allowed to dry completely on the substrate for 2h with the hotplate 

temperature set to 35 °C. The dry film was then rinsed copiously with DI water to remove any 

excess microgels not bound directly to the Au. The film was then placed into a DI water bath and 

allowed to incubate overnight on a hot plate set to ∼30 °C. Following this step, the samples were 

then rinsed with deionized water, dried with N2, and then immersed into a 20 mL solution of MB 

(0.5 mg/mL, pH of 10.0) overnight. Excess MB was rinsed off the substrate with pH 10.0 

solution (to not disturb the microgel-MB interaction) and incubated in pH 10.0 solution 

overnight followed by drying with N2 gas. Another Au overlayer (2 nm Cr and 50 nm Au) was 

evaporated onto the MB loaded microgel layer. Since we were interested in understanding how 

the Au overlayer affected the rate of MB release from the etalon, we sealed the etalon's edges 

with clear nail polish to ensure that the MB was being released through the Au overlayer. 

Previous studies have confirmed that this is effective at preventing small molecules from 

releasing from the sides of the reservoir devices.
48

 To fabricate devices with different ratios of 

microgels, we followed the same procedure as above, with slight modification. Briefly, to 

generate the 4:1 samples, we coated 80 % of the substrate with pAPBA-MG and 20 % with 

pAAc-MG. For the 1:1 samples, half of the substrate was coated with pAPBA-MG and the other 

half coated with pAAc-MG. 

For loading MB and CV into pAPBA-MG and pAAc-MG, respectively, we exposed the 

portion of the substrate coated with pAPBA-MG to the MB solution (0.5 mg/mL, pH 10.0) and 

the portion coated with pAAc-MG to the CV solution (0.5 mg/mL
 
in pH 7.0). After 3 h, the 

excess solutions were rinsed off the surfaces with pH 10.0 and pH 7.0 solutions, respectively. 



91 
 

The microgels were then coated with a given thickness of Au and the edges sealed to prevent the 

release from the side of the device. 

MB release from reservoir devices: A Petri dish containing 20 mL of pH 10.0 solution was 

placed on a hot plate, and the solution temperature maintained at 25 
o
C. The solution in the Petri 

dish was stirred continuously at 260 RPM using a magnetic stir bar. The solution flowed through 

a cuvette (via a peristaltic pump) in an Agilent 8453 UV-vis spectrophotometer, equipped with 

an 89090A temperature controller and Peltier heating device. MB loaded etalons were added to 

the Petri dish, and a timer started. The absorbance spectrum of the solution was collected every 

60 s and the solution pH adjusted by adding 0.1 M HCl. 

5.3 Results and discussion 

A schematic of the drug loading mechanism is shown in Figure 5-1. The model drug used 

in this study was methylene blue (MB). As the structure shows, MB is a positively charged 

molecule, which can interact strongly with negatively charged moieties. In this study, two sets of 

microgels were synthesized, p(NIPAm-co-AAc) (pAAc-MG) and p(NIPAm-co-APBA) 

(pAPBA-MG), which are both pH-responsive, The pH responsivity of the APBA-containing and 

AAc-containing microgels is shown in Figure 5-2. Specifically, these groups are negatively 

charged at pH > 4.25 and 8.4, respectively, but are neutral at pHs below these respective pH 

values. The microgels were loaded with MB by exposing them to solutions at pH 10.0, which 

was high enough to render both sets of microgels negatively charged, while the MB remained 

positively charged. This allowed the MB to be absorbed by the microgels via electrostatic 

interactions. After loading, and washing away the excess MB with pH 10.0 solution, the 

microgels exhibited a blue color; this confirmed that the MB was loaded into the microgel.  
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Figure 5-1. Positively charged methylene blue was used as a model drug molecule that can be 

loaded into pAAc-MG and pAPBA-MG at solution pH that renders them negatively charged. 

Reproduced with permission from ref. 159, Copyright 2016, Royal Society of Chemistry. 

 

Figure 5-2. pH responsivity testing from pAPBA-MG. a) pAPBA-MG Peak shifting when 

changing pH for pAPBA-MG based etalon device. b) Continually change the pH to evaluate the 

reversible pH-responsive properties. Plots were done by averaging data from three individual 

sample tests. 

After MB was loaded into the microgels, we investigated their ability to release MB in a 

pH-triggered fashion. Specifically, when the solution pH is > 8.4, both the pAPBA-MG and 

pAAc-MG will be negatively charged and bind the MB strongly. When the solution pH is 
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decreased below the pKa for APBA, MB will be released from pAPBA-MG, while MB will still 

be bound to the pAAc-MG. MB will then be released from the pAAc-MG when the solution pH 

is below the AAc pKa. The hypothesized mechanism is shown schematically in Figure 5-3. 

 

Figure 5-3. The pH-triggered MB release mechanism from pAPBA-MG and pAAc-MG. As each 

microgel is neutralized, the electrostatic interactions between the microgel and the MB are 

diminished, and the MB is released from the microgel. Reproduced with permission from ref. 

159, Copyright 2016, Royal Society of Chemistry. 

To test this hypothesis, we first investigated the pH-dependent release properties for the 

microgels in solution. To accomplish this, we first mixed 250 µL of pAAc-MG, 250 µL of 

pAPBA-MG, and 200 µL MB (0.5 mg/mL) and diluted into 10.0 mL pH 10.0 solution. This 

mixture was incubated for 3 h to load the MB into the microgels. The unbound MB was removed 

from the MB loaded microgels by multiple centrifugation/resuspension cycles, as detailed in the 

Experimental section. Then, 25 µL of the mixed concentrated microgel solution was exposed to 

various pH solutions to characterize their release behavior. Specifically, the microgels were 

incubated at each specific pH for 3 h (sufficient time for MB to diffuse out of microgels), then 

the microgels were centrifuged and the UV-vis spectrum of the supernatant solution was 

acquired. The absorbance value at 664 nm was then plotted as a function of solution pH. As can 

be seen in Figure 5-4, when the solution pH was 10.0, only a small amount of MB was released 
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from the microgels. At pH 10.0 to 7.0, there was a dramatic release of MB due to the 

neutralization of the APBA groups. At pH 7.0 to 5.0, there was minimal MB release, while 

another dramatic release event was observed when the solution pH was decreased to 4.0, which 

corresponds with the pAAc-MB interaction weakening due to AAc neutralization. Finally, at pH 

4.0 to 2.0, all the MB was released, and the solution concentration of MB was stable. This result 

shows that sequential delivery of a small molecule from microgels is possible.  

 

Figure 5-4. The maximum absorbance at 664 nm (max for MB) obtained from a UV-Vis of the 

supernatant solutions at each of the indicated solution pHs. In this case, the microgels were 

dispersed in solution at the indicated pH. Reproduced with permission from ref. 159, Copyright 

2016, Royal Society of Chemistry. 

Next, we wanted to demonstrate that the release rate of the MB could be controlled using 

microgel-based reservoir devices. The devices were constructed by "painting" the mixed 

microgels (mixed at a ratio of 1:1 (v/v) prior to painting) onto an Au-coated glass slide, 

following previously published protocols.
155

 It is important to note that the microgels were first 

painted on the Au-coated glass slide, and then loaded with MB by soaking in an MB solution at 
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pH 10.0. Following MB loading, 50 nm of Au was deposited on the top of the microgel layer via 

thermal evaporation. Finally, the edges were sealed with clear nail polish to prevent MB release 

from the sides of the device.
299

 The devices were soaked in a pH 10.0 solution, and the solution 

pH was systematically decreased. The release profiles for the devices at 37 
o
C and 25 

o
C are 

shown in Figure 5-5. As can be seen in Figure 5-5a (37 
o
C), the signal was stable until the 

solution pH was adjusted to 7.0 by addition of 0.1 M HCl. At this pH, the APBA microgels were 

neutralized, which caused them to release their loaded MB. After ~14 min, the solution 

absorbance stabilized, and then the solution pH was further decreased to 3.0. At this point, we 

observed another dramatic increase MB concentration in solution due to the AAc neutralization 

and their MB release. After some time (~25 min), the MB concentration in solution was stable 

due to the device being completely depleted of MB to release. The release behavior at 25 
o
C is 

shown in Figure 5-5b, and as can be seen, there is no considerable difference from the devices at 

37 
o
C. We note that there is a significant initial increase of MB concentration in solution likely 

due to nonspecifically absorbed MB on the device becoming desorbed, which wasn't present on 

the other device at 37 
o
C. For comparison, we investigated the pH dependent MB release profile 

for the mixed microgels (1:1 (v/v)) in solution. This was done by mixing 200 µL of each of the 

drug-loaded microgels into 10.0 mL pH 10.0 solutions in a centrifuge tube. After soaking for 3 h, 

the whole sample was centrifuged to cause the microgels to be forced to the bottom of the 

centrifuge tube, and 1 mL of the supernatant solution was analyzed via UV-vis spectroscopy. 

The supernatant solution was returned to the original centrifuge tube and the solution was mixed 

and left to incubate for more time. As certain points, the solution pH was changed to pH 7.0 and 

3.0, and the data can be seen in Figure 5-6. Compared to the microgel-based reservoir device, the 

free microgels release much more slowly and take much longer to completely release the MB. 
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Specifically, the release triggered from the first step takes ~4 h to stabilize, but the second pH-

triggered release continues for days. 

 

Figure 5-5. The maximum absorbance at 664 nm (λmax for MB) obtained from a UV-vis of the 

solution in a Petri dish containing a reservoir device with 1:1 pAPBA-MG and pAAc-MG and 50 

nm Au overlayer at 37 
o
C (a) and 25 

o
C (b). The solution pH was changed from 10.0 to (arrow i) 

7.0 and (arrow ii) 3.0. Each data point is an average value obtained from the analysis of two 

separate reservoir devices, with the error bars indicating the standard deviation. Reproduced with 

permission from ref. 159, Copyright 2016, Royal Society of Chemistry. 
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Figure 5-6. MB release from a solution composed of 1:1 (v/v) pAPBA-MG: pAAc-MG. The 

solution pH was changed from 10.0 to (arrow i) 7.0 and (arrow ii) 3.0. 

To further prove that the release rate from the reservoir devices can be tuned by varying 

the thickness of the reservoir device’s Au overlayer, we prepared samples with two different Au 

overlayer thicknesses, 50 nm, and 230 nm. To make the devices here, the painting procedure was 

varied slightly compared to what is described above. Specifically, to achieve the desired 1:1 ratio 

of pAPBA-MG : pAAc-MG, half of each substrate was painted with pAPBA-MG, and the other 

half was painted with pAAc-MG. This was done to offer more control over the microgel ratios in 

the reservoir devices. That is, the nature of the painting procedure produces "monolithic" 

monolayers of microgels on the Au coated surfaces. This ensures that each half of the surface is 

completely covered with a similar amount of the respective polymers. This is not something that 

can be said for painting the mixed microgel solutions. Regardless, the release profiles are shown 

in Figure 5-7. As can be seen, the device composed of a thin Au layer releases MB significantly 

faster than the devices composed of a relatively thick Au layer. This is due to the smaller pores 

of the thick Au overlayers restricting access of the MB to the bulk solution; thin Au has many 
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pores, which isn't as effective at restricting access of the MB to the solution as the thick Au.
48 

We 

point out that the release profile for the devices made for this experiment is similar to what was 

observed in Figure 5-5 (painting the mixed microgels), which proves that the painting protocol 

used to make these devices doesn't greatly alter the observed release behavior. 

 

Figure 5-7. The maximum absorbance at 664 nm obtained from a UV-Vis of the solution in a 

Petri dish containing a reservoir device with 1:1 pAPBA-MG and pAAc-MG with an Au 

overlayer thickness of (□) 50 nm and (∆) 230 nm. The solution pH was changed from 10.0 to 

(arrow i) 7.0 and (arrow ii) 3.0. Reproduced with permission from ref. 159, Copyright 2016, 

Royal Society of Chemistry. 
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Figure 5-8. The absorbance values for the two separate pH-triggered releases observed for 

reservoir devices containing 1:1 and 4:1 pAPBA-MG: pAAc-MG. The red bars are the pAPBA-

MG and the blue bars are the pAAc-MG. The values are an average of two separate 

measurements, and the error bars indicate the standard deviation. Reproduced with permission 

from ref. 159, Copyright 2016, Royal Society of Chemistry. 

We point out that for all the experiments above, the ratio of pAPBA-MG : pAAc-MG was 

1:1. As can be seen from the data, the amount of MB released as a result of the solution pH 

changes is not the same when stepping from pH 10.0 to 7.0 and from pH 7.0 to 3.0. This suggests 

that the pAPBA-MG and pAAc-MG have different capacities for releasing MB. This could be a 

result of the different microgel chemistries, which can influence their interactions with MB. This 

could also be a result of a mismatch in the number of each ionizable group in the respective 

microgels of the reservoir devices. Understanding this behavior would require more 

experimentation, which will be the subject of another investigation. For this investigation, we 

wanted to show that we could control the amount of MB released at the different pHs. In that 

case, we prepared reservoir devices by painting surface with 4:1 pAPBA-MG : pAAc-MG and 

1:1 pAPBA-MG : pAAc-MG. The microgels were loaded with MB, and we investigated the pH-

triggered release by UV-vis. The results can be seen in Figure 5-8. As can be seen, when the 
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ratio was 1:1, ~30 % of the release was from the pAPBA-MG (the pH 10.0 to 7.0 change) and 

~70 % was from the pAAc-MG (pH 7.0 to 3.0 change). However, when the ratio was 4:1, the 

release from each of the microgels was approximately equal. This represents a very powerful yet 

simple approach to precisely control a number of small molecules delivered to a system. For 

example, an array of reservoir devices can be fabricated on a single substrate, each containing 

different ratios of microgels, which will allow one to rationally design the specific release 

characteristics. Furthermore, this can be combined with the tunable release kinetics (by changing 

the Au overlayer thickness) to provide even more control over small molecule doses. 

 

Figure 5-9. The release profile for a device made of pAPBA-MG and pAAc-MG loaded with 

MB and CV, respectively. The arrow at ~4 min shows the time the solution pH was adjuted to 

7.0, while the arrow at ~17 min indicates when the solution pH was decreased to 3.0. The data 

points are averages obtained from two separate devices, and the error bars indicate the standard 

deviation. Reproduced with permission from ref. 159, Copyright 2016, Royal Society of 

Chemistry. 

Finally, we determined the ability of the devices to release more than one small molecule 

when triggered by pH. For these experiments, MB and Crystal violet (CV), were used and were 
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separately loaded into pAPBA-MGs and pAAc-MGs. The release profile from these devices can 

be seen in Figure 5-9. As can be seen, when the solution pH was decreased to 7.0 at ~ 4 min, MB 

that was loaded in the APBA-MG was released. However, the CV in AAc-MG was not released 

until the solution pH was adjusted to 3.0. We point out that there was some overlap in the 

absorbance spectra for MB and CV, and therefore there was an increase in the CV signal (590 

nm) when the MB was triggered to release, and vice versa. While this is the case, there may be 

some MB and CV released nonspecifically from the respective microgels. Regardless, the results 

suggest that the devices could be used to sequentially release small molecules to a system in a 

pH-dependent fashion.   

5.4 Conclusion 

In summary, we showed that microgel assemblies based reservoir devices could be 

fabricated from mixed microgels, specifically pAPBA-MG and pAAc-MG. We went on to show 

that these microgels could load positively charged MB, which could be released sequentially to a 

system, in a pH-dependent fashion. That is, when the solution pH was 10.0, both microgels were 

negatively charged and bound the MB strongly. When the solution pH was decreased to 7.0, the 

pAPBA-MG was neutralized and released MB; the pAAc-MG was neutralized and released its 

MB when the pH was decreased to pH 3.0. The data obtained from the reservoir devices was 

compared to microgels in solution, which exhibited much slower release kinetics. We also 

showed that the release kinetics from the reservoir devices could be tuned by varying the Au 

overlayer thickness. Additionally, we showed that the amount of MB delivered to a system as a 

result of the pH changes could be tuned by changing the ratio of the pAPBA-MG and pAAc-MG 

in the reservoir devices. Finally, we demonstrated that two different small molecules could be 

delivered to a system when triggered at specific pHs, e.g., pH 7.0 and 3.0. These systems 
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represent a versatile approach to sequentially delivering small molecules to a system, in a 

triggered fashion, with tunable release kinetics. Importantly, their release behavior can be easily 

tuned by simply changing the microgel chemistry, e.g., by generating reservoir devices from 

microgels that ionize at different solution pH. This would allow one to deliver various small 

molecules to a system triggered by a variety of solution pHs. This, combined with the tunable 

release kinetics and the ability to array these devices on a single substrate, makes this delivery 

platform extremely versatile, powerful, and unique. 
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 Chapter 6: Free-Standing Poly (N-isopropylacrylamide) Microgel 

Assemblies
e
 

In this chapter, a method was developed to remove the microgel assemblies on a glass 

substrate to generate free-standing device. We compared the properties of this device before and 

after separated from the substrate in different aspects. The advantages of this approach not only 

shows that the microgel assemblies based film could be completely released from the substrate 

but also gives the opportunity to transfer the film to different materials, which dramatically 

broaden the application of this device. 

6.1 Introduction 

Stimuli-responsive materials
6, 422, 423

 or smart materials are able to "sense" changes in their 

environment by undergoing a chemical and/or physical transition. Ideally, the response is 

reversible, i.e., once the stimulus is removed, the responsive material returns to its initial state. A 

number of responsivities have been introduced into responsive materials including responsivity 

to: temperature, pH, ionic strength, light, electric and magnetic field.
6, 424-426

 These materials 

have found a number of applications as electronic materials, for controlled/triggered drug 

delivery, as antibacterial coatings and for tissue engineering.
23

 Considering all of the responsive 

polymer-based materials discovered to date, thermoresponsive poly (N-isopropylacrylamide) 

(pNIPAm) is by far the most extensively studied and used.
42

 Colloidal pNIPAm-based hydrogels 

(microgels and nanogels depending on their diameter) can also be synthesized.
414, 427

 Regardless 

of their dimensions, hydrogels can easily be modified with additional functional comonomers by 

                                                           
e
 This Chapter has been adapted from the previously published article: Y. Gao, W. Xu, M. J. Serpe.* J. 

Mater. Chem. C, 2014, 2, 5878-5884. 
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simple copolymerization,
18

 which allow the microgels to be easily modified by further reaction 

with other functional molecules.  

A wide variety of responsive polymer-based thin films have been fabricated using both 

polymerization (e.g., atom transfer radical polymerization
428-430

) and deposition techniques (e.g., 

layer-by-layer assembly
431-435

). While substrate-supported thin films are of utmost importance 

for a number of applications, there are instances where free-standing thin films are beneficial and 

have recently received a lot of attention. Compared to substrate-bound thin films, free-standing 

materials are: flexible; able to change size, shape, and/or conformation; easily accessible from all 

dimensions, and oftentimes more sensitive to environmental stimuli than substrate-supported thin 

films. A variety of approaches has been developed to fabricate free-standing responsive films,
436-

438
 one of the most facile ways to accomplish this is utilizing layer-by-layer (LbL) assembly. In 

one case (with charged components) a charged substrate is exposed alternately to solutions 

containing positively or negatively charged polymers (polyelectrolytes). The interactions 

between the substrate charges and the polyelectrolyte allow a substrate-attached thin film to be 

formed. Since these films are held together by electrostatics, they can be destabilized in solutions 

of extreme pHs and ionic strength.
434, 439

  

We have discussed the device of a pNIPAm-based microgel layer sandwiched between two 

thin metal layers in previous chapters.
130, 144, 155, 375

 A schematic depiction of the device can be 

seen in Figure 6-1a. As shown in Figure 6-1b, these devices exhibit unique multipeak reflectance 

spectra, which we have exploited for sensing applications.
171, 374

 The position of the peaks in the 

reflectance spectrum depends on the distance between the device's two Au layers and the 

refractive index of microgels as shown in Equation (6-1).
144

   

                                                      λm = 2nd cosθ                                     (6-1) 
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where λ is the wavelength maximum of the peak (s), m is the peak order, n is the refractive index 

of the dielectric, d is the spacing between the mirrors, and θ is the angle of incidence. 

 

Figure 6-1. a) The basic construct of a microgel assemblies based device. (I) and (III) are 15 nm 

Au layers (a 2 nm Cr adhesion layer below the Au layer is not shown); (II) monolithic p(NIPAm-

co-AAc) microgel layer; and (IV) glass substrate. b) Characteristic reflectance spectrum for a 

p(NIPAm-co-AAc) microgel-based device in water. Reproduced with permission from ref. 419, 

Copyright 2014, Royal Society of Chemistry. 

While we have shown that microgel assemblies based devices can be fabricated on various 

planar substrates, there are some substrates that are difficult to coat with, e.g., curved surfaces, 

rods, and tubes. Furthermore, for our sensing and monitoring efforts, it is advantageous to 

fabricate devices that can be adhered to skin.
440-442

 To achieve this, it would be beneficial to 

fabricate a device on planar substrates, followed by their desorption. The desorbed device can 

then adhere to any other substrate as needed. In this study, we describe the fabrication of free-

standing p(NIPAm-co-AAc) microgel assemblies based devices that exhibit high-quality optical 
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properties, which are capable of being transferred to multiple substrates. The desorbed device 

exhibit similar optical properties to the substrate adhered one and retain their pH and temperature 

responsivity.  

6.2 Experimental section 

Materials: N-isopropylacrylamide was purchased from TCI (Portland, Oregon) and purified 

by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ) prior to use. N, N’ 

-methylenebisacrylamide (99 %), acrylic acid (99 %), H2O2 (30 wt %) and ammonium persulfate 

(98+ %) were obtained from Aldrich (St. Louis, MO) and were used as received. Poly 

(diallyldimethylammonium chloride) (Mw = 100,000-200,000) (PDADMAC, 20 wt % in water) 

and poly (allylamine hydrochloride) (Mw = 55,000-65,000) (PAH) were obtained from Aldrich 

as solutions. Poly (sodium 4-styrenesulfonate) (Mw = 70,000) (PSS, Aldrich) and poly (acrylic 

acid) (Mw = 90,000) (PAA, Polysciences) were used as an anionic polyelectrolyte. H2SO4 (98 %) 

was purchased from Caledon Chemicals (Alberta) and was used as received. Anhydrous ethanol 

was obtained from Commercial Alcohols (Brampton, Ontario). Hydrochloric acid and sodium 

hydroxide were purchased from Caledon Chemicals (Alberta). All deionized water (DI) was 18.2 

M Ω · cm and obtained from a Milli-Q Plus system from Millipore (Billerica, MA). Au 

annealing was performed in an Isotemp muffle furnace from Fisher Scientific (Ontario, Canada). 

Microscope glass slides were 25 mm × 75 mm × 1.0 mm and obtained from Fisher Scientific. Cr 

(99.999 %) was obtained from ESPI (Ashland, OR), while Au (99.99 %) was obtained from 

MRCS Canada (Edmonton, AB). Photographs of the films were taken with a Canon Power shot 

SD20 Digital ELPH SD. 

Microgel synthesis: Microgels composed of poly (N-isopropylacrylamide-co-acrylic acid) 

(p(NIPAm-co-AAc)) were synthesized via surfactant-free, free radical precipitation 
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polymerization as described previously.
130, 144

 The monomer mixture was comprised of 85 % N -

isopropylacrylamide (NIPAm) and 10 % acrylic acid (AAc) with 5 % N, N’-

methylenebisacrylamide (BIS) as the crosslinker. The monomer, NIPAm (11.9 mmol), and the 

crosslinker, BIS (0.703 mmol), were dissolved in DI water (99 mL) with stirring in a small 

beaker. The mixture was filtered through a 0.2 μm filter affixed to a 20 mL syringe into a 250 

mL, 3-necked round bottom flask. The flask was then fitted with a temperature probe, a 

condenser/N2 outlet, stir bar, and a N2 inlet. The monomer solution was purged with N2 gas for ≈ 

1 hr with stirring, while the temperature was allowed to reach 70 °C. AAc (1.406 mmol) was 

added to the heated mixture with a micropipette. An aqueous solution of ammonium persulfate 

(APS, 0.046 g in 1.0 mL) was delivered to the monomer solution with a transfer pipette to 

initiate the reaction, and the reaction was continued for 4 h. Following completion of the reaction, 

the reaction mixture was filtered through glass wool to remove any large aggregates. The 

coagulum was rinsed with deionized water and the reaction solution was diluted to ≈ 120 mL. 

Aliquots of these particles (13 mL) in centrifuge tubes were centrifuged at a speed of ≈ 8500 

relative centrifugal force (rcf) at 20 °C to produce a pellet. The supernatant was removed from 

the pellet of particles, which were then re-suspended to their original volume (13 mL) using 

deionized water. This process has completed a total of six times to remove the unreacted 

monomer and linear polymer from the microgels. 

Sacrificial layer fabrication: 25 mm × 25 mm glass microscope slides were cleaned and 

hydroxylated in Piranha solution ( a mixture of 7:3 (v/v) 98 % H2SO4 and 30 % H2O2) 

(CAUTION: Piranha solutions react violently with organic materials and should not be stored in 

closed containers). They were then rinsed copiously with deionized water and dried under a 

stream of nitrogen before use. Layer-by-layer self-assembly was used to form the sacrificial layer 
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on the glass substrate. Specifically, the freshly cleaned glass substrate was immersed in a 

PDADMAC aqueous solution (1 mg/mL, pH 6.5) for 15 min to obtain a cation-terminated 

surface and the substrate was then rinsed by immersion in deionized water for 15 min before the 

next layer was deposited. Next, the substrate was immersed into an aqueous PSS solution (1 

mg/mL, pH 6.5) for 15 min to obtain an anion-terminated surface. The rinsing and adsorption 

steps were repeated until the desired number of bilayers was obtained. Finally, the prepared 

substrate was dried with nitrogen and used. PAH/PAA multilayers were assembled in the same 

way, although the pH of the PAH solution was adjusted to 7.5, while the pH of the PAA solution 

was 3.5. 
439

 

Device fabrication: Devices were prepared following a previously published method.
155

 To 

fabricate etalons on the modified coverslips, 2 nm Cr and 15 nm of Au was thermally evaporated 

onto the substrate at a rate of 0.2 Å s
-1

, and 0.1 Å s
-1

, respectively (Torr International Inc., 

thermal evaporation system, Model THEUPG, New Windsor, NY). A 40 μL aliquot of 

concentrated microgels (from viscous pellet formed via centrifugation of a microgel solution) 

was added to the substrate and then spread toward each edge using the side of a micropipette tip. 

The film was rotated 90°, and the microgel solution was spread again. The spreading and rotation 

continued until the microgel solution became too viscous to spread due to drying. This process 

was done with extreme care as to not damage the sacrificial polymer layer on the glass. The 

microgel solution was allowed to dry completely on the substrate for 2 h with the hotplate 

temperature set to 35 °C. After that, the dry film was rinsed copiously with DI water to remove 

any excess microgels not bound directly to the Au. The film was then placed into a DI water bath 

and allowed to incubate overnight on a hot plate set to ~30 °C. Following this step, the substrate 

was again rinsed with DI water to further remove any microgels not bound directly to the Au 
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substrate surface. The samples were then dried with N2 gas and another Au overlayer (2 nm Cr 

for adhesion layer) was evaporated. To yield a free-standing etalon, the whole substrate was 

immersed in an aqueous sodium hydroxide aqueous solution (1 M) to remove the sacrificial layer. 

The free-standing etalons were transferred to a variety of substrates with no previous treatment. 

Reflectance spectroscopy: Reflectance measurements were conducted using a Red Tide 

USB650 spectrometer, a LS-1 tungsten light source, and a reflectance probe from Ocean Optics 

(Dunedin, FL). The spectra were recorded using Ocean Optics Spectra Suite Spectroscopy 

Software at room temperature over a wavelength range of 400-1000 nm. Measurements were 

conducted by placing the film in a Petri dish with water at room temperature. The probe tip was 

immersed in the water and its distance from the etalon surface adjusted for optimal signal. The 

probe remained undisturbed between measurements to ensure that all of the spectra were taken in 

the same manner. The film was moved under the probe and at least three measurements were 

taken for each film in different areas. 

Scanning electron microscopy: SEM images were obtained with a JSM-6010LA JEOL 

(Peabody, MA) SEM. Samples were tilted 30° (unless otherwise indicated) relative to the source. 

Etalons were imaged by transferring the free-standing etalon onto a clean silica substrate and 

then dried under nitrogen gas flow. 



110 
 

 

Figure 6-2. Schematic depiction of the device assembly and removal process. First, a sacrificial 

LbL-assembled film was deposited on the glass followed by the etalon fabrication on the 

sacrificial layer. Finally, the assembly was exposed to a 1 M NaOH aqueous solution, which 

dissolves the sacrificial layer, and releases the etalon. Reproduced with permission from ref. 419, 

Copyright 2014, Royal Society of Chemistry. 

6.3 Results and discussion 

To achieve free-standing device, microgel assemblies based devices were fabricated on 

LBL-deposited sacrificial thin polymer films, all on a glass substrate. A schematic of the 

fabrication protocol is shown in Figure 6-2. Specifically, a glass substrate was cleaned and 

hydroxylated by immersion in piranha solution for 4 h (Caution, piranha solution is extremely 

dangerous -- handle with care). Then the LBL multilayer film was constructed on the glass 

surface. Here, two polyelectrolyte systems were used, poly (diallyl dimethyl ammonium chloride) 

(PDADMAC)/poly (sodium 4-styrenesulfonate) (PSS) and poly (allylamine hydrochloride) 

(PAH)/poly (acrylic acid) (PAA). Briefly, the glass was subsequently immersed into 1 mg/mL 

aqueous solution of PDADMAC solution (pH 6.5) for 15 min, followed by immersing in DI 

water for 15 min for rinsing. The substrate was then immersed in a 1 mg/mL solution of PSS (pH 

6.5), for another 15 min, and again in DI water for 15 min. The process was repeated until 10 
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bilayers (PDADMAC/PSS is a bilayer) were formed on the glass. The (PAH/PAA)10 layers were 

formed in the same way, using different solution pH's, as indicated in the experimental 

section.
439

 Following thin film formation, 15 nm of Au was deposited (via thermal evaporation) 

on top of the LbL assembled thin film, followed by microgel deposition on the Au layer 

following our previously published painting protocol.
155

 Another Au layer was subsequently 

deposited on top of the microgel layer to yield the etalon's Au-microgel-Au sandwich structure.  

 

Figure 6-3. (a) Photograph of the substrate-bound device (PDADMAC/PSS sacrificial layer) 

immersed in 1 M NaOH solution and (b) after desorption. (c) After desorption, the device still 

exhibits the unique, multi-peak reflectance spectrum. (d) Photograph of the substrate-bound 

device (PAH/PAA sacrificial layer) immersed in 1 M NaOH solution and (e) after ~8 minutes 

NaOH exposure. (f) Again, after desorption, the device still exhibits the unique, multi-peak 

reflectance spectrum. The size of the glass substrate above was 2.5 cm × 2.5 cm. Reproduced 

with permission from ref. 419, Copyright 2014, Royal Society of Chemistry. 

To generate a free-standing device, the assembly was immersed into a 1 M aqueous 

solution of NaOH. This causes the sacrificial layer to dissolve, and the device to be released from 

the glass substrate. The disassembly and release process is shown in Figure 6-3. As can be seen, 



112 
 

when the assembly was immersed into the high pH solution the corners began to delaminate 

from the glass after ~ 2 minutes, while the whole device was removed from the glass substrate 

within 10 min, see Figure 6-3(a, b) and Figure 6-3(d, e). In both cases, the device was released 

from the substrate due to a combination of effects. Considering the assembly on glass, it could be 

released from the substrate by breaking the polymer-glass, polymer-polymer, and/or polymer-

Cr/Au interactions. In the case of the weak polyelectrolytes (PAH/PAA), the high pH most likely 

broke the polymer-polymer interactions, while a combination of these effects was most likely 

responsible for the disassembly of the PDADMAC/PSS layers. In fact, the device was removed 

from the substrate much faster with the PAH/PAA sacrificial layers. We point out here that the 

edges of the slide were scratched before immersion of the etalon into the high pH solution, which 

we found to assist with the peeling process. Figure 6-3b shows a free-standing etalon film in the 

basic solution. As can be seen in Figure 6-3c and Figure 6-3f, the optical properties of the free-

standing microgel assemblies based devices were retained after peeling from the substrate 

surface. Additionally, the free-standing device can be dried and rehydrated with no apparent 

effect on the optical properties.  

To investigate the structure of the free-standing device, and to verify the Au-microgel-Au 

structure was still intact after desorption from the glass substrate, scanning electron microscopy 

(SEM) was performed.  To accomplish this, the free-standing device was transferred to a silicon 

substrate and imaged. As can be seen in Figure 6-4(a-c), the full structure remains intact after 

desorption, indicating that the pH treatment doesn't affect the device's structure and that the 

microgels are still sandwiched between the two Au layers. The free-standing film can be 

completely broken into small pieces by ultrasonication, as shown in Figure 6-4d. This result may 
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provide us a way to prepare a single microgel-based element in the future, which may have 

unique optical properties and potential applications for sensing and drug delivery. 

 

Figure 6-4. SEM images of a free standing device from (a,c) the top, (b,d) tilted 30°. As can be 

seen in (a,b), the structure remained intact after desorption from the solid substrate, and the 

microgels remained sandwiched between the two Au layers. As can be seen in (c), there are two 

Au layers present. (d) The structure of a device after sonication. Sonication breaks up into small 

pieces, which appear to retain the structure. Reproduced with permission from ref. 419, 

Copyright 2014, Royal Society of Chemistry. 

Next, we wanted to confirm that the free-standing device could be transferred to different 

substrates and that their optical properties remained intact. To accomplish this, we desorbed it 

from the solid glass substrates and adhered them to different substrates, such as silicon, 

polydimethylsiloxane (PDMS), plastic and paper. After the free-standing films were transferred 

onto the different substrates, the reflectance spectra were collected; the results are shown in 

Figure 6-5. As can be seen in Figure 6-5a, the reflectance spectrum of the film on a silicon 
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substrate shows multiple peaks similar to the original device made on a glass substrate. As can 

be seen in Figure 6-5(b-d), similar spectra could be observed for a free-standing etalon 

transferred to PDMS, plastic, and paper, respectively. For the "plastic" substrate, we used a piece 

of a nitrile lab gloves as an example. When the device was transferred onto the nitrile, it was not 

flat based due to its deposition on the elastic substrate, but it still exhibited a reflectance 

spectrum that is characteristic to the device (Figure 6-5c). Finally, filter paper was used as a 

substrate of the film in Figure 6-5d. While the optical properties of this film were comparable to 

the initial substrate-bound device, there were some differences due to the porosity of the paper. 

The porosity, combined with the capillary effects of the paper made the device difficult to 

hydrate.  

 

Figure 6-5. Reflectance spectra for devices desorbed from the initial glass substrate and 

transferred to: (a) silicon; (b) PDMS; (c) plastic/nitrile and (d) paper. Reproduced with 

permission from ref. 419, Copyright 2014, Royal Society of Chemistry. 
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Additionally, we wanted to show the utility of the approach for coating curved surfaces and 

even skin. This could find applications in the biomedical area and for real-time health monitoring 

applications.
441-445

  To accomplish this, we desorbed the device from a glass substrate and (like 

above) and transferred it to the outside of a glass tube with a diameter of 1 cm. The resultant 

device can be seen in Figure 6-6a. The structure remains intact and retains its optical properties 

as can be seen in Figure 6-6b. Furthermore, a free-standing device was transferred to the human 

skin, as shown in Figure 6-6c. Similarly, it remained intact and the optical properties were 

unaffected.  

 

Figure 6-6. A free-standing device transferred to (a) a glass tube, and (c) skin. (b, d) The 

reflectance spectra obtained from the devices. The scale bar is 0.5 cm. Reproduced with 

permission from ref. 419, Copyright 2014, Royal Society of Chemistry. 

In our previous chapters, we showed that microgel assemblies based devices have unique 

responsivity to a variety of stimuli, specifically, they are very sensitive to temperature and pH 

changes (among other things).
144, 155, 161, 374, 446

 Therefore, we investigated the responsivity and 
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sensitivity of the free-standing devices to temperature and pH. To accomplish this, the free-

standing device was desorbed from the initial glass substrate and added to a bare silicon substrate. 

The results are shown in Figure 6-7. Figure 6-7a shows that it is extremely sensitive to solution 

pH, i.e., the reflectance peak red shifts a total of ~330 nm upon increasing the solution pH from 

3.17 to 9.32. This is due to the deprotonation of AAc at high pH, which leads to enhanced 

Coulombic repulsion in the microgel network and swelling. The temperature-dependent optical 

properties are shown in Figure 6-7b at different solution pH. We found that it was fully 

responsive to temperature at pH 3.0, while it was minimally responsive to temperature at high 

pH. This behavior is similar to that have not been desorbed from the glass substrate and is a 

result of the charges in the microgels at high pH preventing the microgel collapse at elevated 

temperature.
40, 144

 At pH 3.0, the AAc groups are neutral and therefore there is no barrier for the 

microgel deswelling at elevated temperature. 

 

Figure 6-7. (a) The response of the free-standing devices to pH, and (b) temperature at different 

pH's. As can be seen in (b), the device responds to temperature at pH= 3.0 (red), while the 

thermal response is hindered at pH= 6.0 (black). This is due to the deprotonated AAc groups 

preventing the collapse of the microgels. Reproduced with permission from ref. 419, Copyright 

2014, Royal Society of Chemistry. 
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Finally, to further demonstrate the applicability of the free-standing devices, we showed 

that they could be used to release a small molecule model drug once absorbed onto a polymer 

matrix. To accomplish this, the small molecule crystal violet (CV, model drug) was loaded into 

the microgel layer at a given pH, while it was released at another pH. Specifically, at pH > 4.25 

(pKa for AAc) the microgels were negatively charged, while the CV is positively charged, thus 

the microgels were able to absorb the CV via electrostatic interactions. When the pH was 

lowered to < 4.25 the AAc groups were neutralized, releasing the CV.
299

 To load the free-

standing etalon with CV, it was immersed into 20 mL of an aqueous solution of CV (0.5 g/L, pH 

6.5) for 4 h. It was then transferred to a glass substrate (used as a support) and gently rinsed with 

pH 6.5 solution to remove the excess CV. Finally, the edges of etalon were sealed with epoxy 

and put in direct contact with a pNIPAm-based hydrogel (15 mm x 15 mm x 2.5 mm) 

synthesized following standard protocol.
447

 The hydrogels were swollen with different pH 

solutions, by soaking them for more than 5 h in solutions of pH 3.0 (release) and pH 6.5 (no 

release). We point out that the pNIPAm-based hydrogel was used purely out of convenience, and 

only served as a generic polymer matrix in this case. The results are shown in Figure 6-8, which 

reveals that the hydrogel immersed in pH 3.0 solution was able to induce the etalon to release the 

loaded CV (by protonating the AAc groups), while the hydrogel immersed in pH 6.5 solution did 

not because the electrostatic interactions were still strong. These results show that the free-

standing devices could be adhered to "foreign" substrates, e.g., skin, and be triggered to release 

small molecules in a controlled fashion. This specifically demonstrates the utility of the devices 

for drug delivery applications.  
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Figure 6-8. (a) Schematic showing that a "drug" loaded free-standing device can be transferred to 

a hydrogel that was swollen in solutions of (left) pH 3.0 and (right) 6.5. (b) As can be seen, the 

small molecule can be released from the etalon at (left) pH 3.0, while minimal CV was released 

at (middle) pH 6.5 (right). The hydrogel before contact with the CV loaded free-standing device. 

The black dashed lines indicate the region in the hydrogel where CV was located, while the 

black solid lines indicate the individual hydrogel boundaries. Reproduced with permission from 

ref. 419, Copyright 2014, Royal Society of Chemistry. 

6.4 Conclusion 

In summary, a simple method for fabricating free-standing microgel assemblies based 

device was developed by introducing a sacrificial layer between the device and glass substrate. 

The sacrificial layer was prepared by LbL assembly, which could be destroyed in solutions at 

high pH; destroying the film releases the device from the substrate. The free-standing microgel 

assemblies based device can be easily transferred to substrates with different chemistries and 

shapes. We found that its optical properties are retained after desorption from the solid substrate, 

which continues to exhibit very sensitive responses to solution pH and temperature. Finally, we 
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demonstrate that the devices could be transferred to another surface, in this case, a hydrogel, and 

be triggered to release a small molecule drug. In the future, the free-standing microgel 

assemblies based device will be used for light filtering applications, biosensing, we will further 

the drug delivery concept.  
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 Chapter 7: Light-Induced Color Changes and Drug Release from Microgel 

Assemblies Based Device
f
 

In this chapter, we will introduce a light-responsive system that changes the color of 

microgel assemblies based devices and controls the release behavior of this devices. By applying 

a photoacid into the system, which can release protons under light irradiation, the non-light-

responsive microgel will respond to light and the interesting phenomenon will be observed. 

7.1 Introduction 

Photonic materials are composed of periodic arrays of contrasting refractive index 

materials, which interact with incident light (via reflection, refraction, and/or diffraction) to 

produce unique optical properties.
448-452

 The refractive index periodicity can be in one, two, or 

three dimensions; while the specific optical properties depend on the spacing between the 

material's periodic elements and their refractive index. These materials often yield visually 

stimulating optical properties, but they also have numerous practical applications, such as 

photonic circuits,
453

 optical filters,
454

 and in communications.
455

  

The most basic photonic materials are composed of elements with fixed positions and 

refractive indices. While these "static" structures are of utmost importance, the tunability of the 

spacing and/or the refractive indices of the photonic material's elements can make these devices 

even more useful.
456, 457

 The fabrication and development of materials and structures, which 

exhibit dynamically tunable optical properties ("color tunability") have also been extensively 

studied.
427, 456, 458, 459

 Various studies have shown the optical properties to be tunable with: 

light,
460

 electric field,
461

 magnetic field,
462, 463

 temperature,
460, 464, 465

 pH,
466

 ionic strength,
467

 

                                                           
f
 This Chapter has been adapted from the previously published article: Y. Gao, M. J. Serpe.* ACS Appl. 

Mater. Interfaces, 2014, 6, 8461-8466. 
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solvent compositions, and humidity.
468, 469

 Among of these,  light has a high level of control 

which can be delivered to a subtle adjustment in terms of wavelength, duration and intensity. 

Light can also allow localized excitation and certain wavelengths can be selected to penetrate 

materials, e.g., skin. Which come with an important application of the light trigger, controlled 

drug delivery. In this research area, the place can be exploited through a light-controlled reaction 

for drug liberation to give control of the quantity of drug released, the timing of the release event, 

and its location. Light-triggered reaction can cause the change of environment to induced 

responsive behaviors, like pH change. Furthermore, it is very simple to modulate responses by 

simply turning on and off the source.  

  

Figure 7-1. a) The structure of a standard microgel-based etalon composed of (I and III) two Au 

layers sandwiching microgel layer(II) on a glass support(IV). b) typical reflectance spectrum 

obtained from a microgel-based etalon immersed in deionized water. Reproduced with 

permission from ref. 420, Copyright 2014, American Chemical Society. 

In our previous chapters, we reported on polymer-based optical materials that exhibit 

unique optical properties and visual color, which can be tuned with temperature and other 

stimuli.
130, 144, 375, 470

 These devices were constructed by sandwiching a responsive polymer layer 

between two Au layers all supported on a glass substrate. This structure is akin to the mirror-
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dielectric-mirror structure of a classic Fabry-Perot etalon (etalon), see Figure 7-1. In this novel 

structure (shown in Figure 7-1a), the responsive polymer layer is composed of assembled 

thermoresponsive poly (N-isopropylacrylamide) (pNIPAm)-based hydrogel particles (microgels). 

PNIPAm is well known to be water soluble at temperatures below 32 °C, becoming "insoluble" 

at higher temperatures.
18, 42, 414

 As part of this transition, pNIPAm undergoes a random coil 

(extended) to a globule (collapsed) transition. Likewise, pNIPAm-based microgels undergo a 

swollen to collapsed transition as the temperature of the water they are in is increased to > 32 °C. 

The addition of comonomers into the microgels adds chemical functionality and can alter the 

microgel responsivity. Acid comonomers, such as acrylic acid (AAc),
18, 144

 adds pH responsivity 

to the already thermoresponsive microgels. Specifically, the AAc monomer has a pKa of ~ 4.25, 

so when p(NIPAm-co-AAc) microgels are exposed to a solution with a pH above the pKa for 

AAc the collapse transition is hindered. Furthermore, the microgels swell, which are both a result 

of Coulombic repulsion between the deprotonated AAc in the microgel. These effects are fully 

reversible by lowering the solution pH to below 4.25.  

As indicated above, pNIPAm microgel-based etalons were constructed, which exhibit 

interesting optical properties, i.e., color and multipeak reflectance spectra (shown in Figure 7-1b). 

The position of the reflectance peaks can be predicted from Equation (7-1):
130, 144

  

                                                   λm = 2nd cosθ                                                           (7-1) 

where λ is the wavelength maximum of the peak (s), m is the peak order, n is the refractive index 

of the dielectric, d is the spacing between the mirrors, and θ is the angle of incidence.   

Therefore, since the microgel solvation state can be modulated with pH variations, and the 

microgels define the distance between the etalon's Au layers, the position of the reflectance 

peaks (and the etalon color) should depend on solution pH. That is, when the solution pH is 
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above the pKa of AAc, the AAc groups become negatively charged, which results in microgel 

swelling and a concomitant increase in the distance between two Au layers. However, when the 

solution pH is again lowered to below AAc's pKa, the microgels decrease in diameter due to the 

AAc protonation; this results in a decrease in the distance between the etalon's Au layers. As can 

be predicted from equation 1, the increase and decrease in the distance between the Au layers 

result in a red shift and blue shift of the etalon's reflectance peaks, respectively.  

7.2 Experimental section 

Materials: N-isopropylacrylamide was purchased from TCI (Portland, Oregon) and purified 

by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ) prior to use. N, N’ 

-methylenebisacrylamide (99 %), acrylic acid (99 %), o-Nitrobenzaldehyde (o-NBA) and 

ammonium persulfate (98+ %) were obtained from Aldrich (St. Louis, MO) and were used as 

received. Polydimethylsiloxane (PDMS) (Sylgard 184) was purchased from Dow Corning 

Corporation and used as received. Anhydrous ethanol was obtained from Commercial Alcohols 

(Brampton, Ontario). All deionized water was 18.2 M Ω · cm and obtained from a Milli-Q Plus 

system from Millipore (Billerica, MA). Au annealing was performed in an Isotemp muffle 

furnace from Fisher Scientific (Ontario, Canada). Glass cover slides were 25 mm × 25 mm and 

obtained from Fisher Scientific. Cr (99.999 %) was obtained from ESPI (Ashland, OR), while 

Au (99.99 %) was obtained from MRCS Canada (Edmonton, AB). Photographs of the films were 

taken with a Canon Power shot SD20 Digital ELPH SD. 

Microgel synthesis: P(NIPAm-co-AAc) microgels were synthesized via free radical 

precipitation polymerization as described previously. The monomer mixture was comprised of 

85 % N-isopropylacrylamide (NIPAm) and 10 % acrylic acid (AAc) with 5 % N, N’-

methylenebisacrylamide (BIS) crosslinker. The monomer, NIPAm (11.9 mmol), and the 
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crosslinker, BIS (0.703 mmol), were dissolved in 18.2 M Ω · cm deionized water (99 mL) with 

stirring in a small beaker. The mixture was filtered through a 0.2 μm filter affixed to a 20 mL 

syringe into a 250 mL, 3-neck round bottom flask. The flask was then fitted with a temperature 

probe, a condenser/N2 outlet, stir bar, and a N2 inlet. The monomer solution was purged with N2 

gas for ≈ 1 hr with stirring, while the temperature was allowed to reach 70 °C. AAc (1.406 mmol) 

was added to the heated mixture with a micropipette. An aqueous solution of ammonium 

persulfate (APS; 0.046 g in 1.0 mL) was delivered to the monomer solution with a transfer 

pipette to initiate the reaction, and reaction will continue for 4 h. Following completion of the 

reaction, the reaction mixture was filtered through glass wool to remove any large aggregates. 

The coagulum was rinsed with deionized water and the reaction solution was diluted to ≈ 120 

mL. An aliquot of these particles (13 mL) in centrifuge tubes was centrifuged at a speed of ≈ 

8500 relative centrifugal force (rcf) at 20 °C to produce a pellet. The supernatant was removed 

from the pellet of particles, which were then re-suspended to their original volume (13 mL) using 

deionized water. This process has completed a total of six times to remove the unreacted 

monomer and linear polymer from the microgels. For poly (N-isopropylacrylamide) microgels, 

the monomer mixture was comprised of 95 % N-isopropylacrylamide (NIPAm) and 5 % N, N’-

methylenebisacrylamide (BIS) crosslinker. The process is the same as above. The diameter of 

both the synthetic microgels is ~ 600 nm. 

Etalon fabrication: Etalon was prepared as previously described. To fabricate the Au 

coated coverslips (etalon underlayer), 2 nm Cr and 15 nm of Au was added to a 25 x 25 mm 

ethanol rinsed and N2 gas dried glass coverslip (Fisher’s Finest, Ottawa, ON) at a rate of 1 Å s
-1

, 

and 0.1 Å s
-1

, respectively (Torr International Inc., thermal evaporation system, Model THEUPG, 

New Windsor, NY). The Cr/Au substrates were annealed at 250 °C for 3 h (Thermolyne muffle 
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furnace, Ottawa, ON) and cooled to room temperature prior to microgel film deposition. 

Approximately 5-10 mL of microgel solution was centrifuged at ~8300 rcf to form a pellet. The 

supernatant was removed and discarded, and the pellet was vortexed to loosen and homogenize 

the particles in the remaining solvent. A 40 µL aliquot of concentrated microgels were spread 

onto an annealed 25 mm x 25 mm Au-coated glass coverslip at 30 °C. The film was allowed to 

dry on a 35 °C hot plate for 120 minutes before the excess microgels were rinsed with deionized 

water. The samples were soaked overnight at 30 °C in a deionized water bath. The samples were 

then rinsed with deionized water, dried with N2, and another Au overlayer (2 nm Cr for adhesion, 

followed by 15 nm Au) was added. The completed device was soaked overnight in deionized 

water at 30 °C before spectral analysis. 

Reflectance spectroscopy: Reflectance measurements were conducted using a Red Tide 

USB650 spectrometer, a LS-1 tungsten light source, and a reflectance probe from Ocean Optics 

(Dunedin, FL). The spectra were recorded using Ocean Optics Spectra Suite Spectroscopy 

Software at room temperature over a wavelength range of 400-1000 nm. Measurements were 

conducted by placing the film in a Petri dish with water at room temperature. The probe tip was 

immersed in the water and its distance from the etalon surface adjusted for optimal signal. The 

probe remained undisturbed between measurements to ensure that all of the spectra were taken in 

the same manner. The UV irradiation was done by using a Blak-Ray® B-100AP High-Intensity 

UV Lamp with a wavelength of 365 nm. 

7.3 Results and discussion 

In this study, we developed a p(NIPAm-co-AAc) microgel assemblies based device (etalon) 

that are capable of changing its optical properties and visual color in response to solution pH 

changes induced by UV light irradiation. To accomplish this we utilized the photoacid o-



126 
 

nitrobenzaldehyde (o-NBA); its structure and UV light-induced reaction are shown in Figure 7-2.  

The photoacid o-NBA was used because its behavior is well characterized and has been used in a 

variety of applications over a number of years.
57, 471-473

 As illustrated in Figure 7-2a, the 

molecule releases a proton under UV irradiation (UV Source: 365 nm long wave UV), which 

causes the solution pH to decrease, which was already proposed and studied by other 

researchers.
474, 475

 To investigate the rate and efficiency of this process, we prepared aqueous 

solutions of various o-NBA concentrations (1 mM, 5 mM and 10 mM) and adjusted their pH to 

~7.00 by adding aliquots of 1 M NaOH solution. Each solution was continuously irradiated with 

UV light for the indicated time while recording the solution pH every 10 sec. As can be seen in 

Figure 7-2b, when the solution concentration increases from 1 mM to 5 mM, the rate of pH 

change increases, while there is no change upon further increase of the solution concentration. 

Therefore, for subsequent experiments, we chose to work with 5 mM o-NBA solutions. The pH 

of this solution was capable of a total pH change of ~3.6 pH units (pH 7.0 to 3.4). We also 

performed the same experiment in the absence of o-NBA and found a negligible change in 

solution pH upon UV exposure. 
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Figure 7-2. a) The reaction of o-NBA induced by exposure to UV irradiation and b) the observed 

change in solution pH after exposure to an aqueous solution of the indicated o-NBA 

concentrations to UV irradiation for the indicated elapsed times. Reproduced with permission 

from ref. 420, Copyright 2014, American Chemical Society. 

The proton release mechanism of o-NBA in response to UV irradiation is illustrated in 

Figure 7-3. As early as 1901, Ciamician and Silberz
476

 had observed that o-NBA undergoes a 

phototransformation to give o-nitrosobenzoic acid. Since then, several investigators have 

examined this reaction in detail, in attempts to understand the mechanism of the 

transformation.
477-483

 An intramolecular hydrogen transfer in 2-nitrobenzaldehyde initiates a 

sequence of ground-state reactions that leads to 2-nitrosobenzoic acid. The transient species 

detected has been tentatively assigned to ketene from a biradical structure. On the picosecond 

time scale, the molecule undergoes hydrogen transfer, yielding a ketene intermediate, internal 
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conversion recovering the starting material, and intersystem crossing.
484

 The latter molecule is a 

moderately strong acid and dissociates in aqueous solutions so that the photochemistry of 2-

nitrobenzaldehyde can be used to create a rapid pH-jump in solution. Many biological 

macromolecules, such as proteins and nucleic acids, show pH-dependent conformational changes. 

Those changes can be monitored in real time by using the light-induced pH-jump. 

 

Figure 7-3. Photochemistry of o-NBA molecules, structure change response to UV light. 

As can be seen in Figure 7-4, a decrease of the solution pH occurs each time UV light was 

exposed to the solution and stabilized after the light was turned off. This quick pH change proves 

that the photochemical reaction finished and stabilized in seconds, and provides a solution with a 

homogeneous pH. The concentration of o-NBA we used here is 5 mM. The result also shows that 

the resultant pH drop isn't as pronounced after multiple exposures to UV, which we propose is a 

result of the decrease in o-NBA concentration.  
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Figure 7-4. Solution pH profile induced by exposing the o-NBA solution to UV light for 10 sec 

(arrows) followed by stabilization. 

With the ability to tune the pH of the o-NBA solution with UV irradiation, we determined 

if the optical properties of a p(NIPAm-co-AAc) microgel-based etalon could be tuned with UV 

irradiation. This is illustrated schematically in Figure 7-5. Initially, the p(NIPAm-co-AAc) 

microgel-based etalon was added to a Petri dish and 5 mM o-NBA solution (pH 7.00) was added. 

The etalon was allowed to incubate for ~60 min until the reflectance spectrum was stable, i.e., 

there was no observable change in the position of the reflectance peaks for at least 30 min. Since 

the initial solution pH was greater than the microgel's pKa, the microgels were swollen and the 

mirrors were relatively far apart. Exposure of the system to the UV light caused the solution pH 

to decrease, as shown in Figure 7-4, resulting in a spectral shift from the etalon as can be seen in 

Figure 7-6. As can be seen, exposing the system to UV light for 10 sec, followed by stabilization 

in the absence of UV light caused the solution pH to decrease by approximately 2 units resulting 

in a blue shift in the position of the reflectance peak. This is expected since the microgel's AAc 

groups were protonated. Furthermore, the system was again exposed to UV light for 10 sec, 

followed by stabilization in the absence of UV light exposure. The solution pH subsequently 
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dropped again, resulting in a spectral blue shift. As can be seen, the total wavelength shift was 

160 nm. From this large spectral shift, we hypothesized that this system could be used to visually 

change the color of the etalons.  

 

Figure 7-5. Schematic illustration of the reaction of the pNIPAm microgel assemblies based 

etalon system upon exposure to UV irradiation. Upon UV exposure, the o-NBA produces a 

proton, which lowers the pH of the solution. The decrease in solution pH results in protonation of 

the p(NIPAm-co-AAc) microgels, which alters their solvation state and the optical properties of 

the etalon. Reproduced with permission from ref. 420, Copyright 2014, American Chemical 

Society. 
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Figure 7-6. a) Reflectance spectrum for a device in o-NBA solution after exposure to UV 

irradiation for the indicated times. For these experiments, the device was initially stabilized in an 

o-NBA solution (5 mM) of pH 6.60, then exposed to UV irradiation for the indicated times (total 

irradiation times). After exposure to UV irradiation for the indicated times, the UV light was 

removed and the device allowed to stabilize. b) The final peak positions as a function of total 

irradiation time. Each point is the average obtained by analyzing 3 separate etalons and the error 

bars indicate the standard deviation. Reproduced with permission from ref. 420, Copyright 2014, 

American Chemical Society. 

To investigate this, we constructed an etalon with a specific region masked off with 

poly(dimethylsiloxane) (PDMS, Sylgard 184). The PDMS mask was cut in such a way as to 

cover part of the etalon while exposing the rest. In this case, we cut the PDMS mask to expose 

the etalon such that the letters “UA” are formed. To accomplish this, the prepared PDMS mask 

(see Experimental section) was added to the top of the etalon and sealed by applying pressure. 

This assembly was subsequently exposed to a 5 mM o-NBA solution with a pH close to 7. The 

unmasked "UA" region was in direct contact with the solution, while the masked region 

remained unexposed. After soaking for several minutes, the system was exposed to UV light for 
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60 sec to trigger the solution pH change, which leads to a dramatic color change in the patterned, 

exposed region. As can be seen in Figure 7-7, the protected region was covered with PDMS and 

remained blue, while the region exposed to the solution was initially red, which changed to green 

upon ~1 min UV exposure and wait for few mins to stable. This is clearly depicted in the UA 

patterned region of the photograph. What is interesting is the initial color of the patterned region 

could be regenerated by replenishing the o-NBA. Furthermore, the color of the patterned region 

could be switched again by exposure to UV light. This color change can be repeated over many 

cycles with great fidelity and reproducibility, as can be seen in Figure 7-8. We also determined 

that further exposure of the system to UV irradiation, past the 60 sec exposure, has no effect on 

the pH, and hence no effect on the etalon's color.  

 

Figure 7-7. The color change of an etalon exposed to an o-NBA solution (5 mM) only in a 

specific region, which was defined by a PDMS mask. Upon UV exposure, the color of the device 

visually changes. Reproduced with permission from ref. 420, Copyright 2014, American 

Chemical Society. 
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Figure 7-8. The reversibility of the etalon's color by repeated exposure to UV irradiation 

followed by the addition of fresh o-NBA solution. Reproduced with permission from ref. 420, 

Copyright 2014, American Chemical Society. 

Finally, we patterned a single substrate such that a defined region contained pH-responsive 

microgels, while other regions contained non-pH responsive microgels. Specifically, we 

synthesized pNIPAm-based microgels with and without AAc, such that they were both 

approximately the same diameter (~600 nm). Using a PDMS mask, part of the etalon was 

covered and non-pH responsive pNIPAm microgels painted in the uncovered region -- in this 

case, the mask was in the shape of a maple leaf. Following this step, the mask was removed and 

the microgels allowed to dry and were rinsed following our defined protocol to yield a 

monolayer of microgel in that region.
144

 Then, the rest of the substrate (the maple leaf region) 

was painted with p(NIPAm-co-AAc) microgels. Again, our previously described protocol was 

used to yield a single microgel layer in that region.
144

 Following the coating of the respective 

regions of the substrate with microgels, the whole substrate was covered with a thin layer of Au 
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to yield an etalon. As can be seen in Figure 7-9, after soaking the device in the 5 mM o-NBA 

solution with pH ~7, the different regions appeared similar in color, showing the uniformity of 

the patterned regions. The system was then exposed to UV irradiation and a photograph of the 

device taken every one minute. The device clearly changes color in the region where the 

p(NIPAm-co-AAc) were painted, while the region containing the pNIPAm microgels remained 

unchanged. Again, the region containing the p(NIPAm-co-AAc) microgels is reacting to the UV-

induced solution pH changes, changing the distance between the etalon's Au layers, while the 

pNIPAm microgels remain unresponsive to the solution pH changes. The maple leaf color 

change also can be repeated by immersing the etalon into a fresh o-NBA solution and re-

exposure to UV light.  

 

Figure 7-9. The response of a patterned etalon immersed in o-NBA solution (5 mM) after 

exposure to UV irradiation for the indicated times. In this case, the maple leaf region was 

composed of pH-responsive p(NIPAm-co-AAc) microgels, while the rest of the device was 

composed of non-pH responsive pNIPAm microgels. Reproduced with permission from ref. 420, 

Copyright 2014, American Chemical Society. 

Furthermore, we study the light controlled drug release behavior from this device and the 

results are shown in Figure 7-10. The costumed slide is put into the cuvette and fill with pH 6.5 

solution with o-NBA (5 mM), after exposed to a different time of UV irradiation, the release 

profile is plotted as well as the pH is monitored during the releasing process. We can see clearly 
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that the release rate is well controlled by the irradiation time. With longer irradiation, the 

releasing is faster, however, with short irradiation, the releasing is slower. This proves the 

concept that this system can be used to develop a light triggered drug release system. 

 

Figure 7-10. pH change with UV irradiation time and relatively drug release profile from this 

device. 

7.4 Conclusion 

In conclusion, we show that UV light could be used to decrease the pH of an aqueous 

solution containing o-NBA. This is a direct result of the UV light inducing the o-NBA to release 

a proton. Furthermore, by immersing a p(NIPAm-co-AAc) microgel assemblies based device in 

this solution, we were able to tune its optical properties upon UV irradiation. This was a direct 

result of the p(NIPAm-co-AAc) microgels changing solvation state in response to the solution 

pH changes, which directly alters the optical properties of the device. We were able to fabricate 

patternes on it and change the visual color in those specific regions. Finally, the optical 

properties of the devices were reversible by simply adding fresh o-NBA solution and reexposing 

the device to UV light. These unique properties will be exploited in the future for display 

technologies and controlled/triggered drug delivery.   

  

a

) 

b

) 
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 Chapter 8: Controlled Drug Release from the Aggregation-Disaggregation 

Behavior of pH-Responsive Microgels
g
 

In this chapter, pH-responsive microgels based system with controllable aggregation and 

disaggregation was developed and controlled drug release behavior was studied. Specifically, 

pH-responsive microgels exhibit opposite charges over a given solution pH range were 

synthesized. We showed that the microgels aggregated when they are mixed in one pH range, 

which could be used to trap/load a small molecule model drug. Changing the pH will induce the 

disaggregation and release the payload. 

8.1 Introduction 

Polymer microgels are colloidally stable crosslinked hydrogel particles, which have a 

swollen network structure in a suitable "good" solvent.
116, 118, 123, 485

 Microgels have attracted 

much attention in theoretical studies of soft matter
486-488

 and for various applications
489, 490

 over 

the past several decades. In particular, they have rapidly gained considerable importance in 

materials science owing to their potential applications in drug delivery,
264, 491

 sensing,
374, 492, 493

 

photonic crystal fabrication,
144, 465, 494

 and separation and purification technologies.
495

 Most of 

these applications are a direct result of their ability to be rendered responsive to external stimuli, 

i.e., they can be engineered to undergo reversible solvation state changes in response to 

environmental stimuli such as pH,
18, 460

 temperature,
116, 121

 ionic strength of the surrounding 

medium,
496

 light, 
497, 498

 electric field
499

 and magnetic field.
500

 The solvation state of the 

microgels is often a result of the imbalance/balance between repulsive and attractive forces 

acting on the particles. Small molecules are easily introduced into microgels via 

                                                           
g
 This Chapter has been adapted from the previously published article: Y. Gao,

†
 A. Ahiabu,
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copolymerization of functional comonomers into the microgels, or post-polymerization 

modification, that can lead to these forces and the resultant responsivity.
121, 501

  

Poly (N-isopropylacrylamide) (pNIPAm) is by far the most extensively studied responsive 

polymer to date.
13, 502,503-505

 PNIPAm-based hydrogel particles (microgels) have the ability to be 

fully water swollen (large diameter) and dehydrated (small diameter) by changing the 

temperature. PNIPAm-based micro and nanogels are most easily synthesized via free radical 

precipitation polymerization.
506, 507

 This approach is versatile in terms of the variety of chemical 

modifications that can be made to the microgels by simply adding functional monomers to the 

reaction solution prior to the initiation. Using this approach, pNIPAm-based microgels with a 

variety of chemical functionalities have been synthesized.
170, 508

 The most commonly used 

comonomer is acrylic acid (AAc),
144

 which renders the p(NIPAm-co-AAc) microgel pH-

responsive, and can also be used to further modify the microgels with other small molecules.
171 

The pH responsivity is a result of the pKa of the AAc group. That is, the pKa for AAc is ~4.25,
509

 

so when the pH of the environment is < 4.25, the AAc groups are protonated and neutral 

(although a slight microgel charge can exist depending on the initiator used), and when the pH > 

4.25, the microgels are deprotonated and negatively charged. Similarly, positively charged 

microgels can be obtained by copolymerizing with amine-containing comonomers like, N-[3-

(Dimethylamino)propyl]methacrylamide (DMAPMA), whose pKa is ~8.4.
510

 Therefore, at pH < 

8.4, these microgels are positively charged and exhibit attractive electrostatic interactions with 

negatively charged species,
511, 512

 while they have minimal interactions with negatively charged 

species at high pH (>8.4). This behavior is completely reversed for AAc-modified microgels, 

which exhibit attractive interactions with positively charged species at pH > 4.25. Thus, these 

microgels are protonated at higher pH and neutral at lower pH. 
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Stimuli-responsive microgels have been used and developed for drug delivery systems in 

the past.
117, 264, 513, 514

 A variety of different stimuli have been engineered into these systems to 

allow the release of small molecules in a triggered and controlled fashion. The primary triggers 

for release from microgel-based drug delivery systems are temperature and pH. Microgels have 

been used as drug carriers by exploiting different forces, such as electrostatic interactions,
299

 

hydrogen bonding,
515

 or bioconjugate interactions.
117

 The drug molecules can diffuse out of the 

microgels by exposure to an external environment that interrupts these interactions. In most of 

the cases, the drug loading process is complex
516

 and the loading efficiency of the microgels (or 

microgel-based systems) is typically limited owing to the size of the microgels. In light of this, it 

is imperative to find a more effective way of minimizing these disadvantages, making microgel-

based technologies viable for drug delivery.  

In this study, we developed a facile method to entrap a small molecule model drug 

methylene blue (MB) into microgels by aggregating microgels of opposite charges in the 

presence of MB. P(NIPAm-co-AAc) and p(NIPAm-co-DMAPMA) microgels were used as 

negatively and positively charged microgel moieties, respectively. The electrostatic interaction 

between these two microgels (at given pH) can cause the formation of large aggregates and 

concomitant loading of the drug. Using this approach, we envisage that the drug loading 

efficiency will be dramatically increased. The pH-triggered aggregation of the microgels and the 

resultant release of MB from the microgels due to disaggregation at certain pH were investigated 

and were shown to be a viable option for a drug delivery system.  

8.2 Experimental section 

Materials: Unless otherwise specified, all reagents were purchased from Sigma-Aldrich. N- 

Isopropylacrylamide (NIPAm) was purified by recrystallization from hexanes prior to use. N, N’-
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Methylene(bisacrylamide) (BIS), acrylic acid (AAc), N-[3-(dimethylamnino)propyl] 

methacrylamide (DMAPMA) and ammonium persulfate (APS) were used without further 

purification. Methylene blue (MB) was used as the model drug. UV-Vis spectrometer (Hewlett-

Packard Diode Array Spectrometer) was used to monitor the release of the model drug. pH meter 

(JENCO 6173 pH) was used to prepare the pH solutions using sodium hydroxide (NaOH) and 

 a Milli-Q Plus 

system (Fisher, Z00QSVC01) was used in this experiment. Scanning electron microscope (SEM) 

(JSM-6010LA JEOL, Peabody, MA.) was used to image the aggregates. 

Synthesis of p(NIPAm-co-AAc) microgels: p(NIPAm-co-AAc) The microgels were 

synthesized following a previously published procedure.
18, 144

 A 3-necked flask was fitted with a 

reflux condenser, nitrogen inlet, and temperature probe), and charged with a solution of NIPAm 

(11.9 mmol) and BIS (0.703 mmol) in 99 mL deionized water, previously filtered through a 0.2 

μm filter. The solution was purged with N2 and allowed to heat to 70 °C for 1.5 hr. AAc (1.43 

mmol) was added to the heated reaction mixture in one aliquot, and immediately initiating the 

reaction with a solution of APS (0.2 mmol) in 1 mL of deionized water. The reaction was then 

allowed to proceed at 70 °C for 4 hours under a blanket of nitrogen. The resulting suspension 

was allowed to cool overnight, and filtered through a Whatman #1 filter paper to remove any 

large aggregates. The microgel solution was then distributed into centrifuge tubes and purified 

via centrifugation at ~10000 rpm for ~30 min to form a pellet, followed by removal of the 

supernatant and resuspending in deionized water, 6x. 

Synthesis of p(NIPAm-co-DMAPMA) microgels: These microgels were synthesized 

similarly to the above protocol. A 3-necked flask was fitted with a reflux condenser, nitrogen 

inlet, and temperature probe), and charged with a solution of NIPAm (11.9 mmol) and BIS 
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(0.703 mmol) in 99 mL deionized water, previously filtered through a 0.2 μm filter. The solution 

was purged with N2 and allowed to heat to 70 °C for 1.5 hr. DMAPMA (1.43 mmol) was added 

to the heated reaction mixture in one aliquot, and immediately initiating the reaction with a 

solution of APS (0.2 mmol) in 1 mL of deionized water. The reaction was then allowed to 

proceed at 70 °C for 2 hours under a blanket of nitrogen. The resulting suspension was allowed 

to cool overnight, and filtered through a pad of glass wool to remove any large aggregates. The 

microgel solution was then distributed into centrifuge tubes and purified via centrifugation at 

~10000 rpm for ~30 min to form a pellet, followed by removal of the supernatant and 

resuspending in deionized water, 6x. 

Aggregation of microgels: A 1:1 (v/v) ratio (50:50 μL) concentrated microgels of 

p(NIPAm-co-AAc) and p(NIPAm-co-DMAPMA) were mixed in a glass vial containing1000 μL 

pH solutions (pH 2, 4, 5, 7, 9, 10 and 12). The pH solutions were prepared using HCl and NaOH 

with the ionic strength adjusted to 2.0 mM using NaCl. 

UV-vis spectroscopy: The absorbance of the supernatant solutions from the aggregation 

studies was measured. In each case, 200 μL of the supernatant from all pH solutions were diluted 

with 2000 μL of a solution with the same pH.  

Drug release: Efficient aggregation was observed for microgels mixed at pH 5 and 7, so the 

drug was loaded at this pH and released at pH 2 and 10 (where no or little aggregates were 

observed). The aggregated microgels were kept in a vial and placed in a beaker containing either 

5 mL pH 2 or 10 solutions and covered. The temperature was set to 25 °C and with a stirring rate 

of 80 rpm. The release of the drug was monitored every 5 min for 1 h, and every 10 min for 

another 1 h and finally every 20 min until the release profile plateaued. We showed the 

controlled release of the drug by loading the drug at pH 5, and released at pH 10 for 4 h, after 
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which 0.1 M HCl was added to drop the pH of the solution from 10 to 2, monitoring the release 

for another 4 h. 

Characterization of Aggregates: Scanning electron microscopy (SEM) was done on the 

mixed microgels at different pH. The samples were taken from pH 2, 5, 7 and 12, and dried for 2 

days. Before doing the SEM, samples were coated with ~10 nm layer of Au by sputter. 

8.3 Results and discussion 

As mentioned above, the microgels used in this study were synthesized via free radical 

precipitation polymerization, as previously described.
144

 The microgels were composed of 

functional groups that render them negatively and positively charged at certain pH, while they 

are neutral otherwise. This is due to the different pKa values for AAc (~4.25) and DMAPMA 

(~8.4); therefore when the pH is below the pKa of AAc group, p(NIPAm-co-AAc) microgels are 

neutral and p(NIPAm-co-DMAPMA) microgel are positively charged, while when the pH of the 

solution is greater than the pKa for DMAPMA, the p(NIPAm-co-AAc) microgels are negatively 

charged, while the p(NIPAm-co-DMAPMA) are neutral. In the range of pH 4.25 - 8.4 both sets 

of microgels are charged to different extents, which leads to various degrees of p(NIPAm-co-

AAc)/p(NIPAm-co-DMAPMA) microgel aggregation when they are mixed. During the 

aggregation, small molecule model drugs in the surrounding solution can be trapped inside the 

aggregates, as depicted in Scheme 8-1. This phenomenon is in accordance with the scrambled 

egg model.
512

 In this study, we used a dye molecule (methylene blue, MB) as a model drug, the 

structure is also presented in Scheme 8-1, and it is a positively charged molecule, independent of 

solution pH. 
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Scheme 8-1. Aggregate formation and model drug (methylene blue) trapping when microgels are 

mixed at pH that renders them both charged. Reproduced with permission from ref. 298, 

Copyright 2014, American Chemical Society. 

To evaluate the aggregation behavior, the microgels were mixed together at various pH. A 

photograph image of the aggregated microgels themselves without MB at different solution pH is 

shown in Figure 8-1. We noted that the microgels at pH 2 and 12 do not visually aggregate, and 

the microgel solution remains turbid indicative of the microgels remaining dispersed in the 

solution. This is quite different when the microgels are mixed together at pH 5 and 7, where the 

microgels visually aggregate into large structures. To further investigate the aggregation 

behavior, their size and morphology were evaluated using SEM, and the results can be seen in 

Figure 8-2. At pH 2 and 12, the SEM images clearly show that the microgels are not aggregated 

and appear individually on a substrate. However, at pH 5 and 7, large aggregates were formed 

and the size is around 2 mm x 4 mm, which is big enough to be seen visually. Most of the 

microgels were involved in the formation of the aggregates, which left the solution less turbid 

(because there were minimal microgels left unaggregated in the solution). The relative 

differences in the sizes of aggregates are shown in Figure 8-3. The SEM images show that the 
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aggregates are tightly bound to one another, which increases their ability to uptake model small 

molecule drugs. This is due to the interstices between the aggregated microgels effectively 

trapping the small molecule, as we have shown previously for water remediation applications.
495, 

517-519
 

 

Figure 8-1. Photograph of microgel-based aggregates in solutions of the indicated pH.  
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Figure 8-2. Scanning electron microscope (SEM) images of samples recovered after the two sets 

of microgels were mixed in solutions of pH (a) 2; (b) 5; (c) 7; (d) 12. Reproduced with 

permission from ref. 298, Copyright 2014, American Chemical Society. 

 

Figure 8-3. SEM images showing the relative aggregate sizes of the microgels at different pH. 
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When aggregates are formed in the presence of the dye molecule MB, we expect the most 

efficient trapping at pH 5, 7 and 9, while we expect the least amount of aggregation at pH 2 and 

12. To generate the aggregates in the presence of MB, 1.0 mL of 0.5 mg/mL MB solution was 

added to individual glass vials, and diluted to a total volume of 10 mL with the appropriate pH 

solution, bringing the final concentration of MB to 0.05 mg/mL. For these experiments, solution 

pH of 2, 4, 5, 7, 9, 10, 12 was used, and the solutions were vivid blue in each case, as can be seen 

in Figure 8-4a. Then 50 µL of each microgel, taken directly from a centrifuged microgel pellet 

(see experimental section), was added one at a time to these pH solutions; p(NIPAm-co-AAc) 

microgels were always added to the solution first followed immediately by pNIPAm-co-

DMAPMA microgels. The aggregates formed immediately upon addition of the two microgels to 

the appropriate pH solution. As can be seen in Figure 8-4b, the dye was trapped inside the 

microgels aggregated in solutions of certain pH as is evidenced by the color of the aggregates 

and the associated decoloration of the solution. As can be seen from the results, almost no visual 

aggregates were formed in solutions of pH 2 and 12 (where one of the microgels is neutral, while 

the other is charged), while large aggregates were formed at pH 5, 7 and 9. Some aggregates 

were formed at pH 4 and 10 (near the two different pKa values), but these aggregates were much 

less efficient at trapping MB. In order to investigate whether the MB dye molecules contribute to 

the formation of the aggregates, two control experiments were conducted. The addition of only 

one set of microgels to MB solutions of the various pH had no effect on the aggregation state of 

the microgels, meaning that the aggregation is achieved only when the different microgels are 

together in their charged state.  
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Figure 8-4. Photographs of methylene blue (MB) solutions at the indicated pH (a) before and (b) 

after addition and aggregation of the individual sets of microgels. Reproduced with permission 

from ref. 298, Copyright 2014, American Chemical Society. 

Before studying the drug release properties of the aggregates, the ability of the aggregates 

to trap MB at the different pH was further investigated. To do this, the absorbances of MB 

solutions were measured by UV-vis spectroscopy, before and after aggregates were formed, and 

removed from the MB solutions. Specifically, 200 µL of the MB solution (0.05 mg/mL) was 

diluted with 2.0 mL of a given pH solution, and the initial absorbance measured. In this case, we 

measured the absorbance value at MB's λmax of 664 nm, and the results are shown in Figure 8-5. 

As can be seen, the solution pH minimally affects the MBs optical properties. Similar to what 

was observed above, the amount of MB left in solution after aggregation of the microgels 

depends dramatically on pH; at pH values where the most efficient aggregation take place, 

almost all of the MB were removed from the solution. However, the absorbance of the remaining 

solutions when the "aggregates" were formed at pH 2 and 12 was high due to the excess MB 

present. It must be noted that p(NIPAm-co-AAc) microgels are negatively charged at high pH, 
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which can allow them to electrostatically bind with MB. However, we have shown that the 

aggregation has a much greater effect on the uptake than electrostatics alone, see Figure 8-6.  In 

this case, there are no aggregates formed but the negative p(NIPAm-co-AAc) microgels will 

electrostatically interact with positive MB molecules. Also, zeta potential measurements of the 

individual p(NIPAm-co-AAc) and p(NIPAm-co-DMAPMA) microgels further confirm this 

aggregation behavior. At the extreme pH values (i.e., pH 2 and 12), only one set of the microgels 

is charged (for example, pNIPAm-co-AAc is negatively at pH 12 while p(NIPAm-co-DMAPMA) 

is positively charged at pH 2. However, at pH ranges between these shaded portions, the two sets 

of microgels have strong opposite charges, which have a high tendency of allowing the 

formation of aggregates. 

 

Figure 8-5. a) UV-vis absorbance values from MB solutions at the indicated pH (☐) before and 

(O) after microgel aggregation (and removal from solution). Photographs of the remaining 
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solutions at the indicated pH b) before and c) after microgel aggregation. Reproduced with 

permission from ref. 298, Copyright 2014, American Chemical Society. 

Next, the ability of the aggregates to release MB at different pH was investigated. This was 

done by isolating the aggregates formed at pH 5 and 7 and exposing the aggregates to solutions 

that have pH values that render one of the sets of microgels neutral. To do this, a glass vessel 

containing 5.0 mL aqueous solution (either pH 2 or 10) was placed on a hot plate to control the 

solution temperature at 25 
o
C, while the solution was stirred at a rate of 80 RPM. Then a small 

vial containing the MB loaded aggregates was immersed into the glass container such that the 

liquid filled the small vial and contacted the aggregates. At this point, a timer was started. The 

whole assembly was covered with a glass slide to prevent the water from evaporating. The 

aggregates were placed in the small vial to keep them from becoming damaged from the stirring. 

At a given time intervals, 2.0 mL of the solution was removed from the release vessel, and a UV-

vis spectrum acquired. In pH 2, the absorbance was taken every 5 min for the first 1 h, then every 

10 min in the second hour and every 20 min in the third hour, until the release profile plateaued. 

In pH 10, the release was slow (due to the AAc charge), so absorbance was taken at less frequent 

intervals.  Following each UV-vis measurement, all the liquid was carefully returned to the 

release vessel. The results are shown in Figure 8-7. Figure 8-7a shows the release profiles for 

aggregates formed at pH 5. As can be seen, the MB is released very quickly from the aggregates 

at pH 2, with the release completing in ~ 5 h. However, at pH 10, the release was so slow that the 

absorbance was still lower than 0.2 even after 50 h, which is much slower than releasing in pH 2 

(absorbance reached this value in 15 min). Therefore, the MB can be released at a rate that is 

controlled by pH. Figure 8-7b shows the same experiments, but for the aggregates formed at pH 

7. As can be seen, the same phenomenon was observed for these aggregates; very fast release for 
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the aggregates exposed to pH 2 solution, while very slow release at pH 10. When in lower pH 

(~2), the electrostatic interaction between microgels disappeared and disaggregation occurred, 

making the diffusion of the MB molecules out of the microgels much easier. At the same time, 

pNIPAm-co-DMAPMA microgels are positively charged at this pH, which will form a repulsive 

force with the positively charged MB molecules, hence dramatically increasing the diffusion of 

MB out of the microgel aggregates. Therefore, the disaggregation and repulsive forces, in 

combination with the AAc neutralization, are the collective forces that contribute to the faster 

release at pH 2. However, at pH 10, while the aggregates still broke up due to the neutralization 

of the p(NIPAm-co-DMAPMA) microgels, the p(NIPAm-co-AAc) microgels are fully 

negatively charged, which cause them to form attractive electrostatic interactions with MB 

molecules (Figure 8-5). This makes the release of MB from the aggregates much slower. We can 

clearly see that even after releasing, the solution color turned blue in pH 2, while it is almost 

colorless in pH 10.  

 

Figure 8-6. Absorbance values for MB solutions at the indicated pH. A) MB solutions before 

addition of microgels, (B) after microgel aggregation, and (C) after addition of just the 
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p(NIPAm-co-AAc) microgels alone and centrifugation to remove the microgels from solution. 

Reproduced with permission from ref. 298, Copyright 2014, American Chemical Society. 

The electrostatic interaction between MB and the p(NIPAm-co-AAc) microgels becomes 

stronger as the solution pH increases, leading to more uptakes of MB, and less left over in 

solution. Although, at the pH here, the amount of MB left over in solution after aggregation is 

the same indicating that the aggregates are able to trap MB, in addition to the electrostatic 

interactions. 

 

Figure 8-7. Drug release profiles in (☐) pH=2 and (O) pH=10 solutions for aggregates formed at 

(a) pH=5 and (b) pH=7. Each point is the average of 3 individual experiments, while the error 

bars are the standard deviations. Reproduced with permission from ref. 298, Copyright 2014, 

American Chemical Society. 

Following this, we investigated the ability of the aggregates to release MB in a pH-

triggered fashion. To do this, the aggregates were first immersed in a pH 10 solution and the 

release profile was measured over ~4 h. The solution pH was then reduced from pH 10 to 2, by 

the addition of HCl, and the release was continuously measured. The results are shown in Figure 

8-8. When the pH was changed from 10 to 2 at 270 min, the absorbance increased immediately, 
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eventually stabilizing at 0.8. This result shows that changing the pH can trigger the release of the 

model drug MB. 

 

Figure 8-8. Triggered small molecule release from the microgel-based aggregates upon changing 

the solution pH from 10 to 2 at the same time indicated by the shaded region. Reproduced with 

permission from ref. 298, Copyright 2014, American Chemical Society. 

8.4 Conclusion 

In conclusion, we synthesized pH-responsive microgels, which exhibit opposite charges 

over a given solution pH range. We showed that the microgels aggregated when they are mixed 

in this pH range, which could be used to trap/load a small molecule model drug methylene blue. 

We showed that the loading efficiency was greater when the microgels aggregated, compared to 

simply relying on electrostatic interactions for loading. Finally, we showed that the methylene 

blue could be released in a pH-dependent fashion over many hours/days at certain pH conditions. 

This is a clear demonstration of how microgel-based technology could be used for health-related 

applications, which could be used to release biologically relevant molecules at low pH 

environments typically found at tumor sites.  
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Chapter 9: Supramolecular Microgels Fabricated from Supramonomers
h
 

In this chapter, we employed the concept of supramonomers for the fabrication of 

supramolecular microgels. Supramonomer-based crosslinker was prepared by the host-gust 

interaction between tri-peptides and curcubit[8]uril, and this crosslinker was applied to 

chemically synthesize the supramolecular microgels. The supramolecular microgels exhibit not 

only thermal responsive properties as conventional microgels but also dynamic and degradable 

properties due to the introduction of supramonomers. 

9.1 Introduction 

Supramonomers are bifunctional monomers that are generated via their noncovalent 

interaction with a chemical unit that holds them together, which can be utilized in the fabrication 

of supramolecular polymers.
520

 Different from the traditional supramolecular polymerization,
521-

533 
 supramonomers are first fabricated through noncovalent synthesis, and then supramolecular 

polymers are constructed through traditional (covalent) polymerization of the supramonomers. In 

the past few years, efforts have been made for the synthesis of supramolecular polymers from 

various types of supramonomers through different polymerization methods, demonstrating its 

general applicability in the fabrication of supramolecular polymers.
534-539

 Meanwhile, it is of 

significant importance to employ the dynamic nature of supramonomers for the fabrication of 

functional supramolecular materials. 

Poly (N-isopropylacrylamide) (pNIPAm)-based microgels are well-known temperature 

responsive (i.e., thermoresponsive) materials that can be used for a variety of applications.
38, 116, 

121, 158, 540-543
 For example, they have been used for sensing,

130, 132, 544-547
 chemical separation,

548
 

                                                           
h
 This Chapter has been adapted from the previously published article: Q. Song,

†
 Y. Gao,

†
 J. Xu, B. Qin, 

M. J. Serpe,* X. Zhang.* ACS Macro Lett., 2016, 5, 1084-1088. 
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drug delivery,
117, 299, 549

 and artificial muscles.
550-552

 PNIPAm-based microgels are typically 

synthesized by copolymerizing NIPAm with various functional monomers using N, N’-

methylenebis(acrylamide) (BIS) as cross-linker in aqueous solution. Microgels fabricated in this 

way are of thermoresponsive, however with BIS as cross-linker, the covalently cross-linked 

microgels are undegradable, which might limit their use in certain conditions, such as biological 

and environmental. 

In this work, supramonomers were used as a supramolecular cross-linker to fabricate 

supramolecular microgels. The dynamic nature of supramonomers may endow the 

supramolecular microgels with stimuli-responsive and degradable properties. As shown in 

Scheme 9-1, we first designed and synthesized a guest molecule, Phe-Gly-Gly linked with an 

acrylate moiety via esterification reaction (FGG-EA). Based on the specific host-guest 

supramolecular complexation, the tripeptide derivative FGG-EA was allowed to complex with 

cucurbit[8]uril (CB[8]) in a molar ratio of 2:1 to give supramonomers with one acrylate moiety 

at each end.
553-558

 Then the supramonomers were used as a supramolecular cross-linker to 

copolymerize with NIPAm in aqueous solution, obtaining supramolecular microgels, which we 

hypothesize, will exhibit both the thermoresponsive of the pNIPAm-based microgels and 

degradable properties attributed to the supramonomers. The concept of supramonomers provides 

us a facile strategy towards the fabrication of supramolecular microgels, which may greatly 

enrich the application of microgels. 
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Scheme 9-1. Fabrication of supramolecular microgels from supramonomers. Reproduced with 

permission from ref. 166, Copyright 2016, American Chemical Society. 

9.2 Experimental section 

Materials preparation: Boc-FGG-EA: Boc-FGG 1.0 g (2.64 mmol) was dissolved into 60 

mL dry CH2Cl2 and N, N’-carbonyldiimidazole 0.5 g (3.13 mmol) was then added to the solution. 

The mixture was stirred for 5 h at room temperature until lots of white precipitates appeared. 

Then 600 μL (5.71 mmol) 2-hydroxyethyl acrylate was added into the solution. The mixture was 

stirred for 20 h at room temperature to acquire a transparent solution. After mixed with 50 mL 

NaCl saturated aqueous solution (with 1 mM HCl), the solution was extracted with 100 mL 

CH2Cl2. Then the organic phase was dried with anhydrous Na2SO4 and filtered. The solvent was 

evaporated under reduced pressure. The crude product was purified via column chromatography 

(silica, CH2Cl2: methanol=10:1) to give the product as colorless oil (700 mg, yield: 56 %). 
1
H 

NMR (JOEL JNM-ECA400, 400 MHz, CDCl3, 25 °C): δ (ppm) = 1.39 (9H), 3.08 (2H), 3.98 
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(4H), 4.31 (1H), 4.38 (4H), 5.05 (1H), 5.88 (1H), 6.14 (1 H), 6.43 (1H), 6.70 (1H), 6.89 (1H), 

7.26 (5H). 

FGG-EA: Boc-FGG-EA 0.7 g (1.47 mmol) was dissolved in 10 mL CH2Cl2 and 2 mL 

CF3COOH was then added into the solution. After stirring for 5 h at room temperature, the 

solvent was removed under reduced pressure and dissolved in 5 mL methanol. After precipitated 

in diethyl ether, FGG-EA was collected by filtration as a white powder (0.58 g, yield: 80 %). 
1
H 

NMR (JOEL JNM-ECA400, 400 MHz, D2O, 25 °C): δ (ppm) = 3.23 (2H), 3.94 (2H), 4.02 (2H), 

4.30 (1H), 4.44 (4H), 5.98 (1H), 6.19 (1H), 6.43 (1H), 7.30 (2H), 7.39 (3H). as shown in Figure 

9-1.  

 

Figure 9-1. Synthesis of FGG-EA molecular and 
1
H NMR of FGG-EA (400 MHz, D2O). 

Microgel preparation: Supramolecular microgels were prepared by copolymerization of 

NIPAm and supramonomers. For a typical experiment, NIPAm (219.4 mg, 1.9 mmol), FGG-EA 

(98.28 mg, 0.2 mmol), CB[8] (161.6 mg, 0.1 mmol) were dissolved in 100 mL deionized water. 

Then the solution was heated to 70 °C under N2 atmosphere. 14.0 mg ammonium persulphate 

(APS) was added to initiate the polymerization. After 2.5 h, the reaction mixture was allowed to 

cool down to room temperature and filtered through glass wool to remove any large aggregates. 
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Then the reaction mixture was centrifuged to produce a pellet at the bottom of the centrifuge tube. 

The supernatant was removed from the pellet of microgels, which was then resuspended to the 

original volume using deionized water. This process was repeated 3 times until the microgels 

were cleaned. 

Methods: 
1
H NMR spectra were recorded on either JOEL JNM-ECA400 apparatus (400 

MHZ) or Agilent/Varian Inova spectrometer (four channel 500 MHz or two channel 400 MHz). 

UV-via spectra were obtained using a Hewlett-Packard diode array spectrometer. ITC 

(Isothermal Titration Calorimetry) experiment was carried out with a Microcal VP-ITC 

apparatus at 298.15 K. Size of the microgels was measured by Malvern ZEN3690 Zetasizer. 

Microscopic images were obtained using Olympus IX71. ESI mass spectrum was recorded by 

Agilent Technologies, 6220, Accurate-Mass-OATOF. 

9.3 Results and discussion 

The supramonomers were prepared by simply mixing FGG-EA and CB[8] in a molar ratio 

of 2:1 in aqueous solution. The formation of supramonomers was studied by 
1
H NMR. As shown 

in Figure 9-2a, peaks at ~7.25 ascribed to the aromatic ring of FGG shifted to higher field after 

the complexation of FGG with CB[8] while no residual signals from free FGG were detected, 

indicating that FGG-EA and CB[8] formed a complex and the binding ratio should be 2:1. 

Moreover, ITC results further confirmed the formation of supramonomers. As shown in Figure 

9-2b, there was an abrupt transition at a molar ratio of 2.0. By fitting the titration curve, the 

binding constant can be calculated to be 2.0 × 10
11

 M
-2

. Therefore, the high binding affinity 

guarantees the formation of supramonomers with well-defined composition. 
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Figure 9-2. (a) Partial 1H NMR spectra of supramonomers and FGG-EA. (b) ITC data for 

titration of CB[8] (0.1 mM) with FGG-EA (2.0 mM) in 50 mM NaAc/HAc buffer (pH = 4.7) at 

25 °C. Fitting data using two sets of the binding site model gave a binding constant of 2.0× 10
11

 

M-2. Reproduced with permission from ref. 166, Copyright 2016, American Chemical Society. 

Furthermore, as can be seen in the electrospray ionization mass spectrometry (ESI-MS) 

spectrum in Figure 9-3, a molecular ion peak with a mass/charge ratio of 1042.36 was observed, 

which is in good agreement with the calculated molecular weight of the supramonomer with two 

positive charges. This suggests that the supramonomer is formed in the ratio of 2:1 of FGG-EA 

and CB[8]. 
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Figure 9-3. ESI-MS spectrum of supramonomer. 

Supramolecular microgels were then synthesized through the copolymerization of NIPAm 

and supramonomers with the supramonomer molar percentage of 5 %.
559

 As shown in the 

transmission electron microscope (TEM) images, spherical microgels in the dry state with 

diameter around 400 nm were observed (Figure 9-4a). Furthermore, DLS gave detailed size 

information about the microgels (Figure 9-4b). The hydrated diameter of the microgels was ~900 

nm at 25 °C, which decreased to ~550 nm at 45 °C, demonstrating the thermoresponsive. The 

lower critical solution temperature (LCST) of the microgels was measured based on 

turbidimetric analysis attributed to light scattering. The absorbance (i.e., scattering) of the 

microgel aqueous dispersions was investigated by measuring UV-vis spectra at various 

temperatures. By plotting the absorbance at 250 nm against temperature, as shown in Figure 9-4c, 

the LCST of microgels is around 37 °C. In addition, we cycled the temperature between 25 °C 

and 45 °C over many times. The size of the supramolecular microgels was consistent from cycle 

to cycle, as in Figure 9-5, showing good reversibility and stability, which guarantees its practical 

application as conventional pNIPAm-based microgels. 
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Figure 9-4. (a) TEM images of supramolecular microgels. (b) DLS data of supramolecular 

microgels at 25 °C and 45 °C. (c) LCST of supramolecular microgels monitored by UV/vis 

spectroscopy. Reproduced with permission from ref. 166, Copyright 2016, American Chemical 

Society. 
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Figure 9-5. Diameter of supramolecular microgels at 25 °C and 45 °C at different cycles, 

monitored by DLS. 

To confirm that the supramonomers did act as a cross-linker during the formation of 

supramolecular microgels, 
1
H NMR of the microgels was collected. As can be seen in Figure 9-6, 

the microgels showed broad signals due to their polymeric nature, and peaks ascribed to CB[8] 

could be observed. At the same time, no peaks belonging to the double bonds of free 

supramonomers were detected, which indicated that the supramonomers act as a cross-linker 

instead of the monomer. Moreover, by integrating peaks assigned to the supramonomer and 

pNIPAm, the molar percentage of the supramonomer was calculated to be 5.4 %, which was 

close to the initial ratio used for the supramolecular microgel fabrication. We further investigated 

the 
1
H NMR of supramolecular microgels under different temperature. And the results in Figure 

9-6b shows that the similar structure of microgels.  



161 
 

 

Figure 9-6. (a) 
1
H NMR of supramolecular microgels (400 MHz, D2O). Arrows show peaks 

belonging to CB[8]. By integrating peaks ascribed to supramonomers and pNIPAm, the ratio 

percentage of the supramonomer was calculated to be 5.4%, which was close to the initial ratio 

used for the supramolecular microgel fabrication. (b) 
1
H NMR of supramolecular microgels at 

25 °C (up) and 45 °C (below) (400 MHz, D2O). 

Benefitting from the dynamic nature of the supramonomers, the microgels can undergo 

degradation when exposed to certain stimuli. 3, 5-Dimethyl-1-adamantanamine hydrochloride 

(DMADA), which has a much higher binding constant with CB[8] (4.33 × 10
11

 M
-1

) than FGG-

EA,
49

 can be utilized as chemical stimuli to destroy the supramonomers. When adding the 

equimolar amount of DMADA into the solution of supramonomers, as revealed by 
1
H NMR 

spectra, shown in Figure 9-7, peaks belonging to FGG-EA shifted back, suggesting the 

dissociation of the supramonomers.  
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Figure 9-7. 
1
H NMR of supramonomers with and without DMADA (400 MHz, D2O). 

As shown in Figure 9-8a, upon adding DMADA into the aqueous solution of microgels, 

the translucent solution became transparent suggesting that the microgels were thoroughly 

degraded. It is also possible to monitor the degradation process in situ via microscopy (Figure 9-

8c). After dripping one droplet of the microgel aqueous dispersion onto the microscope slide, 

microgels were found in both water phase and dry phase after water evaporation. However, after 

adding DMADA into the microgel drop on the slide in situ, microgels in the water phase 

vanished while microgels in the dry phase remained unchanged. As indicated by DLS (Figure 9-

8b), after adding DMADA, only small aggregates with a diameter below 100 nm were detected, 

supporting the degradation of microgels. In the meantime, conventional microgels using BIS as 

cross-linker were prepared as a control. DLS showed no clear change upon adding DMADA 

(data not shown here). 

 

supramonomers/DMADA=1/1

supramonomers
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Figure 9-8. (a) Photo of supramolecular microgels before (left) and after (right) adding DMADA. 

(b) DLS data of supramolecular microgels before (red) and after (blue) adding DMADA. (c) 

Microscopic images of supramolecular microgels before (left) and after (right) adding DMADA 

(Scale bar: 4 µm). Reproduced with permission from ref. 166, Copyright 2016, American 

Chemical Society. 

We also wanted to determine if the microgel degradation process could be attributed to the 

disassociation of the supramonomers. To answer this question, 
1
H NMR spectrum of microgels 

after adding DMADA was conducted. Peaks ascribed to CB[8] were found to become much 

sharper than that of the microgels, suggesting the disappearance of large aggregates. In the 

meantime, peaks at ~7.3 ppm could be assigned to free FGG moieties, also indicating the 

specific noncovalent interactions between FGG and CB[8] were disrupted. Therefore, it is the 
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DMADA that causes the disassociation of the supramonomers, followed by the degradation of 

the microgels. 

Moreover, the degradation kinetics of the microgels can also be revealed by UV/vis 

spectroscopy. By monitoring the change in absorbance at 260 nm against time after the addition 

of DMADA, the relationship between microgel degradation ratio and degradation time could be 

obtained. Simulated according to the principle of the first-order reaction, the degradation rate 

constant is about 2.96 × 10
-3

 s
-1

. It should be noted that the degradation rate constant in microgels 

is much smaller than the dissociation rate of CB[8]-related association and disassociation. 

Therefore, the slow diffusion of DMADA into the microgels could be responsible for the low 

degradation rate.  

It is assumed that the degradation kinetics relates greatly to the structure of the microgels. 

As is known, the thermoresponsive microgels tend to expel their water of solvation and de-swell 

when heated above LCST and re-swell when cooled below LCST. Below LCST, the microgels 

exhibit fully swelled structure, making the relatively small molecule DMADA easy to diffuse in. 

However, above LCST, the microgels exhibit dense and collapsed structure, making the 

DMADA molecule hard to diffuse in. In other words, the degradation kinetics should be quite 

different below and above LCST. In this regard, the degradation kinetics at different 

temperatures was investigated. According to the degradation rate constant at different 

temperatures, the apparent activation energy (Ea) as well as preexponential factor (A) below 

LCST (15.0 °C, 17.5 °C, 20.0 °C, 22.5 °C, 25.0 °C) and above LCST (45.0 °C, 47.5 °C, 50.0 °C, 

52.5 °C, 55.0 °C) could be calculated based on Arrhenius formula, respectively, as shown in 

Figure 9-9. The preexponential factor A above LCST (A = 1.79 × 10
6
 s

-1
) is much smaller than 

that below LCST (A = 9.80 × 10
7
 s

-1
), indicating that it is much more difficult for DMADA to 
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diffuse into the microgels above LCST. In the meantime, the apparent activation energy Ea above 

LCST (Ea = 52.7 kJ/mol) is slightly smaller than that below LCST (Ea = 59.9 kJ/mol), which 

could be attributed to the relatively higher local CB[8] concentration in the microgels above 

LCST, making it easier for DMADA to destroy the crosslinking points once it has already 

diffused into the microgels.  

 

Figure 9-9. Fitting of degradation rate constant (K) to degradation temperature (T) based on 

Arrhenius Equation to give the apparent activation energy (Ea) and preexponential factor (A) 

below LCST (a) and above LCST (b). Reproduced with permission from ref. 166, Copyright 

2016, American Chemical Society. 

To further confirm the influence of microgel structure on the degradation kinetics, 

degradation process upon a time at 35 °C and 38 °C was studied and compared. As shown in 

Figure 9-10, the degradation is much faster at 35 °C (swelled structure) than 38 °C (collapsed 

structure), proving that the degradation kinetics are closely related to the microgel structure. We 

can explain this based on the microgel structure at different temperatures. Firstly, we know that 

the LCST of the supramolecular microgels is around 37 °C, which means 35 °C is slightly lower 

and microgels are fully swollen, and 38 °C is a little bit higher and microgels are fully collapsed 

as shown in Figure 9-10b. The faster degradation at a lower temperature is attributed to the many 
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pores that exist when the microgels are swollen, which allows for relatively fast diffusion of 

DMADA into the microgels compared to the less porous microgels at elevated temeprature. 

Therefore, this study provides a facile way to tune the degradation kinetics of the supramolecular 

microgels. 

 

Figure 9-10. a) Degradation kinetics at 35 °C and 38 °C, and b) the possible mechanism of 

DMADA diffusion into microgels under different temperature. 

It should be pointed out that the supramolecular microgels can undergo degradation under 

various stimuli. For example, triethylamine (TEA) can destroy the multiple hydrogen bonding 

between FGG-EA and CB[8], leading to the disassociation of the supramonomers, thus causing 

the degradation of the microgels, which could be proved by DLS as well as the naked eye. The 

microgel solution also becomes cloudy when TEA is added, as shown in Figure 9-11. One thing 

to note is that after the degradation of microgels, we still see some small particles in the solution 

according to DLS measurements. We propose that this may cause by the degradation of 

microgels, which produced small pNIPAm fragments with random molecular weight distribution. 

And these polymer fragments still maintain the temperature-responsive property of NIPAm itself.  
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Figure 9-11. DLS of supramolecular microgels adding TEA (left); photo of supramolecular 

microgels before and after adding TEA (right). 

For further prove that this approach to synthesize supramolecular microgels is independent 

of the monomers components, we verified the percentage of the supramonomer ratio and the 

results are shown in Figure 9-12. Supramolecular microgels with lower supramonomer ratio 

(2.5%) were synthesized by the same procedure described above. For comparison, we 

characterized the size, phase transition and degradation properties of the supramolecular 

microgels. The diameter of the supramolecular microgels with the lower supramonomer ratio at 

25 °C was ~950 nm, which decreased to ~300 nm at 45 °C (Figure 9-12a). The LCST was 

measured to be around 42 °C, higher than the microgels with 5% supramonomer ratio (Figure 9-

12b), which is attributed to the loosely cross-linked structure and hydrophilic dynamic 

supramolecular cross-linker. Adding DMADA could also lead to the degradation of the 

supramolecular microgels, as indicated by DLS in Figure 9-12c. The larger size distribution of 

degraded microgels comes from the higher molecular weight of pNIPAm fragment when starting 

from a higher percentage of reaction monomers. 

Adding TEA

45°C

~15 nm

25°C

~8 nm
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Figure 9-12. Supramolecular microgels with lower supramonomer ratio (2.5 %). (a) DLS data of 

supramolecular microgels at 25 °C and 45 °C. (b) LCST of supramolecular microgels monitored 

by UV/vis spectroscopy. (c) DLS data of supramolecular microgels before (red) and after (blue) 

adding DMADA. 

          Finally, I want to point out is that the way to apply non-covalent interaction into the 

synthesis of microgels is not limited to just these studies. We have shown that pNIPAm-based 

microgels can be successfully prepared by combining covalent bonds and non-covalent 

interaction, which gives new properties for responsive microgels. For example, after adding the 

degradation agent, the microgels will partially degrade, make the microgel size larger and more 

porous. We can pursue more studies on the controlled drug delivery system based on this 

interesting phenomenon.  

9.4 Conclusion 

In conclusion, for the first time, we have employed the concept of supramonomers for the 

fabrication of supramolecular microgels. The supramolecular microgels exhibit not only thermal 

responsive properties as conventional microgels but also dynamic and degradable properties due 

to the introduction of supramonomers. In principle, supramonomers with various architectures 

can be constructed on the basis of different noncovalent interactions. Different monomers could 

be used to copolymerize with supramonomers to form supramolecular microgels. Therefore, it is 
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highly anticipated that the similar strategy can be extended to fabricate various supramolecular 

microgels with tailor-made structure and function.   
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 Chapter 10: Conclusion and Future Outlook 

10.1 Conclusion  

In this dissertation, the overall goal of the work was to study the stimuli-responsive 

microgels assemblies based devices and their applications. In particular, their role as suitable 

carriers for controlled drug release systems was explored. Here, we will provide concluding 

remarks for these studies and propose future research directions. 

Microgels from pNIPAm have excellent thermoresponsive properties with a conformation 

change in the temperature of physiological range, which promoted them as a controlled drug 

release vehicle. By incorporating various functional monomers or post-functionalization, 

microgels responsive to other stimuli and multi-responsive microgels could be prepared, such as 

pH-responsive microgels, light-responsive microgels as illustrated in the chapters. Owing to the 

porous network structure and tunable properties, responsive microgels, and their constructed 

materials or systems have been investigated as controlled drug delivery devices for many years. 

Herein, the microgel assemblies based device that we proposed showed unique properties, 

particularly, as a reservoir device for controlled drug release.  

Controlled and triggered drug release system utilizing p(NIPAm-co-AAc) microgel 

assemblies based device was developed in Chapter 3. The p(NIPAm-co-AAc) microgel was 

charged at high pH to load the drug by electrostatic interaction, and released the drug at low pH 

through protonation. Furthermore, we showed that the model drug could be released in a 

triggered fashion, turning on and off as a function of solution pH. The main contribution to this 

study is that the release rate could be controlled by the thickness of the Au overlayer covering 

the microgels. The results showed that when the Au layer thickness increases to more than 500 



171 
 

nm, there is a prominent decrease of the release rate. However, it increases the cost and limits the 

application of the prepared device. 

To reduce the Au layer thickness, we developed an easily fabricated and efficient method 

to control small molecule release rate by modifying the upper Au layer with a monolayer of 

silica in Chapter 4. The upper Au layer can be dramatically reduced to 50 nm. Silica layer is 

characterized and was shown to exhibit a thickness dependence on hydrolysis reaction time of 

TEOS with ammonia. The release process was completely controllable through various surface 

morphologies by changing the modification time. Finally, the results showed a long-term 

efficiency of this drug delivery system. In the future, the upper Au layer coated with a 

biodegradable polymer or porous polymer layer may provide more options for this research 

direction.  

We further proved that microgel assemblies based reservoir devices could be fabricated 

from mixed microgels, specifically pAPBA-MG and pAAc-MG, to show sequentially release of 

multi-drugs in a controlled manner in Chapter 5. We went on to show that these microgels could 

load positively charged MB, which could be released sequentially to a system, in a pH-dependent 

fashion. When the solution pH was higher, both microgels were negatively charged strongly 

bound the MB. When the solution pH was decreased to neutral, the pAPBA-MG was neutralized 

and released MB; the pAAc-MG was neutralized and released its MB at lower pH. The data 

obtained from the reservoir devices was compared to microgels in solution, which exhibited 

much slower release kinetics. We also showed that the release kinetics from the reservoir devices 

could be tuned by varying the Au overlayer thickness. Finally, we showed that the amount of 

MB delivered to a system as a result of the pH changes could be tuned by changing the ratio of 

the pAPBA-MG and pAAc-MG in the reservoir devices. These systems represent a versatile 
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approach to sequentially deliver small molecules, in a triggered fashion, with tunable release 

kinetics. Importantly, their release behavior can be easily tuned by simply changing the microgel 

chemistry, e.g., by generating reservoir devices from microgels that ionize at different solution 

pH. This would allow the delivery of various small molecules to a system triggered by a variety 

of solution pH. This, combined with the tunable release kinetics and the ability to array these 

devices on a single substrate, makes this delivery platform extremely versatile, powerful, and 

unique. 

A simple method for fabricating free-standing microgel assemblies based device was 

developed by introducing a sacrificial layer between the device and glass substrate in Chapter 6. 

The sacrificial layer was prepared by LbL assembly, which could be destroyed in solutions at 

high pH; destroying this approach releases the device from the substrate. The free-standing 

microgel assemblies based device can be easily transferred to other substrates with different 

chemistries and shapes. We found that its optical properties are retained after desorption from the 

solid substrate, which continues to exhibit very sensitive responses to solution pH and 

temperature. Finally, we demonstrated that the devices could be transferred to another surface, in 

this case, a hydrogel, and can be triggered to release a small drug molecule. In the future 

direction, the free-standing microgel assemblies based device could be used for light filtering 

applications, biosensing, to further the drug delivery concept. 

In Chapter 7, we developed a light-responsive system for the non-light-responsive 

microgels. UV light could be used to decrease the pH of an aqueous solution containing o-NBA. 

This is a direct result of the UV light inducing the o-NBA to release a proton. Furthermore, by 

immersing a p(NIPAm-co-AAc) microgel assemblies based device in this solution, we were able 

to tune its optical properties upon UV irradiation. which directly changes the p(NIPAm-co-AAc) 
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microgels solvation state in response to the solution pH changes alters the optical properties of 

the device. We were able to fabricate patterns on the device and changed the visual color in those 

specific regions. Finally, the optical properties of the devices were reversible by simply adding 

fresh o-NBA solution and reexposing the device to UV light. We also showed that this unique 

property can be exploited for controlled/triggered drug delivery and for display technologies in 

the future. 

In Chapter 8, we synthesized various pH-responsive microgels, p(NIPAm-co-AAc) and 

p(NIPAm-co-DMAPMA), which exhibited opposite charges over a given solution pH range. We 

showed that the microgels aggregated when they are mixed in this pH range, which was used to 

trap/load a small molecule model drug methylene blue. We showed that the loading efficiency 

was greater when the microgels aggregated, compared to simply relying on electrostatic 

interactions for loading. Finally, we showed that the methylene blue was released in a pH-

dependent fashion over many hours/days at certain pH conditions. This is a clear demonstration 

of how microgel-based technology can be used for health-related applications to release 

biologically relevant molecules at low pH environments typically found at tumor sites. 

We have employed the concept of supramonomers for the fabrication of supramolecular 

microgels in Chapter 9. The supramolecular microgels exhibit not only thermal responsive 

properties as conventional microgels but also dynamic and degradable properties due to the 

introduction of supramonomers. In principle, supramonomers with various architectures can be 

constructed on the basis of different noncovalent interactions. Different monomers could be used 

to copolymerize with supramonomers to form supramolecular microgels. Therefore, it is highly 

anticipated that the similar strategy can be extended to fabricate various supramolecular 

microgels with tailor-made structure and function. 
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Chemistry of the microgels will give more opportunities for device versatility. The 

p(NIPAm-co-AAc) microgels can reversibly trap and release positively charged molecules based 

on electrostatic interaction under pH variation because of the pH-responsivity. Other responsive 

microgels may apply to this system to generate increasing novelty in future. This brings the 

concept that we can customize the drug releasing process by designing microgels.  

10.2 Future outlook 

Although several systems have been developed and well characterized on the controlled 

drug releasing behaviors in this dissertation, there still exists some drawbacks and further 

research is really necessary. Numerous other experiments can be done in order to understand and 

make progress in various aspects of the work presented, some of which will be described here. 

Firstly, the film from microgel monolayer is too fragile to be used for the application. In 

order to make the film robust, there are several strategies, for example, by using a thin polymer 

layer under the microgel monolayer to reinforce the toughness of the film. The mechanism is that 

the stronger polymer film will tolerate all the forces and keep the microgels together. The 

experiment can be done by spin coating a strong polymer thin film on the substrate ahead of 

preparing the microgels monolayer. Another approach is linking the microgels by chemical 

modification, which will covalently connect all the microgels to enhance resistant to fracture. 

The experiment can be done by incorporating a monomer with reactive moieties, like epoxy 

groups, to covalently connect the microgels. This double cross-linked network will provide extra 

forces to enhance the toughness of this microgel monolayer.  

Secondly, the versatile chemistry of microgels allows the application of different stimuli to 

this system to achieve different purposes. For example, incorporating light-responsive monomer 

or cross-linker will bring either conformation change or degradable ability under light for 
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microgels. There are many choices for this topic as have been described in Chapters 1 and 2. As 

an example to illustrate, we can synthesize an o-nitrobenzyl alcohol based cross-linker, which 

will degrade under the light. This will directly disrupt the microgel and release the payloads. 

Thirdly, there is an opportunity to develop microgel-inorganic nanoparticle hybrid systems 

for controlled drug delivery. Many systems of polymer nanoparticles have been studied and the 

synthesis of new functional nanoparticles replenishes the polymeric-based systems, for example, 

dopamine nanoparticle. The experiment can be done by incorporating dopamine nanoparticle 

into microgels and to develop photothermal therapy system. The increase of temperature induced 

by NIR irradiation to above the VPTT of the microgel will cause rapid deswelling, followed by 

the release of drug in an on-demand manner. 

Finally, microgels monolayer with a unique two-dimensional microenvironment can not 

only used for controlled drug delivery but also for other biomedical applications, like tissue 

engineering. So far, the field of tissue engineering has not full-filled its grand potential of 

engineering such combinatorial scaffolds for engineering functional tissues. This is primarily due 

to the many challenges associated with finding the right micro-architectures and extracellular 

matrix compositions for optimal tissue regeneration. Our microgels monolayer with various 

microenvironments can contribute to the developed tissue engineering scaffolds, composed of 

native-like cellular micro-architectures resembling vascularised and bone marrow tissue 

architectures. This high-throughput platform can be used to examine stem cell fate within such 

heterogeneous micro constructs, enabling a cost-effective development of new tissue engineering 

strategies.  
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 Appendix 

The appendixes are providing supporting information for this dissertation as well as some 

of the unpublished data from other projects that relatively to this topic. Appendix A-E is the 

unfinished projects that I did during the Ph.D. program. The main data will provide for each 

project and the describe of the data will be shown.  
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 Appendix A: Understanding the Drug Uptake and Release Behavior of 

Microgels and Their Assemblies 

In this project, we prepared three microgels with different percentage of AAc groups, MG1 

(NIPAm : AAc : BIS=85 % : 10 % : 5 %), MG2 (NIPAm : AAc : BIS=75 % : 20 % : 5 %), MG3 

(NIPAm : AAc : BIS=65 % : 30 % : 5 %), respectively, to study the uptaking and releasing 

behavior of p(NIPAm-co-AAc) microgels. Based on the electrostatic interaction between the 

positively charged CV molecules and negatively charged microgels, we evaluate the ability that 

microgels uptaking CV molecules as well as the kinetics of this process. The schematic shown 

was shown in Figure B-1 represent how CV was uptake by microgels.  

 

Figure A-1. Schematic illustration drug uptaking process and electrostatic interaction between 

p(NIPAm-co-AAc) microgels  
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Figure A-2. Uptaking kinetics (a) and releasing behavior (b) of MG1 microgels-based assemblies. 

 

Figure A-3. (a) Evaluation of drug uptaking under different time scale. (b) UV-vis spectrum of 

microgel before and after uptaking CV, shown both the peaks of microgels and CV individually. 
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Figure A-4. Drug uptaking ability (a-c) and kinetics (d-f) for different microgels. MG1, (a) and 

(d). MG2, (b) and (e). MG3, (c) and (f). 
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Figure A-5. Drug releasing behavior from different microgels, MG1, (a) and (b). MG2, (c) and 

(d). MG3, (e) and (f). 
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 Appendix B: Polymer Brush-Based Optical Device with Multiple 

Responsivities
i
 

In this Appendix, we constructed a stimuli-responsive optical device that changes its 

optical properties in response to multiple environmental stimuli, including temperature, pH, and 

humidity. The device's responsivity is a direct result of the pNIPAm-based layer changing 

conformation when exposed to these stimuli, which directly changes the distance between the 

device's Au layers. The device is easily prepared using standard ATRP polymerization and is 

extremely versatile regarding the functionality that can be added to the brush layer. For example, 

by reacting the resultant AAc groups with other functional molecules, the brush can exhibit 

responses to other stimuli and can be used for sensing or drug delivery applications. 

 

Figure B-1. Illustration of the device fabrication process and its response to a stimulus. First, an 

ATRP initiator was attached to the Au surface by a self-assembly process in anhydrous ethanol. 

Following this step, surface-initiated atom transfer radical polymerization (SI-ATRP) was 

                                                           
i
 This Appendix has been adapted from the previously published article: M. Wei,

†
 Y. Gao,

†
 M. J. Serpe.* 

J. Mater. Chem. B, 2015, 3, 744-747. 
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conducted to produce the desired brush. Finally, another 15 nm Au layer was thermally 

evaporated onto the resultant polymer brush. This yields a layered structure, which is capable of 

interacting with light to produce color. 

 

Figure B-2. AFM images of pNIPAm brush-based devices. Column 1 is images acquired in the 

air of a scratched portion of the device. The scratches were made with a razor blade. Column 2 is 

the line traces for the images in column 1. Column 3 shows the images of the films acquired 

away from the scratch. 
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Figure B-3. Reflectance spectra for pNIPAm polymer brush-based devices with brush 

thicknesses of: (a) 237 ± 9 nm, (b) 289 ± 9 nm, (c) 380 ± 10 nm, and (d) 441 ± 6 nm. The 

thicknesses were measured using AFM. As can be seen, as the brush thickness of the brush is 

increased, the number of peaks in the reflectance spectrum increases. This is a direct result of 

more orders of reflection being possible when the etalons dielectric thickness increases, as we 

mention in previous chapters. 
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Figure B-4. Stimuli-responsive properties of polymer brush-based devices. (a) Temperature 

responsivity of the pNIPAm brush-based device. the device's reflectance peak shifted an 

impressive ~ 500 nm when the water temperature was changed from 24 to 40 
o
C. Additionally, 

the visible color of the device changed dramatically; (b) pH responsivity of p(NIPAm-co-AAc) 

brush-based device. The reflectance peaks red shift from 440 nm to 570 nm as the pH is raised 

above AAc's pKa, and goes back to the original position once the pH is returned to < 4.25; (c) 

temperature responsivity of p(NIPAm-co-AAc) brush based device at the indicated solution pH. 

At pH 2.44, the wavelength shifted from 800 nm to 600 nm as the temperature was increased 

from 22 to 34 
o
C. At pH 6.50, the wavelength shifts from 600 nm to 500 nm when the 

temperature in increased from 24 to 40 
o
C. The minimal temperature responsivity is a result of 

the negative charges in the brush preventing the collapse at high temperature; (d) humidity 

responsivity of p(NIPAm-co-AAc) brush based device. The wavelength shifts from 470 nm to 

550 nm as the relative humidity increases. 
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Figure B-5. Evaluation of the reproducibility of temperature and pH response. (a) PNIPAm 

brushes response to temperature change from 24 
o
C to 40 

o
C for 6 cycles. (b) For pH response 

reproducibility of p(NIPAm-co-AAc) brushes, the pH was changed from ~ 2.7 to ~ 6.2 and back 

to ~ 2.7 for several runs. 
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 Appendix C: Novel Responsive Microgels Synthesis and Characterization 

In this project, we prepared two microgels with different functions, poly (N-

isopropylacrylamide-co-glycidyl methacrylate) (p(NIPAm-co-GMA)), and poly (N-

isopropylacrylamide-co-3-(Trimethoxysilyl)propyl methacrylate) (p(NIPAm-co-TPM)). The 

epoxy group in p(NIPAm-co-GMA) microgels are reactive to multiple groups under gentle 

condition makes it lots of opportunities for post-functionalization. Tuning the percentage of TPM 

will give the properties of p(NIPAm-co-TPM) microgels will stay between soft pNIPAm 

microgels and solid silica nanoparticles, which will promote interesting phenomenon.   

 

Figure C-1. Synthesize of p(NIPAm-co-GMA) microgel by free-radical polymerization. 
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Figure C-2. (a) Morphology characterization of p(NIPAm-co-GMA) microgel by TEM and (b) 

thermal responsive properties test. LCST shift to ~ 35 
o
C. 

 

Figure C-3. FTIR comparison of p(NIPAm-co-GMA) and pNIPAm microgels. The peaks at 

1727 cm
-1

 and 1052 cm
-1

 represent the present of GMA monomer in microgels. 
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Figure C-4. (a) Synthesize of p(NIPAm-co-TPM) microgel by free-radical polymerization 

without adding crosslinker. Morphology of p(NIPAm-co-TPM) microgel by TEM with different 

percentage of TPM added, 1 % (b) and 5 % (c). Thermal responsive properties test for 1 % (d), 

the LCST is ~31 
o
C and 5 % (e), LCST shift to ~ 30 

o
C. 
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 Appendix D: Core-Shell Microgels Assemblies for Controlled Drug Release 

In this project, core-shell microgels were prepared to study the controlled drug release 

behavior. The p(NIPAm-co-AAc) core works as a drug reservoir to load the drug and the 

pNIPAm shell as a rate control membrane to tune the drug release rate. The core-shell microgels 

were assembled on the surface to form a monolayer to study the drug release. Latterly, different 

shell thickness could be prepared with varies of releasing rate. 

 

Figure D-1. Strategies of core-shell microgels synthesis from free radical polymerization. 
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Figure D-2. LCST and size distribution characterization of p(NIPAm-co-AAc) core microgel. (a) 

LCST of p(NIPAm-co-AAc) core microgel under different pH 3.0 (black) and 6.5 (red). (b) 

LCST of p(NIPAm-co-AAc)@pNIPAm core-shell microgel under different pH 3.0 (black) and 

6.5 (red). (c) Size distribution of p(NIPAm-co-AAc) core microgel under different pH and 

temperature. (d) Size distribution of p(NIPAm-co-AAc)@pNIPAm core-shell microgel under 

different pH and temperature. 
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Figure D-3. Drug release profiles from p(NIPAm-co-AAc) core microgel (black) and p(NIPAm-

co-AAc)@pNIPAm core-shell microgels (red) at 25 
o
C. 
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 Appendix E: Stimuli-Responsive Microgel-Based Patches for Controlled 

Drug Release 

In this project, we proposed to design a microgel-based patch to study the release behavior 

by controlling the porosity of the polymer film. The patch is prepared in the following way: 

firstly, a clean glass substrate was treated with Piranha solution, then poly (vinyl formal) (PVF) 

polymer with different concentration was spin coated, here a sacrificial layer can be used for 

better removing of the film in later step, and water soluble porous generation agent, like PEG, 

surfactant, are used to create the pores in the film. Followed by 50 nm Au evaporated, microgels 

were painted on the surface and excess were removed. Then drug was loaded and another 

polymer layer was coated as a cover layer to prevent the drug linkage and improve attachment 

further. Finally, the whole film was peeled off and transfer to another substrate for the test. 

 

Figure E-1. Schematic illustration of the preparation of microgels-based patches drug reservoir (a) 

and (b) the structure of the patch and rate control polymer film. 
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Figure E-2. SEM images of the porous polymer film from different ratio of PVF-PEG, (a) 

control, (b) 6:1, (c) 2:1, (d) 1:1, (e) 1:2 and (f) 1:4. 
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Figure E-3. SEM images with different magnification of the porous polymer film from PVF-

Surfactant. 

 

Figure E-4. Releasing profile of the prepared patches from PVF-PEG (a) and PVF-Surfactant (b). 

 


