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Abstract 

 

Stimuli-responsive hydrogels, especially those with nanometer/micrometer-scale 

dimensions, have attracted intense research interest due to their many promising 

applications. Poly (N-isopropylacrylamide) (pNIPAm)-based hydrogel particles 

(nanogels and microgels) have been by far the most widely studied responsive materials, 

and their use in electroresponsive optical devices and as asymmetrically-modified 

particles are the focus of this dissertation. 

According to the different focuses of the projects, this dissertation is divided into 

three parts.  

Chapter 3, 4 and 5 focus on investigating pNIPAm microgel-based 

electroresponsive devices and their behavior. In Chapter 3, we demonstrate that 

electrical potential applied to a microgel coated electrode can induce localized solution 

pH changes that can be used to trigger a response from the microgel layer, and lead to 

the triggered release of small molecules. In Chapter 4, we show that poly (N-

isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) microgels can be sandwiched 

between two Au layers to generate etalon devices discovered by our group. Etalons are 

optical devices which can present tunable color in response to different stimuli due to 

the light constructive/destructive interferences. The etalon was connected to a power 

supply and used as a working electrode, which yielded a shift in the optical properties 

of the devices in response to electrically-induced pH change. In Chapter 5, an external 

potential was directly applied to the two Au layers of the etalon device, which could 
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interact with the charged microgel monolayer to make the microgel layer compress or 

elongate. 

 Chapters 6 and 7 describe the generation of asymmetrically-modified pNIPAm-

based microgels. Chapter 6 shows that asymmetric microgels could be synthesized 

through a self-assembly process to selectively coat one pole or both sides (poles) of 

microgels with Au nanoparticles. Chapter 7 describes that such asymmetric structures 

can also be obtained by selectively modifying only one side of the microgels with thiol 

groups. 

The last part of the thesis (Appendix A and B) describes a method to form hydrogel 

particles with complex patterns and the generation of dissolvable supramolecular 

hydrogel-based wound dressings (my project conducted at Tsinghua University in 

China), respectively.  
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Chapter 1 Introduction to Stimuli-Responsive Hydrogels 

Stimuli-responsive polymers are macromolecules that can exhibit dramatic 

changes in response to external physical and/or chemical stimuli. They can be tailored 

to form free chains in solution, polymer brushes grafted on surfaces or three- 

dimensionally crosslinked networks. When the polymers in the crosslinked networks 

are hydrophilic, they form hydrogels. This Chapter discusses the general background 

of stimuli-responsive hydrogels with emphasis on those composed of N-

isopropylacrylamide (NIPAm) monomers, which are the focus of this dissertation.  

  

1.1 Stimuli-Responsive Hydrogels: from Macrogels to Microgels 

 

Hydrogels are composed of hydrophilic polymers that are chemically and/or 

physically crosslinked into three-dimensional networks. They can absorb and retain 

water up to thousands of times their dry weight in the aqueous environment without 

dissolution, due to the presence of the hydrophilic moieties such as carboxyl, amide, 

phosphate, hydroxyl and sulfonate groups, and their crosslinked structures.[1-3] In 

addition, they have been shown to have porous structures allowing chemicals to be 

transported into/out of their matrix. Hydrogels could also be incorporated into a living 

system without an adverse effect, showing good biocompatibility. These properties 

make hydrogels ideal materials for a synthetic extracellular matrix in the field of tissue 

engineering, cell culture and drug delivery. [4-7]   

Hydrogels can generally be made to respond to small environmental changes with 

a sharp transition of their swelling ratio, defined as the mass of water absorbed per gram 
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of a dry hydrogel. [1-3] The hydrogelôs swelling process can be described by the theory 

of Flory and Rehner.[1] When a dry hydrogel is soaked in water, osmotic pressure can 

cause the water molecules to diffuse inside its matrix and this hydration process can 

make the polymer network expand. Since the flexible polymer chains are held together 

by crosslinks, the chain expansion can be counteracted by the elastic restoring force. 

Thus, the equilibrium swelling ratio (hydrogelôs maximum degree of water absorption) 

is governed by the balance of these two opposing forces. That is, when the external 

stimuli can change a hydrogelôs properties such as crosslinking density, the previous 

balance between chain expansion and elastic restoring force will be interrupted and the 

hydrogel will adapt to the new environment by altering its swelling ratio, thus 

exhibiting stimuli-responsivity. As shown in Figure 1-1, upon exposure to physical 

(temperature, light, electric field, magnetic field) and/or chemical (pH, salt 

concentration, biomolecules) stimuli, according to different solvation states, hydrogels 

can reversibly change their chain conformations, mesh sizes and refractive index,[8-13] 

which has allowed them to be widely utilized in sensors, switchable photonic crystals 

and smart surfaces.[14-18] 

 

Figure 1-1 Hydrogelôs solvation state changes in response to different external stimuli 
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Fast response is a prerequisite for stimuli-responsive hydrogels in real-world 

applications. Tanaka and Fillmore proposed a theory that the characteristic time (Ű) for 

a gelôs volumetric change is directly proportional to the square of the gelôs size (R) but 

inversely proportional to the diffusion coefficient (D).[19]  

† ὙȾ“Ὀ         (1-1) 

Therefore, instead of macrogels, hydrogels with submicron dimensions (microgels) 

have been developed to yield fast responses. Microgels, combining the advantages from 

colloidal particles and macrogels, have a high surface area-to-volume ratio, colloidal 

stability, good water absorption, proper elasticity, porous structure and fast stimuli-

responsivity. Hence, they are intriguing materials that attract considerable research 

attention in the fields of superabsorbent materials, miniaturized devices, surface 

coatings and emulsion stabilizers. [20-23] 

 

1.2 Thermoresponsive Hydrogels  

 

Thermoresponsive hydrogels are polymers that can exhibit temperature-induced 

volumetric changes in a solvent. The temperature-dependent behavior, especially 

critical temperatures close to the physiological temperature range (30 ~ 40 ÜC), have 

been extensively studied. Herein, thermal phase transition behaviors, especially those 

of pNIPAm, are of special concern in this section. 
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1.2.1 Mechanism for Thermoresponse  

 

Thermoresponsive hydrogels exhibit a volume phase transition at certain 

temperatures. They can be divided into two main groups based on different 

temperature-dependent behaviors. One group deswells in a particular solvent upon 

heating, exhibiting a lower critical solution temperature (LCST)[24-25] while the other 

group presents an upper critical solution temperature (UCST) below which networks 

shrink.[26-27] 

Hydrogels possessing a LCST generally bear both hydrophobic and hydrophilic 

groups. There are a plethora of examples of hydrogels with a LCST, such as poly (N-

isopropylacrylamide) (pNIPAm), poly(N-vinylcaprolactam) (PVCL) and poly(N,N-

diethylacrylamide) (PDEA).[28-32] These polymersô chemical structures are presented in 

Figure 1-2(a). 

Of all the thermoresponsive materials, pNIPAm is the most extensively studied 

with a LCST around 32 ÜC in water. To illustrate such temperature-dependent phase 

transition, pNIPAm single chainôs behavior is needed to be explained first by Gibbs free 

energy: 

Ў' Ў( 4Ў3  (1-2) 

Where G is the Gibbs free energy for dissolution, H is the dissolution enthalpy, S 

is the entropy change mainly due to the interaction between water and polymer chains, 

T is the environmental temperature. Negative Ў'  means that polymer dissolution is 

spontaneous and polymer solution is homogenous while positive Ў'  means that 

polymer is insoluble in a solvent and phase separation will occur. 
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The temperature-induced phase transition for a single pNIPAm chain in water is 

shown in Figure 1-2(b). The interaction between water and pNIPAm segments plays a 

critical role for such a transition. At temperatures below the LCST, pNIPAm segments 

have two different kinds of bound water: one is the bound water around the pNIPAm 

amide groups and the other is the clathrate-like water with ordered structures 

surrounding the hydrophobic isopropyl groups and main hydrocarbon chains. [28, 33] As 

a result, negative Ў(  and Ў3  can be observed from the above hydration process. 

Enthalpy effect is dominant at low temperatures resulting in negative Ў'  and a 

spontaneous polymer dissolution process. However, when temperature rises above the 

LCST, entropy term becomes dominant resulting in positive Ў'  and an unfavorable 

dissolution process. As a result, the temperature-induced transition from soluble 

(extended coil) to insoluble (globule) state will occur.  

Likewise, pNIPAm hydrogels show deswelling when the solution temperature 

surpasses their LCST. Such a transition temperature can also be called as a volume 

phase transition temperature (VPTT). At temperatures above VPTT, the transition from 

the preferential polymer-water interactions to favorable polymer-polymer interactions 

forces the hydrogels to collapse by squeezing out their retained water.   
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Figure 1-2 a) Chemical structures for typical polymers with a LCST; b) Schematic 

representation of pNIPAmôs temperature-induced reversible phase transition  

 

LCST can be influenced by several factors. For instance, the LCST will rise by 

adding more hydrophilic groups into the hydrogelsô polymer backbone while more 

hydrophobic groups will cause LCST to decrease. [34-35] However, the polymer chains 

cannot be too hydrophobic, or else they wonôt be dissolved in water at all. Besides 

polymersô hydrophilicity, LCST is also related to co-solvent, polymersô crosslinking 

density, molecular weight and architectures. [36-39]  
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1.2.2 pNIPAm-Based Thermoresponsive Hydrogels 

pNIPAm is the most extensively studied thermoresponsive polymer. Radical 

polymerization is generally employed to synthesize pNIPAm macrogels by mixing 

NIPAm monomer, initiators and crosslinkers together in an aqueous solution. N,Nô-

methylenebisacrylamide (BIS) is the most commonly used crosslinker.[40-41] As a typical 

initiator, ammonium persulfate (APS) can decompose under high temperature to form 

radicals to initiate polymerization. APS can also be used together with N, N, Nô,Nô-

tetramethylethylenediamine (TEMED) as a pair of redox initiators to start the reaction 

at room temperature.[42-43] The structures of above chemicals are presented in Figure 1-

3.  

Furthermore, pNIPAm hydrogels can have multiresponsivities by adding 

comonomers with various functional groups during polymerization. For example, AAc 

is the most commonly used comonomer which can render pNIPAm pH responsive and 

will be discussed in detail later. 

 

 

 

Figure 1-3 Chemical structures for BIS, APS and TEMED 

Within the size range from 100 nm to 1 Õm, pNIPAm microgels are colloidally 

stable particles benefitting from their highly charged functional groups and dangling 
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chains on their surfaces. [44-45] Compared to their bulky counterparts, pNIPAm 

microgels retain temperature responsivity and good water absorption, yet their smaller 

size results in much faster response. In addition, it is easy to finely tune pNIPAm 

microgelsô morphology to make hollow and core-shell structures.[46-49] Microgels can 

also be deposited onto surfaces through layer-by-layer assembly approach to generate 

multilayers with special properties.[15, 50-51] Thus, pNIPAm microgels have attracted 

considerable research interests.   

There are different methods developed to fabricate pNIPAm microgels,[44, 52-53] 

although free-radical precipitation polymerization is exclusively used in our group and 

will be discussed in detail next.  

To synthesize pNIPAm microgels, a solution containing NIPAm, comonomers and 

BIS is purged with N2 to remove O2 and allowed to heat to a temperature which is far 

above pNIPAmôs LCST (45 ÜC ~ 70 ÜC), over ~1 hour. Then a solution of APS is added 

to initiate polymerization. The resulting suspension is filtered to remove any large 

aggregates and purified via centrifugation. In addition, by adding a surfactant, sodium 

dodecyl sulfate (SDS), microgelôs diameter can decrease since SDS helps stabilize 

microgels at smaller sizes. Free-radical precipitation polymerization has been shown to 

be advantageous since as-prepared microgelsô size distribution is narrow and particlesô 

structures can be easily tuned.[54-57] A key prerequisite for the success of this approach 

is that the monomer can be dissolved in water while the corresponding polymer is 

insoluble in water at high temperatures. As shown in Figure 1-4, at high temperatures, 

APS will decompose and form radicals to react with monomers and crosslinkers to 
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initiate polymerization. Since pNIPAm has a LCST,above a critical length, growing 

pNIPAm chains will collapse and form precursor particles, which serve as 

nuclei/precursor particles. These precursor particles which are not colloidally stable can 

coalesce and NIPAm monomer can also deposit onto the particlesô surface. Eventually, 

they can further grow to form stable microgels. Since reactivity for BIS is higher than 

NIPAm monomer, pNIPAm microgelsô structure is not homogeneous and they have 

higher crosslinking density at cores compared to their shells. 

   

 

Figure 1-4 Mechanism for pNIPAm microgelsô formation via free-radical precipitation 

polymerization method 

                                                                                                                                                                                                                        

1.3 pH-Responsive Hydrogels 

pH-responsive hydrogels are polyelectrolyte (PE) gels that bear ionisable moieties 

in their backbones. PE gelsô equilibrium swelling ratio can be significantly higher than 

that of corresponding neutral gels due to the Coulombic repulsion between fixed ionic 

groups and the additional osmotic pressure from mobile counterions in their networks. 

The ionic monomers, such as AAc, MAA and N-(3-aminopropyl) methacrylamide 

hydrochloride (APMAH), can be incorporated into the pNIPAm microgels to render 
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them pH responsive. Dynamic light scattering (DLS) data has already shown that 

pNIPAM-based microgels with higher AAc percentage have a larger hydrodynamic 

diameter. [58]  

 As commonly used monomers in this thesis, APMAH has a pKa of ~9 while AAc 

has a pKa of ~ 4.25. The structures of the monomers are shown in Figure 1-5. The pH-

induced volume transition of weak PEs generally occurs in a pH range close to the pKa 

of their ionizable moieties because their degree of ionization is different at different 

pHs. Therefore, the pNIPAm-co-APMAH microgels are positively charged at pH< 9, 

while the pNIPAm-co-AAc microgels are negatively charged at pH> 4.25.  

As shown in Figure 1-5(b), take AAc gel as an example to explain the pH-

dependent volume transition. When pH rises by adding trace NaOH and ignoring 

solutionôs ionic strength change, the additional osmotic pressure as a result of mobile 

sodium counterions transported into the gel network and increased electrostatic 

repulsion between negative charged carboxylic groups cause the whole gel network to 

expand. On the contrary, upon lowering pH, decreasing amount of mobile counterions 

and protonated carboxylic groups can make the whole gelôs network collapse. 
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Figure 1-5 a) Chemical structures for AAc and APMAH; b) Schematic presentation of 

the pH-induced phase transition for AAc gel  

There are several factors that influence a PE gelôs pH response. For instance, the 

ionic strength in a solution can alter the solvation state of PE gels.[56] Consider a weak 

polyacid as one example. Keeping other parameter constant, when the ionic strength is 

low, solutionôs pH is the dominant factor to determine extent of swelling for PE gels. 

When the ionic strength is in the medium range, protons from acidic groups will 

exchange with mobile ions from salt resulting in increasing both the amount of ionized 

groups and the osmotic pressure from mobile counterions, therefore PE gels will present 

increased swelling behavior. At high ionic strength, Debye screening will dominate and 

the whole gel will deswell.[1] In addition, crosslinking density, hydrophilicity and 

hydrophobicity of the polymer chains could also have impacts on PE gelsô pH 

sensitivity.[59-60]  
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1.4 Electroresponsive Hydrogels 

 

Electrical signals play a central role in the movement of living creatures. For 

example, Venus flytraps can trap their prey by quickly closing their lobes, which is 

controlled by their action potentials. Inspired by mother nature, electroresponsivity has 

already become a hot research area, in which hydrogels are widely investigated.[61]  

PE gels introduced in the previous section are also electroresponsive since water 

electrolysis can result in a dramatic pH change near electrodes. PE gels can be placed 

near one electrode to sense such pH change and thus indirectly respond to electric field. 

Generally speaking, for anionic gels at the anode where H+ is produced, negatively 

charged groups will be protonated resulting in network collapse while for cationic gels 

at the cathode where OH- is generated, positively charged groups will be deprotonated 

and these gels will shrink.[61] Another mechanism for the hydrogelsô 

electroresponsiveness is that electric field can induce a stress gradient within the gelôs 

network, resulting in anisotropic deswelling. Tanaka et al. fixed a partially hydrolysed 

polyacrylamide hydrogels to one of the electrodes.[62] Experimental results shows that 

the mobile hydronium ions inside the gelôs network migrate to the cathode while the 

negative charged immobilized carboxylate groups are attracted to the anode. The 

attractions between mobile/immobilized groups and two electrodes can generate a 

stress gradient along the gelôs axis, resulting in anisotropic deformation. 

In this dissertation, the above two mechanisms are employed to make the etalon 
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device discovered by our group respond to external electric field, which could have 

potential applications in display as well as sensors. 

 

1.5 Hybrid Hydrogels  

 

Hydrogels could be hybridized with various nanoparticles (NPs) (quantum dots, 

Au NPs, Ag NPs, magnetic NPs), generating novel optical, catalytic and magnetic 

properties.[63, 64] There are several approaches to hybridize hydrogels with different NPs. 

In one approach, NPs can be synthesized first. Hybridized hydrogels can be obtained 

by dispersing NPs into the pre-gel solution, which will subsequently undergo 

polymerization or by soaking hydrogels in an aqueous solution containing NPs.[65-67] In 

another case, NPs can be synthesized in situ within hydrogelsô three-dimensional 

networks.[41, 68-69] Polymer chains can also be grafted onto NPsô surface first to form the 

nucleation center for subsequent microgel growth.[70]   

Au NPs are the most commonly studied nanomaterials to be incorporated in 

hydrogels. They can either be immobilized in hydrogelsô networks or be coated with 

thin gel layers. Au NPs are well-known for their surface plasmon resonance (SPR), thus 

possessing highly enhanced visible/near infrared (NIR) light absorption. Their strongly 

absorbed light can then be quickly converted to heat resulting in photothermal 

phenomena. Thus, Au NPs are often selected to be covalently/noncovalently embedded 

in pNIPAmôs network to make photothermally responsive hydrogels. These Au NPs can 

convert light energy to heat, upon exposure to proper light, resulting in pNIPAmôs 

shrinking.[71-74] Additionally, the temperature-dependent solvation state from pNIPAm 
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can have influences on optical properties of such hybrid system.[75-76] Previous 

literatures show that above LCST, change in environmental refractive index and 

distance between Au NPs can result in relatively strong plasmon coupling between the 

Au NPs thus red shift of UV-Vis absorbance peak.  

Quantum dots (QDs) are semiconductor nanocrystals which attract considerable 

research attention in the biomedical field. QDs are easy to aggregate in aqueous solution 

and have considerate cytotoxicity. Hydrogels can stabilize QDs and decrease their 

cytotoxicity by incorporating them inside the polymeric networks. At the same time, 

these hybrid hydrogels would obtain new properties from QDs. In one example, Baiôs 

group immobilized CdTe nanocrystals inside the pNIPAm hydrogel. The resultant 

hybrid gelôs photoluminescence (PL) density and peak position will reversibly shift in 

a temperature cycle.[77]   

 

1.6 Other Stimuli-Responsive Hydrogels 

 

Hydrogels can have cellular/biochemical responsivities by incorporating 

biomolecules in their networks. In one example, the interaction between antigen-

antibody pairs within the polymer matrix can form the reversible crosslinkers of an 

antigen-responsive hydrogel.[78-79] Upon exposure to free antigens, the competitive 

binding between free antigens and immobilized antigens can break the crosslinking 

points and hence make the whole gel swell. Another intriguing example of biomolecule 

responsive hydrogels is degradable hydrogel scaffolds. In tissue engineering, it is 

desirable to have the hydrogel scaffoldsô degradation rate in sync with tissue 
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regeneration speed. To achieve this goal, a hydrogel crosslinked with oligopeptides is 

synthesized and degradable only under certain cell-secreted enzymes that can cleave its 

peptide crosslinkers.[80] 

Hydrogels containing light-sensitive moieties (usually photochromic molecules) 

show interesting photo-responsive property.[81-82] Among various photoreactive 

molecules, azobenzene (Azo) derivatives have been the most extensively studied and 

are therefore often incorporated into hydrogelsô networks. In one typical strategy, the 

mixture of a host polymer containing cyclodextrins (CDs) and a guest polymer 

containing Azo can form a supramolecular hydrogel crosslinked by the complex of 

CDs-Azo which is a light responsive hostïguest pair. Upon UV irradiation, Azo 

moieties undergo cis-trans isomerization, thus the host-guest interaction can be 

disrupted and such a hydrogel is degradable. Finally, hydrogels could be made to have 

different solvation states when exposed to various organic solvents which makes them 

a perfect candidate for solvent sensors. [65, 83]  

In this dissertation, we mainly utilized the stimuli-responsivities of the hydrogels 

to realize applications in electroresponsive devices and Janus particles, which will be 

detailed in Chapter 2. 
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Chapter 2 Applications for Stimuli-Responsive Hydrogels 

 

This Chapter describes four major existing applications of stimuli-responsive 

hydrogel-based materials: Janus particles, photonic materials, drug delivery carriers 

and sensors, which are also topics investigated in this dissertation.  

 

2.1 Janus Particles 

 

Named after the two-faced Roman God Janus, micro and nanoparticles modified 

with two chemically/physically distinct regions are referred to as Janus particles (JPs). 

Since their first mention by De Gennes in his Nobel Prize lecture in 1991, JPs have 

been synthesized by a variety of novel approaches over the years and used for a diverse 

range of applications. e.g., as electronic paper (e-paper). Specifically, first generation 

e-paper utilized JPs that were coated on one side with white titanium oxide, and black 

polyethylene on the other. The different coatings resulted in optical and electronic 

anisotropy, which could be used to display black and white images that depended on 

the potential applied to the particles embedded in a transparent silicone film.[84-85] In 

another interesting demonstration, Crespi and coworkers showed that Janus nanorods 

with Pt and Au segments could be generated, and act as micro/nanomotors. This was 

due to the ability of the Pt portion of the nanorod to catalytically decompose hydrogen 

peroxide to generate oxygen bubbles, which propels them.[86]  

Since numerous approaches have been developed to synthesize a tremendous 

diversity of JPs, for simplicity, here we restrict our discussion to polymer-based JP 

fabrication, which are summarized in Figure 2-1.[87] The simplest and the most 
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traditional approach is toposelective modification. As presented in Figure 2-1(a), a 

monolayer of particles can be deposited onto a solid substrate which serves as a mask 

and only one hemisphere of the particle is exposed and can be modified by further 

chemical/physical treatment, such as metal vapor deposition and fluorescent 

labeling.[88-89] The specially designed microfluidic device is also a popular method to 

break particlesô symmetry.[85, 90] The geometry of a typical microfluidic channel is 

sketched in Figure 2-1(b). Two separate UV-curable streams flow through the two 

central channels 1 and 2, coalesce at the end of the central channels and later break up 

into droplets with two distinct phases that can be stabilized by surfactants from the side 

channel 3 and solidified eventually under UV light. Finally, Figure 2-1(c) shows the 

process for electrohydrodynamic (EHD) co-jetting technique. Two or more polymer 

solutions are pumped simultaneously in capillary needles.[91] The multicompartmental 

droplets are formed at the outlet region of the needles, which can be ejected under a 

high electric field and collected from the counter electrode. Unlike the previous 

microfluidic technique where only spherical JPs are synthesized, Janus cylinders and 

fibers can be obtained by tuning jetting conditions such as concentration of the 

polymers, viscosity of the solutions, the external electric field and flow rates.[92]  
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Figure 2-1 Three common approaches to generate polymeric JPs: a) Toposelective 

modification; b) The geometry of microchannels to generate JPs, channel 1 and 2 

contain different monomer solutions and channel 3 contains an aqueous surfactant 

solution which can stabilize resultant droplet; c) The design of EHD co-jetting 

technique to produce JPs 

In the above examples, the resulting particles normally have one side of the particle 

that is distinct from the other. Although, there are specific approaches that yield 

particles that have multiple distinct regions spatially isolated on a particle surface. A 

number of approaches have been used to generate particles with complex and isolated 

surface chemistries, with sequential masking/unmasking approaches being among the 

most widely used and easiest to implement. Granick and coworkers reported a two-step 

Õ-contact printing method to synthesize trivalent colloidal particles ð these particles 

can be modified from both sides while the central region of the particle is left 

unmodified, resulting in particles with three distinct regions (trivalent).[93] To 

accomplish this, different silane "inks" were transferred onto two different 
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polydimethylsiloxane (PDMS) stamps by spin coating. One PDMS stamp was brought 

into contact with one side of a layer of silica particles that were previously deposited 

on a flat substrate. With applied pressure, the silica particles adhered to the first PDMS 

stamp, which allowed them to be lifted off the flat substrate. Then, a second PDMS 

stamp containing another silane ink was brought into contact with the exposed, 

unmodified side of the silica particles, which allowed the ink to transfer to that side of 

the particle. Sonication allowed the modified particles to be released from the surface 

and isolated. In another example, Mowaldôs group developed an approach to generate 

particles with multiple distinct regions spatially isolated on a particle surface.[94-95] This 

was accomplished using surface-adsorbed colloidal spheres as masks when evaporating 

layers of Au followed by reactive ion etching steps to yield microparticles with Au 

"dots" spatially arranged on particles similar to sp, sp2, sp3 molecular orbitals. These 

Au-modified regions of the resultant particles can be modified and treated as binding 

sites to form complex clusters, and offer a new route to creating complex assemblies 

with novel physiochemical properties. In yet another example, Huskensô group coated 

a monolayer of silica particles with a sacrificial layer of poly (methyl methacrylate) 

(PMMA). Then, the PMMA layer was partially removed by O2 plasma, exposing some 

portion of the silica particles, which depended on the time of plasma exposure. Only 

the exposed portion of the particles could then be chemically modified. Later, the 

sacrificial layer could be dissolved and the unmodified part of the released particles can 

be further functionalized with another chemistry.[96]  

Finally, in this dissertation, we showed that complex anisotropic particles could be 
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generated using iron oxide microparticles suspended in a pre-gel droplet. The magnetic 

particles could be induced to assemble into complex patterns, which could be locked 

into place by polymerizing the pre-gel solution. The advantage of the approach is that 

the number, direction and distance between the magnetic microparticle features could 

be tuned by manipulation of the external magnetic field that directs the organization of 

the microparticles.[97]  

   

2.2 Photonic Materials 

 

Photonic materials (PMs), consisting of at least two periodically arranged materials 

with different dielectric constants, can exhibit color by interacting with light 

propagating through its structure. Specifically, light interacting with ordered elements 

in PMs leads to constructive and destructive interference of light waves propagating 

through it, yielding color.[98-99] There are many examples of PMs existing in nature. 

Butterfly wings, beetle shells, peacock feathers and opal gemstones all show vivid 

colors because their ordered microstructures can interact with light. This kind of 

material is inherently bright under strong light illumination, and is not subject to 

photobleaching making it is more durable than pigments/chromophores and an ideal 

candidate for applications in optical sensors and colored e-paper.[100]  

PMs can have a periodic variation of the refractive index in one, two or three 

dimensions (1D, 2D, 3D), which can prohibit propagation of certain wavelengths in 1D, 

2D and 3D, thus serving as optical filters. 1D PMs consist of multilayers with different 

refractive indices and exhibit periodicity only in one direction, which have the simplest 
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structure and are widely studied.[101] pNIPAm microgel-based etalon devices 

discovered and investigated by our group are also belong to 1D PMs which will be 

discussed in great detail in next section. 2D PMs possess periodicity in two directions 

and traditionally have a structure of parallel arrays of dielectric rods in air which can 

form triangular and square lattices.[102-103] 3D PMs have periodic spatial variations in 

three directions and they can be fabricated from closely-packed monodispersed 

nano/microspheres.[104-105]  

PMs capable of changing their optical properties in response to external stimuli 

have a lot of applications in displays, barcode technologies, inks, photovoltaic devices, 

high efficiency reflectors and sensors.[106] In one interesting application, a stimuli-

responsive PM can be made to only show the useful information under a specific 

stimulus such as a solvent, which can be used as an anti-fraud material.[107] Similarly, 

if stimuli-responsive PMs can give out different optical signals upon exposed to 

different concentration of analyte, they can be used as chemical/biological sensors.[108-

109] 

 

2.2.1 Basic Concept of 1 D PMs 

 

The key to successful preparation of 1D PMs is to deposit multilayers with 

alternatively high and low refractive index (ὲ and ὲ) onto a substrate. Spin-coating 

and self-assembly methods are traditionally employed to prepare 1D PMs which are 

also known as Bragg stacks.  

The schematic depiction of a Bragg stack is illustrated in Figure 2-2. When incident 
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light impinges on a Bragg stack, at each boundary between the layers, multiple light 

reflection and transmission will happen, giving rise to constructive/destructive 

interferences of specific wavelengths. When the stackôs periodicity is on the order of 

the wavelength(s) from visible light, they can display brilliant colors. In addition, 

Figure 2-2 also shows that increasing the number of layers can increase Bragg stacksô 

reflectivity.  

 

Figure 2-2 A Bragg stackôs multilayer structure and light can be reflected or transmitted 

through its ordered structure 

Assuming that all of the multilayersô thicknesses are perfectly uniform, the central 

wavelength, ‗ in the reflectance band can be determined according to the following 

equations: 

 

                           ά‗ ςὨ Ὠ ὲ ίὭὲ—            (2-1) 

                          ὲ                       (2-2) 
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ὡ ‗                             (2-3) 

 

Where m is the diffraction order, ὲ , ὲ  and  ὲ   are high, low and effective 

refractive index of the alternative layers respectively;  — is the angle of incident light 

with respect to the normal of the Bragg stackôs surface; Ὠ and Ὠ are the thickness of 

the corresponding layers and W is the band width.  

If the incident light is perpendicular to the stackôs surface, — is 0, and equation 2-1 

can be converted into:  

ά‗ ςὲὨ ὲὨ                           (2-4) 

From these equations, we can draw the conclusion that the color exhibited by a 

Bragg stack is related to the refractive index, thicknesses and number of alternating 

layers. Specifically, if the thicknesses and/or the refractive index of the multilayers 

decreases, we will observe a blue shift of the Bragg peak. Additionally, the refractive 

index contrast (ὲ -ὲ ) determines the bandwidth of the reflectance spectral and 

increasing contrast between the multilayers increases both the reflectivity and the 

bandwidth. Large refractive index contrast is often the prerequisite of PMôs real world 

applications which can effectively decrease the amount of multilayers needed to 

achieve the desirable reflectivity. For example, PMs can be composed of SiO2/TiO2 

bilayers, since they are transparent and have high refractive index contrast (ὲ =1.24 

and ὲ =1.74). In summary, by varying the parameters in above equations, PMs can 

have tunable optical properties, which will be discussed in detail in next section.  
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2.2.2 Polymer-Based PMs 

 

Stimuli-responsive PMs can dynamically change their spectra position in response 

to different stimuli by tuning their refractive index and/or thickness of the multilayers. 

As stated in Chapter 1, stimuli-responsive polymers can change their volume by 

reversible expansion/shrinking in response to small changes in their environment. 

Furthermore, they are low-cost, robust and can be easily modified. Polystyrene (PS), 

poly(methyl methacrylate) (PMMA) and polyethylene terephthalate (PET) are all 

typical polymers used for PMs. Polymer as an active part could also be coupled with 

inert inorganic materials to fabricate hybridized PMs.  

There are different strategies to synthesize polymer-based PMs, besides layer-by-

layer deposition method mentioned in the previous section. Monodisperse polymeric 

microspheres can self-assemble into closely-packed crystals to form 3D PMs. Gravity, 

centrifugation, pressure or filtration are all common driving forces to form the close-

packed structure.[110] Furthermore, these crystals can be utilized as removable templates 

to make inverse opal structure because their interstitial spaces are available for further 

monomer infiltration or modification.[111-112] Ordered patterns generated from 

lithography and self-assembly of block copolymers are also popular methods to 

fabricate polymeric PMs.[113-114] 
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2.2.3 Etalon Device 

 

Our group has previously fabricated and characterized 1D PMs using pNIPAm-

based optical devices, known as etalon. A etalon device has a three-layer structure by 

sandwiching the pNIPAm-based microgels between two reflective metal layers (Au). 

Specifically, the etalon device's fabrication process is shown in Figure 2-3. 2 nm Cr as 

an adhesive layer and 15 nm Au layer were evaporated onto a pre-cleaned glass slide 

sequentially. Next, the as prepared Au coated slide was annealed at 250 ºC for 3 h and 

then cooled down to room temperature prior to use. A single layer of pNIPAm-based 

microgels could be painted on such a Au-coated glass substrate followingópaint-onô 

protocol published previously. [115] In brief, a 40 µL aliquot of concentrated pNIPAm 

microgel solution was trasferred by a micropipitte onto the annealed Au surface and the 

pipitte tip was used to spread the microgel solution to each edge of the slide until the 

whole slide is covered with microgels. Then the resultant slide was allowed to dry 

completely on a hot plate at 35 ºC for 2 h. Later, the slide was washed copiously with 

DI water to remove the microgels that are not bound directly to the Au surface and 

soaked into DI water overnight at 30 ºC on a hot plate. After overnight incubation, the 

slide was washed again by DI water, and dried with N2 gas. In such a process, drying 

of the highly concentrated microgel solution is critical to form closed-packed microgel 

monolayer. The interaction between microgel layer and Au layer is so strong that there 

is no observation of microgel layer migrating on the Au surface during soaking process. 

Another 2 nm Cr/ 15 nm Au overlayer was deposited onto the microgel layer by thermal 

evaporation. 
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Figure 2-3 The etalon deviceós fabrication process: 1) A thin Cr/Au layer was deposited 

on a glass slide; 2) The pNIPAm microgels were painted onto the annealed Au layer; 3) 

Another Cr/Au layer was deposited on top of the microgel layer 

Such a device displays vivid colors, which are dynamically tunable over a large 

range of visible wavelengths. As presented in Figure 2-4(a), the devices operate by light 

impinging on the etalon, entering the microgel-based cavity and resonating between the 

two semi-transparent Au layers. This behavior leads to constructive and destructive 

interference, which leads to color. This is a direct result of interference, where specific 

light wavelengths are reflected, while others are transmitted.[116] The specific reflected 

wavelengths lead to multipeaks in a reflectance spectrum, where the peak position(s) 

can be predicted by Equation: 

άɚ=2nd cos (ɓ)               (2-5) 

Where ɚ is the wavelength maximum of a peak with a given peak order m, n is the 

refractive index of the dielectric (microgel) layer, d is the distance between the Au 

layers and ɓ is the angle of incidence. Under most situations, the incident light is normal 

to the etalon surface and the effect of refractive index is negligible compared to the 

change induced by the change in d. Generally speaking, as shown in Figure 2-4(b), for 

a given m, microgel swelling leads to an increase in d, which yields a red shift in the 
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position of a given reflectance peak. Likewise, microgel collapse leads to a blue shift. 

Therefore, pNIIPAm is the active component of a etalon device which can sense pH,[117] 

glucose,[118] temperature,[119] and macromolecules[120] after modification and convert 

these stimuli into optical signals. Compared to other stimuli, electric signal is easy to 

apply, program and shows the tremendous value to power sensors, screens and robots. 

In this dissertation, we expand the application of the etalon devices by exploring their 

color change in response to external electric fields. The aim of this research is to find 

out the possible mechanisms for electrically color-tunable devices which could show 

potentials to be incorporated in electronic circuits to make displays and sensors. 

 

Figure 2-4 a) The interaction between incident light and the etalon device leading to 

light interference, b) The distance between two Au layers decreases resulting in a blue 

shift while a red shift will be observed for a larger distance 
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2.3 Controlled Drug Delivery 

 

Drug delivery devices capable of controlling the release of loading and releasing 

therapeutic small molecule ("drugs") to a system can have major positive implications 

on human health care and disease treatment. Because of the potential impact, this 

research area has been receiving a considerable amount of attention over the past 

number of years.[121-123] In order to have practical applications, the drug delivery 

devices need to be capable of releasing precise amounts of drug (dosage) over many 

cycles. The devices should also be non-toxic/biocompatible and allow for easy 

triggering of drug release. In previous studies, various materials have been for 

intelligent drug delivery devices, such as graphene based scaffolds[124-126], magnetic 

nanoparticles[127-128], liposomes[129] and hydrogels[130].  

For this application, hydrogels are of particular importance, and show a 

considerable amount of promise.[4, 123, 131] Generally speaking, since hydrogels are soft 

materials, they are better tolerated by the body, and lead to a low amount of 

inflammation and irritation.[132-133] To realize controlled drug release from hydrogels, 

their chemistry can be modified in such a way to allow them to respond to temperature, 

light, magnetic field and electricity. For example, pNIPAm hydrogels are widely used 

for temperature-triggered drug release. Generally speaking, at low temperature, a 

pNIPAm hydrogel can swell and drug is easy to diffuse out of the hydrogel network 

resulting in on-state. On the contrary, when temperature rises above LCST, the 
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pNIPAm hydrogel collapses and forms a dense, compacted, less permeable surface, 

turning off drug release. Hydrogels can also be designed to biodegrade, thereby 

disintegrating after they are exhausted of their drug payload.[134-135] It is also possible 

to modify hydrogelsô properties by hybridizing them with metal NPs[136], carbon 

nanotubes[137-138] and QDs[139]  to realize different controlled drug release.  

Among various stimuli, electric stimuli is believed to be an efficient approach to 

realize drug controlled release because it is easy to precisely control the magnitude, 

frequency of applied voltage/current and miniature power supply. Electro-powered 

drug delivery products have already been commercialized such as iontophoresis device 

from IOMED Inc. which can deliver drug through skin by a low level current.[140]  

Therefore developing hydrogel-based drug delivery systems controlled by electric 

field will be promising approach to enhance the medical treatment. The 

electroresponsive moieties of hydrogels are generally from the ionisable groups in their 

networks, which will also render them pH-responsive. There are different mechanisms 

for hydrogels to release drugs triggered by electric field. For example, when there is an 

electric field applied on the negatively charged hydrogel, free cations will move to the 

cathode while polyion will remain immobilized and be attracted to anode. Thus osmotic 

pressure difference will be generated and become the driving force to trigger drug 

release. Electric field can make certain gelsô network degrade resulting in drug release.  

For example, Kwon et al. found out that polyethyloxazoline and PMMA can form a 

complex through hydrogen bonding and trap drugs inside its network. This hydrogen 

bonding can only be stable at pH<5. When pH rises above 5 due to water electrolysis, 
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hydrogen bonding is destroyed. Such a complex will decompose and release the drug. 

[61]  

 

2.4 Hydrogel Sensors 

 

A sensor is a device, which can detect and respond the changes from environment. 

Generally speaking, a sensor has a receptor, which can interact with analytes to generate 

specific stimuli; a transducer that can convert above specific stimuli to readable signal 

and a data process system. Hydrogels are widely used both as receptors and transducers 

in sensors, which can sense environmental trivial changes and convert them into a 

magnified readable output (normally optical or electrical signal). 

Consider hydrogels as optical transducers as an example. Turbidity of a hydrogel 

is highly related to hydrogelôs solvation state. In the fully expanded state, hydrogels are 

transparent and have a high transmission, while transmission will decrease when the 

hydrogels shrink. Analytes can have a large influence on the hydrogelôs swelling ratio 

which can be converted into the transmission change and measured by UV-Vis. For 

example, carboxylic groups from hydrogelsô backbone can form complex with certain 

cations (Ca2+, Cu2+), resulting in hydrogelsô shrinking. By correlating analyte 

concentration with transmission, metal ion sensors can be obtained. [141] 
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Chapter 3 Electro-Triggered Small Molecule Release from A Poly (N-

isopropylacrylamide-co-acrylic acid) Microgel layer 

 

This Chapter describes electrically (electro)-stimulated small molecule release 

from a pNIPAm-based microgel monolayer. As detailed in Section 1.4, 

electroresponsive hydrogels can be made from PE gels with ionizable groups in their 

networks which are also pH-responsive. Electric fields can alter the solutionôs pH via 

water electrolysis which will modulate the PE gelsô extent of ionization and can be used 

to trigger drug release. According to different charged groups, these PE gels can be 

divided into three broad categories: polyanions, polycations and polyampholytes, while 

polyanions (pNIPAm-co-AAc) are the most intensively studied which are also the focus 

in this Chapter. 

 

3.1 Introduction 

 

As mentioned in the previous Chapters, pNIPAm microgels are extensively studied 

in our group which are thermoresponsive with a LCST around 32 ºC in water.[142-143] 

Generally speaking, when the temperature increases above the LCST, the favorable 

interactions between the polymer and water are weakened (swollen state) while 

polymer-polymer interactions start to play a dominant role (deswollen state), resulting 

in a volume phase transition. Through free radical precipitation polymerization, 

pNIPAm microgels can be easily synthesized. Furthermore, by incorporating different 

functional monomers during polymerization, pNIPAm-based microgels can be 

multiresponsive. Specifically, in this work, AAc was chosen to render pNIPAm 



32 

microgels pH responsive. AAc groups have a pKa ~4.25. That is, when the solutionôs pH 

is below AAcôs pKa, most of the AAc groups will be neutralized while the majority of 

AAc groups can be deprotonated and negatively charged at pH > 4.25. Therefore, poly 

pNIPAm-co-AAc microgels can act as a reservoir and trap positively charged molecules 

at high pH via electrostatic interactions while release these molecules when they are 

neutral at low pH. Such pH-dependent behavior can be used for controlled drug release 

mentioned in section 2.3. 

In this Chapter, a monolithic pNIPAm-co-AAc microgel layer was deposited on one 

Au electrode following a ópaint onô protocol detailed in the experimental section of this 

Chapter, and loaded with a positively charged dye, tris (4-(dimethylamino)phenyl) 

methylium chloride (crystal violet, CV). Next, the as-prepared slide was treated as an 

anode and assembled in an electrochemical cell. It has been proven that the application 

of a suitable potential between two electrodes in water leads to water electrolysis 

(reduction potential for water is 1.23V at pH 7), which results in a decreasing pH near 

the anode. Hence, the ionization degree of AAc groups can be totally controlled by the 

external potential, which can disrupt the strong electrostatic interactions mentioned 

previously and realize controlled small molecule release. In the meanwhile, it could also 

be possible that electrophoresis effect also contributed to the CV release..Since CV is a 

positively charged small molecule, it is possible that CV could migrate toward the 

cathode, accelerating the release process.   
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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 reagent grade, EMD, 

Gibbstown, NJ) prior to use. N,Nô-methylenebisacrylamide (BIS) (99%), acrylic acid 

(AAc) (99%) , ammonium persulfate (APS) (98%) were obtained from Aldrich (St. 

Louis, MO) and were used as received. Deionized (DI) water with a resistivity of 18.2 

MɋĿcm was used.  Microscope glass slides were and obtained from Fisher Scientific 

(Ottawa, Ontario) and cut into pieces (25 × 25 mm).  

Microgel Synthesis: Microgels were synthesized by free radical precipitation 

polymierzation. In one typical experiment, NIPAm (10.52 mmol) and BIS (0.702 mmol) 

were dissolved in 99 mL deionized water first, which was later filtered through a 0.2 

µm filter. We filtered the monomer solution at this step because impurities inside the 

solution can have influence on the nucleation process resulting in inhomogeneous 

particles. Then the filtered solution was transferred to a 3-necked round bottom flask 

equipped with a reflux condenser, N2 inlet, and thermometer. The solution was purged 

with N2, stirred at 450 rmp and heated to 70 °C for about 1 hour. AAc (2.81 mmol) was 

added to the heated reaction solution in one aliquot. The addition of 1 mL APS (0.2 

mmol) then initiated polymerization. The reaction was allowed to proceed at 70 °C for 

4 hours under a nitrogen atmosphere. The reaction solution was allowed to cool 

overnight, and then it was filtered through glass wool to remove any large aggregates. 

The resulting microgel solution was placed in centrifuge tubes and then purified via 
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centrifugation at ~8300 relative centrifugal force (rcf) to form precipitation at the 

bottom of the centrifuge tubes, followed by removal of the supernatant and 

resuspension with deionized water; this process was repeated 6 times.  

Fabrication of Au electrodes: Au coated coverslips were generated by thermally 

evaporating 2 nm Cr followed by 50 nm of Au onto a 25 × 25 mm pre-cleaned glass 

slide. (Torr International Inc., thermal evaporation system, Model THEUPG, New 

Windsor, NY).  

óPaint onô protocol to deposit a microgel layer and CV loading procedure: Before the 

microgel monolayerôs deposition, 2 Ĭ 25 mm PDSM film was used as mask to cover 

one side of the Au coated glass slide where is used to connect to external power supply. 

A 40 µL aliquot of concentrated microgels (obtained via centrifugation of a microgel 

solution) was added to the substrate and then spread by a micropipet tip at 30 ºC until 

the whole slide was covered with microgels. The microgel solution was allowed to dry 

completely on the substrate for 2 h at 35 ºC on a hot plate. After that, the glass slide 

was rinsed copiously with DI water to remove excess microgels which were not directly 

attached to the Au surface. The glass slide was then placed into DI water again and 

incubated overnight on a hot plate at 30 ºC. Following this step, the substrates were 

then rinsed with DI water, dried with N2, and then soaked into 10 mL 0.04 mg/mL CV 

solution at pH 6.5 overnight. After overnight, CV loaded glass slides were thoroughly 

washed with DI water and then soaked into pH=6.5 solution for 2 hours to remove the 

excess CV.  
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Electrochemical cell assembly: The electrochemical cell was constructed as depicted 

in Figure 3-1. The two electrodes (one 50 nm Au glass slide and one CV loaded slide) 

were placed inside a cubic glass cell with 3cm × 3cm × 3cm dimension and 2 mm wall 

thickness. The distance between each slides is 2.4 cm.  

Next, 20 mL pH=6.5 2 mM solution were added into the glass cell. And the two 

electrodes were connected to the external power supply. Paraffin film was used to seal 

the cell to prevent water evaporation and the solution was stirred at 60 rmp. 1 mL 

solution was transferred by a digital pipite into a quartz cuvette to monitor the 

absorption change during the whole process. After taken UV-Vis spectra, the solution 

were redumped into glass cell.  

UV-Vis spectra were obtained using an Agilent 8453 UVīVis spectrophotometer. 

pH was measured with a Jenco model 6173 pH meter (San Diego, CA).  

 

3.3 Results and Discussion  

 

Devices used for electro-stimulated drug release were fabricated as shown in 

Figure 3-1. To prepare the Au electrode, 2 nm Cr was deposited on glass (as an 

óadhesiveô layer) followed by the deposition of 50 nm Au. Following a ópaint-onô 

protocol mentioned in the experimental section of this Chapter, [115]  we painted a 

densely packed pNIPAm-co-AAc microgel monolayer on top of an Au electrode. In 

order to connect to an external power supply conveniently, we left one side (0.5 mm × 

2.5cm) of the slide unpainted. Once the microgel layer was deposited on the Au-coated 
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glass slide, the whole slide was incubated in a CV solution with a pH of 6.5 overnight 

to load CV. [144-145] We also observed there is no color change for the bare Au slides 

soaked into CV solution. Only the color of the microgel-coated slide became dark 

purple after incubation, demonstrating the successfulness of CV loading. To remove 

any excess CV, the CV-loaded slide was washed under copious DI water and then 

soaked into pH=6.5 solution for 2 h before continuing any experiment. Then two 

electrodes, the CV-loaded slide as an anode and the bare Au electrode as a cathode, 

were inserted into a homemade glass cell. An aqueous solution (20 mL, pH=6.5) was 

added into the glass cell and one piece of paraffin film sealed the cell to prevent water 

evaporation. Two leads from a power supply were clipped to the two electrodes to 

provide DC voltages.  
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Figure 3-1 Schematic of the fabrication of the microgel coated electrode and the 

construction of the electrochemical cell 

Figure 3-2(a) shows the chemical structure of CV, a model drug used in this work. 

It is a hydrophilic, positive charged small molecule. Furthermore, CV can easily 

dissolve in water, exhibiting a purple-violet color. Its typical UV-Vis spectrum is shown 

in Figure 3-2(b) and in this work, the amount of CV release was quantified by 

monitoring the change of the absorbance maximum at 590 nm over time.  

 

Figure 3-2 a) The chemical structure of CV; b) The UV-Vis spectrum of a CV solution 

The CV loading and release mechanism is shown schematically in Figure 3-3. The 

strong electrostatic interactions between positively charged CV and negatively charged 

pNIPAm-co-AAc microgel at pH 6.5 can trap CV into the microgelsô networks. 

However, upon exposure to a proper anodic potential, water electrolysis makes the pH 

near the anode drop dramatically, which neutralizes AAc groups and weakens CV-

microgel interactions. [146] As a result, pNIPAm-co-AAc microgels collapse and expel 

CV from their networks.  
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Figure 3-3 CVôs loading and release mechanism 

 

As stated above, we assume that the water electrolysis can decrease pH near the 

anode which can modulate the CV-microgelsô electrostatic interaction and trigger CV 

release. To prove this hypothesis, we measured the pH value in the vicinity of the anode 

upon exposure to different external electric potentials. To accomplish this, two naked 

Au electrodes were connected to a DC power supply. A miniature pH electrode was 

placed near the anode at a distance of ~ 2 mm to monitor the pH change. Water 

electrolysis potential is ~1.23 V in a neutral solution [147] and the potentials we used 

here were all more than 1.23 V to ensure water electrolysis. However, the potential 

should not be too large as this can lead to the Au layer peeling off the glass slide and 

bubble generation. To establish a stable drug delivery device, we kept the voltage Ò 4 

V throughout the whole experiment. In such a way, there is no Au detachment, and the 

bubble generation is minimized and cannot be observed directly by naked eyes.  

The result for electrochemically-induced pH changes near the anode is shown in 

Figure 3-4. The application of different voltages to the electrochemical cell was large 
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enough to yield water electrolysis, leading to a subsequent pH decrease near the anode. 

In detail, increasing the magnitude of the applied potential (from 2 V to 4 V) will 

accelerate the water electrolysis rate and result in a larger drop of pH value near the 

anode over a range of ~ 5.2 to ~ 3.2. Upon removal of the applied potential, the pH 

quickly changed back to the original bulk solutionôs pH around 6.5.  

 

 

Figure 3-4 Potentials higher than the water electrolysis potential were applied across 

the cell and the pH near anode was monitored by a miniature pH electrode. After 300s 

(as the arrow points out), these potentials were removed 

 

As detailed above, the solutionôs pH change is totally controlled by the external 

potential, which could modulate the interaction between CV molecules and microgels, 
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thus realizing controlled release. To demonstrate our assumption, we applied different 

pulsed voltages to trigger the CV release. Specifically, in one cycle, we applied the 

external potential on for 1 min and then removed it for 5 min. The whole on-off process 

was repeated four times. As detailed in the experimental section, we monitored the CV 

solutionôs absorbance change at 590 nm every one minute to determine the amount of 

CV release. As shown in Figure 3-5, in the controlled experiment, when there was no 

potential applied, no obvious CV release was observed. Absorbance only increased 

when the voltage was applied. Thus, the pulsed CV release profile was in sync with the 

frequency of applied potential. In addition, increasing the external potential resulted in 

a higher CV release rate. For example, in Figure 3-5, when the external voltage was 

applied under the same amount of time, the UV-Vis absorbance was higher under larger 

voltage. Such a phenonenon can be explained from the above pH measurement results. 

That is, the higher the potential can make the pH near anode lower. As detailed 

previously, electroresponsivity of the device stems from the negatively charged 

carboxylic groups of pNIPAm-co-AAc microgels. Lower pH means more negatively 

charged group will be neutralized and more CV will be released from the microgel layer, 

thus resulting in a higher release rate under larger voltage. In addition, upon potential 

removal, pH quickly changes back to 6.5, carboxylic groups become negative charged 

and CV was held up again in the polymer network through electrostatic attraction, thus 

turning off CV release.  
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Figure 3-5 CV release profile for pulsed voltages with different magnitude. For 

controlled experiment, when there is no applied voltage, minimal CV release is 

observed. For this plot, square is 4 V, circle is 3 V, solid triangle is 2 V, hollow triangle 

is the control experiment 

 

By a close examination of the CV release profile, Figure 3-6(a) shows the 

cumulative absorbance at 2 V/ 3V was directly proportional to the cycle number. That 

is, the absorbance increased linearly with the cycle numbers and these release profiles 

were in zero-order. However, for higher voltage (4 V), the curve was only straight 

initially and its slope representing the CV release rate decreased as the cycle number 

increased. The reason might be that the CV loaded inside the microgel monolayers was 

eventually depleted and it is harder for CV to transport out of the microgels in lower 
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concentration. To better compare the release rates under different voltages, assuming 

that there is enough CV inside microgelsô networks, the initial slope from 4 V and slopes 

from 2 V and 3 V in Figure 3-6(a) were plotted against their corresponding voltages. 

As shown in Figure 3-6(b), the release rate increased linearly as the external voltages 

increased.  

 

Figure 3-6 a) The relationship between cumulative absorbance and cycle numbers under 

different voltages; b) The relationship between release rates and the different external 

voltages. The red line represents the best fit curve to the data plotted under linear 

regression analysis 

  

One of the major advantages for electro-triggered drug delivery is that the external 

potential is very easy to be programmed and different drug release profiles can be 

generated under the same device. Next, we want to prove that we can alter the release 

profile by simply tuning external potentials. In Figure 3-7, to release the same amount 

of CV (the absorbance reached around 0.08), continuous or pulsed voltages were used. 

For continuous release profiles, the external voltages were applied all the time. The 


