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Lay Abstract 
 
Medications can exist in many different forms. From pills to injections, existing drug delivery 

systems require a high frequency of drug administration and often result in low efficacy of 

drug once administered to the human body. Polymer-based drug delivery systems have the 

potential to improve this delivery. In particular, microgels, water-filled crosslinked polymer 

networks with a size less than one micron, offer promise as a drug delivery vehicle. The size 

and chemical composition of microgels can be tailored to enable their use in a wide array of 

drug delivery applications. In addition, microgels can be loaded with a therapeutic agent and 

transported in the blood stream to deliver drug at a rate and/or location tunable based on the 

internal structure of the microgel. “Smart” microgels have the particularly attractive ability to 

change their properties in response to certain environmental stimuli (i.e. temperature or pH). 

However, current smart microgel systems are non-degradable and would accumulate in the 

body, causing undesired side-effects. In this thesis, a new self-assembly approach has been 

used to produce degradable microgels with the potential to switch properties in response to 

both temperature and pH. Water-insoluble drugs can be encapsulated more efficiently with 

this method, and the dual-responsive behaviour is expected to improve our capacity to deliver 

drug at the rate and location desired in the body.  
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Abstract 
 
Microgels, colloidal networks of crosslinked water-soluble polymers with dimensions < 1 

µm, have been demonstrated to be useful materials in a wide range of biomedical and 

environmental applications. In particular, temperature-responsive microgels based on poly(N-

isopropylacrylamide) (PNIPAM) have attracted significant research interest in drug delivery 

applications. However, conventional precipitation-based PNIPAM microgels are functionally 

non-degradable, problematic for biomedical applications. To resolve this issue, a thermally-

driven self-assembly approach based on hydrazide and aldehyde functionalized PNIPAM 

oligomers to form an acid-labile hydrazone bond was developed in the Hoare Lab to produce 

thermoresponsive, colloidally stable, monodisperse and degradable microgels.  

 

In this thesis, the internal structure of these self-assembled microgels was investigated using 

small and ultra-small angle neutron scattering and surface force experiments. Contrary to 

expectations based on the assembly technique, all these characterization strategies suggested 

that self-assembled microgels have a homogeneously cross-linked internal structure. It is 

anticipated that these well-defined degradable and homogeneous nanoscale gel networks 

offer opportunities for addressing challenges in drug delivery, biosensing, and optics by 

exploiting the predictable diffusive and refractive properties of the homogeneous microgel 

networks. In addition, the co-self-assembly of a moderately hydrophobic anti-inflammatory 

drug (dexamethasone) during the microgel self-assembly process was demonstrated to enable  

five-fold higher drug encapsulation (75-80%) relative to the conventional partition/diffusion-

based drug loading processes. This result addresses a key challenge in delivering 

hydrophobic drugs using conventional precipitation-based microgel systems due to the 

inherent hydrophilicity of the crosslinked network.  
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The potential of the self-assembly approach to fabricate multi-responsive smart microgels 

was demonstrated by incorporating pH-ionizable functional groups (via the copolymerization 

of acrylic acid and 2-dimethylaminoethylmethacrylate to introduce anionic and cationic 

charges respectively) into the hydrazide and aldehyde-functionalized precursor polymers 

prior to self-assembly. The self-assembled charged microgels showed the same pH-

responsive swelling behaviours of conventional microgels, including amphoteric microgels 

that can be formed at any desired cationic:anionic charge density by simply mixing different 

ratios of cationic and anionic precursor polymers. Such microgels offer significant potential 

to improve the performance of microgels in applications demanding dual pH/temperature 

specific drug delivery.  
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Chapter 1: Introduction  
 
Hydrogels 
 
Hydrogels are water soluble polymer networks that swell (but do not dissolve) in an aqueous 

environment and have been heavily investigated as a potential drug delivery vehicle in 

literature1. Hydrogels can be fabricated with a variety of different water-soluble polymers, 

including both natural polymers (dextran, carboxymethylcellulose)2 and synthetic polymers 

(chitosan3, PNIPAM4 and POEGMA5). Depending on the polymer and the type of 

crosslinking used, the networks can be designed to be stable over extended periods or exhibit 

controllable degradation rates. Hydrogels have several advantages over other polymeric drug 

delivery systems as they are generally cytocompatible (owing to their high water content as 

well as physical, mechanical, and often chemical similarity to cells) and offer tunable 

porosities that can regulate both the encapsulation and controlled release of drugs1.  

 
Microgels  
 
In general, materials at the micro or nanoscale offer an even wider range of potential 

properties and thus applications compared to their macroscopic counterparts. Microgels are 

colloidal hydrogels with at least one dimension less than 1 µm and have demonstrated 

promising results in a wide range of drug delivery applications6. The micro- or nanoscale 

dimensions of microgels provide the ability to control and design drug delivery mechanisms 

and/or specific binding affinities for a host of therapeutic or environmental targets. In 

addition, in comparison to their bulk hydrogel analogues, microgels offer the advantages of 

higher surface areas to maximize drug loading or sorption, easier injection into the body at 

room temperature, and significantly faster stimulus responses1. Such behaviour facilitates the 

“smart” drug or target-specific uptake and subsequent release properties of microgels that has 

motivated significant attention in literature7-8.  
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Poly(N-isopropylacrylamide) (PNIPAM) microgels are perhaps the best-known smart drug 

delivery system. PNIPAM was first synthesized in the 1950s9 and has attracted considerable 

research interest since given its lower critical solution temperature (LCST) of 32°C, at which 

point it switches from a soluble state at lower temperatures to an insoluble state above this 

temperature7. Pelton and Chibante prepared the first microgels based on PNIPAM in 1986 

that exploit the LCST behaviour of PNIPAM to generate volume phase transitions (VPT) in 

microgels, by which PNIPAM microgels decrease in size above this temperature, but can 

reversibly re-swell to their original size at room temperature10. This phase transition is 

commonly related to the competition between hydrogen bonding between water and amide 

bonds in PNIPAM relative to the hydrophobic interactions between the isopropyl groups, the 

latter of which (as an entropic interaction) more strongly influences the free energy balance at 

higher temperatures. Furthermore, PNIPAM-based microgels can be easily functionalized 

using free-radical polymerization to engineer the phase transition temperature to other desired 

values for different applications11. The internal structure of the microgels plays an important 

role when determining the swelling properties and the transition temperature response of the 

microgels as well as the capacity of the microgels to uptake and release small molecules12-13. 

PNIPAM microgels have been widely investigated as drug delivery vehicles because of their 

capacity for deformation while staying intact (allowing for improved penetration through 

biological barriers), controlled porosity and controllable drug-polymer affinities7.  

 

Microgel Fabrication Techniques  
 

Conventional PNIPAM microgels are made by a precipitation polymerization process10 in 

which NIPAM monomers are copolymerized with N,N’-methylenebisacrylamide (MBA) 

crosslinker using a water-soluble free radical initiator (i.e. potassium sulfate) at a temperature 

above the lower critical solution temperature (LCST) of PNIPAM to drive particle 
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formation14-15. Other monomers may be copolymerized to obtain microgels with desired 

phase transitions and “smart” properties. For example, acrylic acid and 2-

dimethylaminoethylmethacrylate can be co-polymerized to obtain anionic and cationic 

PNIPAM microgels respectively, while N-alkylacrylamide monomers with less hydrophobic 

(higher VPT temperature) or more hydrophobic (lower VPT temperature) alkyl end groups 

can shift the critical temperature for microgel swelling/deswelling16-17. NIPAM has been 

successfully copolymerized with acrylic acid, methacrylic acid, maleic acid, vinylacetic acid, 

allyl-acetic acid, and dimethylaminoethyl methacrylate, among many others18. The 

copolymerization of pH-ionizable monomers (such as those in the previous list) are of special 

interest as they introduce charges into the polymer network, allowing for (1) increased 

microgel swelling when the charges are ionized due to Donnan equilibrium effects and (2) 

coupled pH and temperature responses at pH ~ pKa of the comonomer19.   

 
While the conventional precipitation polymerization method is highly effective at preparing 

monodisperse microgels, the microgels produced are non-degradable particles, significantly 

limiting their potential use in the body and in environmental applications20. Even if a 

degradable crosslinker is used (i.e. disulfides21, diesters22, diacyls23), there is no direct way to 

control the molecular weight of degradation products to ensure the ultimate clearance of the 

materials. To provide a solution to this degradability issue, a novel thermally-driven self-

assembly has been developed in the Hoare Lab20. This method utilizes well-defined 

hydrazide and aldehyde-functionalized PNIPAM oligomers as the microgel building blocks 

instead of PNIPAM monomers, inherently controlling the length of the C-C bonded backbone 

in the degradation products from the microgels. Mixing these oligomers results in the 

formation of hydrazone crosslinks, which are hydrolytically degradable (via hydrazone bond 

hydrolysis) over the course of weeks to months and cleavable with a strong acid within hours. 

Hydrazone chemistry provides an ideal solution because it occurs within seconds to minutes, 
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no additional catalyst is needed, and it can be used with a variety of potential payloads (cell, 

proteins, drugs)5, 24-25. By ensuring that the molecular weights of the starting oligomers are 

below the kidney clearance limit, the degradation products directly represent these oligomers 

and can be processed by the kidney. A schematic of the self-assembly approach can be seen 

in Figure 1.1.  

 

Figure 1.1: Thermally-driven self-assembly approach for fabricating degradable PNIPAM 
microgels. Adapted from Mueller et al.26 
 

The novelty of this self-assembly approach is based on (1) the potential for degradation via 

hydrolysis and (2) the ability to react upon contact or upon sequential mixing within seconds. 

More recently, the self-assembly process has also been adapted successfully to poly 

(oligoethylene glycol methacrylate) (POEGMA) to fabricate stable, covalently cross-linked, 

degradable POEGMA microgels. This recent paper also highlights that the self-assembly 

process can be successfully scaled up to produce microgels for a range of biomedical and 

biosensing applications27.  

 

Microgel Applications 
 
Microgels have been demonstrated to be useful in a wide range of biomedical and 

environmental applications. In particular, the thermally-switchable properties of PNIPAM 

microgels can be leveraged in bioseparations28-29 (to reversibly adsorb/desorb a target 

molecule), membranes30-31 (to open or close pores), nanoswitches32 (to oscillate on/off 
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responses in microfluidic channels), and other applications33-34. Each of these applications 

works due to some combination of the reduced hydrophilicity and/or the reduced pore size 

observed upon heating.  

 

Drug Delivery 
 
One of the most relevant applications of microgels in the biomedical field is their role as a 

drug delivery vehicle1. Drug delivery has become the main focus of modern drug therapy. 

Though there will always be a continuous need in developing new drugs due to the rise of 

rare diseases and/or changing activity patterns of existing drugs (e.g. antibiotic resistance35), 

the main challenge of modern drug therapy lies in improving ways of delivering our current 

drugs inside the body36. In particular, drugs often need to be delivered to a specific site within 

the body and be released in small doses at controlled time intervals. Over the past few 

decades, various drug formulations and drug delivery methods have been developed and 

implemented in the healthcare sector.  

 

One way to improve drug delivery is through the use of polymers. Recent advances in 

polymeric materials have been instrumental in the development of drug delivery vehicles that 

allow for a long-term controlled release of drug, significantly improving patient quality of 

life37. Common oral medications require a high frequency of drug administration and often 

result in low efficacy of drug administered because they are subject to degradation within the 

gastrointestinal tract38. Polymers have been widely used in the pharmaceutical industry as 

excipients for these oral medications to protect drugs in the stomach and prolong the release 

of drug in the intestine39. Polymeric drug delivery systems including polymersomes, gels and 

nanoparticles have been widely used to change the pharmacokinetics of drugs and provide an 

easily controllable platform for delivering these drugs to the target site. The release of drug 
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from the polymer matrix can be tuned depending on the physical properties of the drug and 

the polymer. In general, there are two types of drug release: sustained drug release and on-

demand drug release (Figure 1.2). 

 

Figure 1.2: (a) Comparison between conventional drug release profile and controlled release 
with respect to the drug therapeutic concentration range, and (b) The difference between 
controlled release and on-demand (pulsatile) release. Reproduced from Santini et al.40 
 
 
Sustained Drug Release 
 
Each drug has a therapeutic concentration range above which it becomes toxic to the patient 

and below which it is clinically ineffective. In traditional delivery systems, once the drug is 

administered, the drug concentration in the blood stream increases rapidly (above the 

therapeutic window) and is followed by a decline (below the therapeutic window)37. Once the 

drug concentration reaches a low concentration in the blood, the drug needs to be re-

administered for the patient’s symptoms to be effectively treated. In sustained release 

systems, the goal is to avoid these frequent administrations, by extending the decline in drug 

concentration to be within the therapeutic window for a longer time period.  

 

On-Demand Drug Release  
 
On-demand drug release systems can be triggered to allow for repeated doses of drug 

according to the patient’s needs41. The main advantage of these systems includes having full 
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control over where and when a specific amount of drug is released in the body. It reduces the 

frequency of drug administration and thus improves patient compliance. Examples of clinical 

situations in which on-demand drug release may be most beneficial include post-surgical pain 

control medications42 (dose as required by the patient), treatment of infections or 

inflammatory conditions43 (release only when infections are present), and hormonal therapy44 

and chemotherapy45 (both of which have shown benefits associated with chronotherapeutic 

drug release).  

 

On-demand drug delivery systems can be divided into three categories46: (1) time-controlled, 

(2) stimuli-induced and (3) externally-triggered. Time controlled drug delivery systems 

include polymeric systems with coatings that erode or rupture over time and/or have a 

controlled degradation profile that precisely predicts the release of drug from the polymeric 

matrix46. Stimuli-induced drug delivery systems respond to changes in their local 

environment, such as changes in temperature, pH and/or chemical concentrations33. Such 

smart materials can dynamically control the delivery and dosage of drug as needed in 

response to internal changes (i.e. the higher temperature and lower pH values associated with 

rapidly-metabolizing infection or tumour sites47-48). Externally-triggered drug delivery 

systems respond to externally-applied ex vivo signals such as electrical fields, mechanical 

forces, or ultrasound waves46. By combining external signals such as near-infrared 

irradiation, radiofrequency waves, or alternating magnetic fields49 with inherently 

temperature-responsive materials, release can be induced by using the external signal to 

generate heat and drive a stimulus-induced thermal response. Using any of these approaches, 

alone or in combination, would allow patients in the future to control drug intake and allow 

healthcare professionals to directly target areas of interest within the body without invasive 

surgery.  
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Microgel-Based Drug Delivery 
 
Microgels have the ability to be used in both sustained drug release and on-demand drug 

release, as mentioned in the previous section. Two specific drug delivery applications that 

can benefit from the use of microgels and are of interest to healthcare professionals include 

(1) the controlled delivery of hydrophobic drugs and (2) the delivery of anti-cancer 

therapeutics to specific temperature/pH environments within the body: 

 
Hydrophobic Drug Delivery 
 
Hydrophobic drugs can range from slightly soluble compounds to completely insoluble in 

aqueous solutions. A drug is considered insoluble if its solubility in water is < 0.1 mg/L50. 

Dexamethasone is one example of a moderately hydrophobic drug (~0.1 mg/mL solubility in 

10 mM PBS51), that has the ability to reduce inflammation and calms an overactive immune 

system by mimicking the effect of cortisol, a hormone released by the adrenal glands that 

controls metabolism and stress52. Dexamethasone is commonly used in the treatment of 

arthritis as well as various skin, blood, kidney, eye, thyroid, and intestinal disorders such as 

colitis52. 

 

Figure 1.3: Chemical structure of dexamethasone 
 

Due to their inherent hydrophilicity, both microgels and hydrogels typically experience 

challenges with the loading and release of hydrophobic drugs. For conventional precipitation-
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based PNIPAM microgels, the only available method of loading hydrophobic drugs is via 

passive diffusion, which results in low encapsulation efficiencies1. Through the novel self-

assembly method for microgel fabrication, loading can occur either in situ (directly co-

assembling the drug with the precursor polymer) or via passive diffusion. This attribute is a 

distinct advantage of self-assembled PNIPAM microgels over conventional precipitation-

based PNIPAM microgels, as a significantly higher amount of drug can be encapsulated 

(particularly drugs like dexamethasone, which have some degree of aqueous solubility but 

would prefer to partition inside the hydrophobic nanoaggregate formed during the self-

assembly process).  

 

The delivery of dexamethasone is important for the treatment of ocular diseases including 

macular degeneration and glaucoma51. Specifically, dexamethasone delivery to the posterior 

segment of the eye is required to treat these diseases. Conventional treatments are applied at 

the front of the eye, resulting in very low doses of drug (typically <5% of the administered 

dose) reaching the back of the eye due to lachrymal drainage; as such, the drug needs to be 

re-administered frequently to effectively treat the symptoms53, inconvenient and 

uncomfortable for the patients. As a potential alternative, a one-time injection to the back of 

the eye could be performed using a drug delivery system (i.e. the self-assembled PNIPAM 

microgels) loaded with dexamethasone to release small amounts of drug over an extended 

period of time and thus avoid frequent drug administrations.  

 
Temperature/pH Specific Cancer Drug Delivery  
 
Site-specific drug delivery to cancerous tissues would significantly address the serious side-

effects related with chemotherapeutic drugs. While multiple biological targeting approaches 

have been attempted, they have been relatively ineffective at improving tumour localization 

of delivered drugs54. One potential opportunity for improving current targeting is to exploit 
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the small changes in temperature (increased) and pH (decreased) characteristic of areas of 

enhanced metabolism and/or decreased vascularization47-48, 55, like tumours. Introducing 

charged co-monomers into the PNIPAM backbone allows for pH tunability in addition to the 

already inherent temperature responsiveness due to the PNIPAM polymer. With both 

temperature and pH responsiveness, the swelling behavior and/or drug affinity of microgels 

may be precisely tuned to target the cancer microenvironment, driving improved localized 

drug delivery. A similar approach may also be useful for targeting infection sites in the body, 

which have similar characteristic physical properties due to enhanced local 

inflammatory/immune responses56. 
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Objectives  
 
The novel thermally-driven self-assembly offers an alternative and advantageous synthesis 

method of fabricating PNIPAM microgels compared to the conventional precipitation-based 

PNIPAM microgels that lack full control over the degradation products. The aim of this 

research is thus to leverage the previously demonstrated successful fabrication of 

monodisperse, colloidally stable and degradable self-assembled PNIPAM microgels to 

develop a platform of smart self-assembled dynamically cross-linked PNIPAM 

microgels to improve drug delivery. The thesis is divided into two distinct chapters:  

 

(1) The first chapter “Structural analysis and direct loading of self-assembled uncharged 

PNIPAM microgels” was adapted from a recent publication in Langmuir26. This 

chapter analyzes the internal structure of the uncharged PNIPAM microgels and 

investigates their ability to encapsulate and release a moderately hydrophobic drug.  

 

(2) The second chapter “Fabrication and characterization of charged and amphoteric self-

assembled PNIPAM microgels” is unpublished (expected to be submitted by August 

2018) and takes a closer look at single charged and amphoteric self-assembled 

PNIPAM microgels with applications in dual temperature/pH drug delivery. 

 

Overall, this thesis makes significant contributions to understanding the fundamental physics 

of the thermal self-assembly process as well as expanding the chemical flexibility of the self-

assembled microgels to better address key opportunities in drug delivery.
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Chapter 2: Structural Analysis and Direct Drug Loading of 
Uncharged PNIPAM Microgels  
 
 

Adapted from: Dynamically-Crosslinked Self-Assembled Thermoresponsive Microgels 

with Homogeneous Internal Structures 

Eva Mueller, Richard J. Alsop, Andrea Scotti, Markus Bleuel, Maikel C. Rheinstädter, 

Walter Richtering, Todd Hoare 

 

Reference: Mueller, E.; Alsop, R. J.; Scotti, A.; Bleuel, M.; Rheinstadter, M. C.; Richtering, 

W.; Hoare, T., Dynamically Cross-Linked Self-Assembled Thermoresponsive Microgels with 

Homogeneous Internal Structures. Langmuir 2018, 34 (4), 1601-1612. 

 
Summary  
 
The internal morphology and the ability to efficiently encapsulate moderately hydrophobic 

drugs of temperature-responsive degradable poly(N-isopropylacrylamide) (PNIPAM) 

microgels formed via an aqueous self-assembly process based on hydrazide and aldehyde-

functionalized PNIPAM oligomers are investigated. A combination of surface force 

measurements, small angle neutron scattering (SANS), and ultra-small angle neutron 

scattering (USANS) was used to demonstrate that the self-assembled microgels have a 

homogenously cross-linked internal structure. This result is surprising given the sequential 

addition process used to fabricate the microgels, which was expected to result in a densely 

crosslinked shell-diffuse core structure. The homogeneous internal structure identified is also 

significantly different than conventional microgels prepared via precipitation polymerization, 

which typically exhibit a diffuse shell-dense core structure. The homogenous structure is 

hypothesized to result from the dynamic nature of the hydrazone crosslinking chemistry used 
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coupled with the assembly conditions chosen that promote polymer interdiffusion. 

Furthermore, a five-fold increase in drug loading efficiency was measured when loading 

dexamethasone directly during the self-assembly process instead of allowing the drug to 

passively diffuse into the system over time, the only method by which conventional 

precipitation-based PNIPAM microgels can encapsulate hydrophobic drugs. Consequently, 

fabricating microgels using the self-assembly process not only yields homogenous internal 

structures (interesting from a physical chemistry perspective) but also facilitates high drug 

loading (interesting from a more applied chemical engineering perspective).   
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Literature Review 
 
Microgels, colloidal networks of crosslinked water-soluble polymers with dimensions < 1 

µm, have been demonstrated to be useful materials in a wide range of biomedical and 

environmental applications. In particular, temperature-responsive microgels and nanogels 

based on poly(N-isopropylacrylamide) (PNIPAM) have attracted significant research interest 

due to their ability to change their diameter20, 33, 57-58, hydrophobicity59, pore size12, and 

surface charge60-61 as a function of temperature, the so-called volume phase transition 

temperature (VPTT) behavior. These thermally switchable properties have been applied in 

drug delivery1 (to target locally hotter areas in the body, such as poorly vascularized but 

quickly metabolizing cancerous sites62-63), bioseparations28-29 (to reversibly adsorb/desorb a 

target molecule), membranes30-31 (to open or close pores), nanoswitches32 (to oscillate on/off 

responses in microfluidic channels), and other applications33-34. Each of these applications 

works due to some combination of the reduced hydrophilicity and/or the reduced pore size 

observed upon heating, with the former governing the strength of interactions between the 

microgel and more hydrophobic molecules7, 64 and the latter governing the diffusivity of 

molecules through the gel network65.  

 

The swelling properties and the transition temperature responses of microgels are governed 

by not only the chemistry but also the internal microgel structure. The internal structure 

regulates the speed/degree of swelling66-68, the breadth of the volume phase transition (less 

internally heterogeneous particles have narrower transitions)14, 69, the rate of intraparticle 

diffusion70, the ease of microgel functionalization71 and the capacity of the microgels for the 

uptake/release of small molecules12-13. This latter property is widely leveraged to apply 

microgels as a drug delivery vehicle that allows therapeutic agents to be localized at the site 

of interest for extended periods of time at safe but clinically relevant concentrations1,37. The 
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uptake and release of drug from the interior of a microgel depends on the property of the drug 

(hydrophilic or hydrophobic), the tendency of the drug to interact with the individual polymer 

chains, the degradation profile of the crosslinked networks (i.e. in acidic conditions for 

hydrazone bonds), and the internal structure of the polymer network, the latter of which 

regulates the diffusion coefficient of drug through the microgel network.  

 

Hydrophobic drug delivery, in particular, remains a challenge for conventional precipitation-

based microgel systems due to the hydrophilicity of the crosslinked network and required use 

of diffusion/partitioning-based processes for loading drugs with conventional microgels1.  

The hydrated gel network typically has low affinity for hydrophobic drugs, resulting in low 

drug uptakes. Current strategies to address this problem include modifying the chemical 

structure of the hydrophobic drug itself (which typically decreases the overall effectiveness 

of the drug and at minimum changes its pharmacokinetics50), increasing the solubility of the 

hydrophobic drug by increasing the pH or introducing organic co-solvents (not feasible under 

physiological conditions) or stabilizing the drug with surfactant50.  

 

The internal structure of microgels is most commonly studied using small-angle neutron 

scattering (SANS) in dilute suspensions, although static light scattering can also give some 

insight72. Direct modeling expressions for the scattering intensity distribution have been 

developed to describe structural changes induced by changes in temperature73-75, cross-

linking density76, or particle size72-73 as well as inherent compositional gradients resulting 

from the synthetic conditions used (e.g. batch, semi batch or controlled monomer feed)77. The 

internal structure of microgels is directly related to the method by which the microgels are 

synthesized. Conventional PNIPAM microgels are made by a precipitation polymerization 

process10 in which NIPAM monomers are polymerized with N,N’-methylenebisacrylamide 
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(MBA) crosslinker using a water-soluble free radical initiator (i.e. potassium sulfate) at a 

temperature above the lower critical solution temperature (LCST) of PNIPAM to drive 

particle formation14-15. Other monomers may be copolymerized to obtain microgels with 

desired properties and the process may be carried out in batch, semi-batch or continuous 

modes14. The resulting microstructure of the microgels produced using this conventional 

technique has been shown to relate directly to the copolymerization ratios between the 

constituent monomers and crosslinkers used to prepare the microgel78. For example, since the 

MBA crosslinker typically used to prepare microgels reacts faster than NIPAM, the core of 

the resulting microgel is more densely cross-linked than the shell, resulting in a “fuzzy 

sphere” nanostructure57. The fuzzy sphere internal structure of conventional PNIPAM 

microgels was further studied and formally quantified with a small angle neutron scattering 

(SANS) model by Stieger et al.73. Additionally, Geisel et al. investigated and indirectly 

confirmed the core-corona structure of PNIPAM-copolymerized with methacrylic acid 

(MAA) microgels using interface/surface force measurements79. This inhomogeneous 

structure makes the prediction of drug binding64, swelling responses80, and other key 

microgel properties challenging, although also offering opportunities to leverage these 

structures in specific applications (e.g. bioconjugation58). 

 

Given that copolymerization kinetics govern the microgel morphology via precipitation 

polymerization, it is possible to manipulate the feed rate of the monomers/crosslinkers within 

the scope of the conventional precipitation process to create uniformly crosslinked particles.  

For example, Acciaro et al. have prepared homogeneous PNIPAM microgels by using a 

continuous reactor to maintain the concentrations of monomer and cross-linker constant66, 

Du’s group copolymerized an unprotected catechol monomer that could self-crosslink to 

create a more homogeneous internal structure81, and we have demonstrated the capacity to 



 20 

create uniform functional group distributions in microgels using semi-batch delivery of the 

functional monomer82. In all cases, the homogenously cross-linked or functionalized 

microgels showed significantly different optical and swelling properties relative to 

conventional batch polymerized microgels, showing the importance of controlling and 

understanding the internal morphology of microgels in designing particles for applications.   

 

Alternately, to avoid the dominance of free radical copolymerization kinetics on the 

morphology of the resulting microgels, two-step microgel fabrication techniques have been 

reported in which a pre-formed PNIPAM polymer or oligomer is heated above its LCST to 

form a nanoaggregate followed by crosslinking to stabilize that aggregate into a microgel.  

Multiple post-crosslinking strategies including UV irradiation83-84 and self-condensation of 

pendant methoxysilyl groups85 have been reported to create microgels from the 

nanoaggregates, with the distribution of crosslinking sites governed by UV light penetration 

and/or the surface activity of the precursor polymer(s) in the former case and the self-

association of the hydrophobic methoxysilyl groups in the latter case.   

 

However, particularly in the context of biological applications and for these self-assembled 

microgels to be used as potential drug delivery vehicles in the human body, controlling 

degradability remains a challenge with both the conventional synthesis approach as well as 

these nanoaggregation stabilization strategies. In the former case, there is no direct way to 

control the molecular weight of degradation products (even if degradable crosslinkers are 

used) to ensure the ultimate clearance of the materials; in the latter case, the bonds formed are 

non-degradable. Alternate methods such as pre-polymer crosslinking inside inverse 

emulsions allows for both homogeneous internal morphologies as well as degradation into 

well-defined products86; however, this approach typically results in non-uniform particle size 
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distributions87. Microfluidics can be utilized to produce more uniform microgels with specific 

flow-focusing techniques88 but typically results in larger particle sizes in the micron size 

range instead of the nanoscale.  

 

Recently, we have developed a novel method to create degradable and monodisperse 

microgels using a thermally-driven self-assembly approach mimicking the conventional 

microgel fabrication process but using well-defined hydrazide and aldehyde-functionalized 

PNIPAM oligomers instead of the monomers as the building blocks. Mixing the hydrazide 

(PNIPAM-Hzd) and aldehyde (PNIPAM-Ald)-functionalized oligomers results in the 

formation of degradable hydrazone crosslinks20; by maintaining the molecular weight of 

those oligomers below the kidney clearance limit, we can facilitate renal clearance of the 

synthetic polymer-based microgel network following degradation of the hydrazone 

crosslinks. These degradable analogues of conventional thermoresponsive microgels can be 

fabricated rapidly (<10 minutes) using a highly scalable method to generate colloidally 

stable, non-cytotoxic microgels with sizes in the 200-300 nm range, high monodispersity, and 

controllable swelling responses20. Furthermore, given that the stoichiometry and sequence of 

addition of PNIPAM-Hzd and PNIPAM-Ald are asymmetric during the assembly process, 

residual functional groups are available in the microgel to enable covalent “layer-by-layer” 

(LbL) assembly of the reactive pre-polymers templated from the initially fabricated microgel, 

previously only demonstrated on microgels via polyelectrolyte interactions89. Interestingly, in 

such previous microgel studies, the soft and porous nature of microgels enabled significant 

interpenetration of lower molecular weight polyelectrolyte into the microgels90, with the 

reversible ionic interactions between the charged additive polymer and the oppositely 

charged microgel enabling the transport of the polymer into the microgel core91. We have 

previously demonstrated the efficacy of the proposed covalent LbL approach for fabricating 



 22 

thin film hydrogels with tunable thicknesses92, but have not yet demonstrated a similar effect 

on the nanoscale.  

 

Given that our new microgel fabrication method involves controlled thermoaggregation of 

the hydrazide-functionalized pre-polymer at a temperature above its LCST followed by the 

addition of the aldehyde-functionalized pre-polymer, we hypothesized that mass transfer 

considerations would limit the diffusion of PNIPAM-Ald into the collapsed PNIPAM-Hzd 

aggregate prior to hydrazone bond formation (which is rapid in aqueous conditions5) to result 

in a dense shell/disperse core structure, the inverse of the conventional microgel morphology. 

However, to-date, we do not have evidence supporting this hypothesized microstructure. In 

addition, the dynamic nature of the hydrazone bond means that initial crosslinks formed 

during synthesis may be broken and re-formed over time, such that a homogenization of the 

crosslink distribution at room temperature at T<VPTT is theoretically possible even if the 

interdiffusion of the two polymers during the T>VPTT fabrication step is indeed rate-limited. 

Similarly, for the covalent LbL surface modification steps performed on pre-fabricated 

microgels at T>VPTT, the dynamic crosslinking chemistry may permit interdiffusion of the 

added polymer into the gel structure over time (as observed with the polyelectrolyte LbL 

assemblies90) despite the fast and multidentate covalent crosslinking anticipated between the 

added functional polymer and residual surface or near-surface complementary functional 

groups. 
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Objectives 
 
Herein, we investigate (1) the internal morphology of these self-assembled PNIPAM 

microgels, with or without subsequent LbL modification, using a combination of surface 

force measurements, small angle neutron scattering (SANS), and ultra-small angle neutron 

scattering (USANS), and (2) the encapsulation (and preliminary release studies) of a 

moderately hydrophobic drug (dexamethasone) in uncharged self-assembled PNIPAM 

microgels. Dexamethasone is a type of corticosteroid that has the ability to reduce 

inflammation and calms an overactive immune system by mimicking the effect of cortisol, a 

hormone released by the adrenal glands that controls metabolism and stress52. 

Dexamethasone is used in the treatment of arthritis as well as various skin, blood, kidney, 

eye, thyroid, and intestinal disorders such as colitis52, and it is moderately hydrophobic (~0.1 

mg/mL in 10 mM PBS51). We anticipate that this low but not insignificant water solubility 

will facilitate high drug loading directly in the microgel during the self-assembly process.  

We demonstrate that the oligomeric self-assembly approach not only leads to degradable 

microgels but also highly homogeneous microgel structures which may be of significant 

benefit in drug delivery and other applications in which uniform crosslink densities should 

yield more uniform properties (e.g. optics). 
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Experimental Section 
 
Materials 
 
N-isopropylacrylamide (NIPAM, 99%), acrylic acid (AA, 99%), thioglycolic acid (98%), 

aminoacetaldehyde dimethyl acetal (99%), sodium cyanoborohyride (95%), 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO, 98%), methacryloyl chloride (purum), and 

dexamethasone (>98%) were purchased from Sigma Aldrich (Oakville, Canada). NIPAM 

was purified by dissolving 1 g/mL in toluene at 60°C, adding a 2:3 ratio of hexane to toluene, 

placing the solution in an ice bath for 1-2 hours, filtering/rinsing with hexanes, and drying the 

recrystallized NIPAM monomer under N2 overnight. Adipic acid dihydrazide (ADH, Alfa 

Aesar, 98%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth, 

Compton CA, commercial grade), 2,2-azobisisobutryic acid dimethyl ester (AIBMe, Wako 

Chemicals, 98.5%), and ethanol (Commercial Alcohols, Brampton, Ontario) were purchased 

and used without further purification. Milli-Q grade distilled deionized water (DIW) was 

used for all experiments. Deuterium oxide (99.9 atom% D) was purchased from Sigma 

Aldrich (Oakville, Canada) for use in neutron scattering experiments. N-decane (Sigma 

Aldrich, 99%) was purchased and triple-columned with aluminum oxide prior to use.  

 

Prepolymer Synthesis 
 
Hydrazide-functionalized (PNIPAM-Hzd) and aldehyde-functionalized (PNIPAM-Ald) pre-

polymers were synthesized using the previously reported protocols20. Briefly, PNIPAM-Hzd 

was prepared via free radical copolymerization of NIPAM (4.5 g) and acrylic acid (0.5 g) in 

20 mL of ethanol using thioglycolic acid (TGA, 80 µL) as the chain transfer agent and 2,2-

azobisisobutyric acid dimethyl ester (AIBME, 0.056 g) as the initiator (reaction temperature 

= 60°C). Gel permeation chromatography (GPC) using a Waters 590 HPLC pump, three 

Waters Styragel columns (HR2, HR3, HR4; 30 cm x 7.8 mm (ID); 5 µm particles) at 40°C, a 
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Waters 410 refractive index detector operating at 35 °C, and DMF as the solvent indicated 

that the resulting polymer had a molecular weight of 21.6 kDa, while base-into-acid 

conductometric titration indicated a stoichiometric incorporation of acrylic acid (~15 mol%) 

into the polymer. Subsequently, the acrylic acid residues were conjugated using carbodiimide 

chemistry with a 5-fold excess of adipic acid dihydrazide, resulting in an overall conversion 

of 95% of acrylic acid residues to hydrazide functionalities (i.e. ~14 mol% of the total 

monomer residues were functionalized with a hydrazide group).  Deuterated PNIPAM-Hzd 

(d-PNIPAM-Hzd) was similarly prepared by substituting NIPAM with d7-PNIPAM 

(Polymer Source, Montreal, PQ) in the recipe, with base-into-acid conductometric titration 

indicating the same stoichiometric (~15 mol% total monomer) incorporation of acrylic acid 

into the polymer and ~95% conversion of those acrylic acid residues into hydrazide groups 

following carbodiimide coupling. 

 

PNIPAM-Ald was prepared by copolymerizing NIPAM (4.5 g) with N-(2,2-

dimethoxyethyl)methacrylamide4 (DMEMAm, 0.95 g) using the same polymerization 

conditions used for the hydrazide polymer, resulting in a polymer with a molecular weight of 

~15.1 kDa via GPC. Subsequently, acid hydrolysis of the pendant acetal groups in 

DMEMAm into aldehyde groups was performed by dissolving the initial polymer in 1 M HCl 

and hydrolyzing over 24 hours, resulting in 12 mol% of total monomer residues in the 

polymer bearing aldehyde groups. All polymers were dialyzed against Milli-Q water for 6 

cycles of at least 6 hours and lyophilized for storage. 

 

Microgel Particle Size Measurements 
 
Dynamic light scattering measurements were performed using a Brookhaven 90Plus particle 

analyzer running Particle Solutions Software (Version 2.6, Brookhaven Instruments 
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Corporation), using a 659 nm laser and a 90 degree detection angle. Each measurement was 

performed at a count rate between 200-500 kilocounts/s for 2 minutes and repeated at least 

six times. The intensity-weighted particle sizes and polydispersities were reported as 

averages of these six replicate measurements, with the reported error representing the 

standard deviation of these replicates.  

 
Microgel Fabrication 
 
Oligomer self-assembled microgels were prepared following our previously reported self-

assembly/precipitation protocol (Figure 2.1)20.  Both PNIPAM-Hzd and PNIPAM-Ald were 

dissolved at 1 wt% in D2O or a mixture of D2O/H2O appropriate for index matching (see the 

SANS section for details on how this ratio was chosen). The PNIPAM-Hzd solution (5 mL) 

was then heated to a temperature above its lower critical solution temperature (LCST) to 

create stable nanoaggregates, after which the PNIPAM-Ald solution was added dropwise 

(~1-2 drops per second) at either 5 or 20% mass PNIPAM-Ald/mass of PNIPAM-Hzd to 

stabilize the nanoaggregate via a hydrolytically-labile hydrazone bond. All self-assemblies 

were performed at a reaction temperature of 70°C, well above the LCST of PNIPAM-Hzd 

(~56°C) to ensure efficient nanoaggregate formation. The mixture was magnetically stirred 

(350 RPM) at 70°C for 15 minutes following PNIPAM-Ald addition to ensure crosslinking 

prior to cooling.   
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Figure 2.1: Schematic of precipitation/self-assembly process used to fabricate degradable 
microgels from functional PNIPAM oligomers and anticipated structures of resulting 
microgels depending on the diffusibility of the PNIPAM-Ald crosslinker and the permanence 
of the crosslinks formed. The homogeneous morphology is consistent with the structural 
characterization results.  
 
 
To assess the impact of adding additional functional polymer following the initial assembly 

process (i.e. “layer-by-layer” self-assembly), the pre-formed microgel suspensions were 

cooled overnight and then re-heated to 70°C. Either PNIPAM-Hzd or PNIPAM-Ald at a 

concentration of 5 or 20% mass/mass of initial PNIPAM-Hzd was then added as described 

above for the initial PNIPAM-Ald crosslinking step, with the process repeated as desired to 

add additional “layers” to the assembly. 

 

Small-Angle Neutron Scattering (SANS) 
 
SANS experiments were conducted using the 30 m SANS NGB30 at the NIST Center for 

Neutron Research (NCNR, Gaithersburg, MD). Sample-to-detector distances of 1, 4 and 13 

m were used in conjunction with neutrons of wavelength 6 Ǻ, while the lens geometry was 

also used at the 13 m detector distance with 8.4 Ǻ wavelength neutrons to expand the 

accessible q range. The microgels were self-assembled in D2O as described in the previous 

section and loaded into NCNR’s custom titanium/quartz sample holders (diameter 19 mm 

and path length 2 mm) without further dilution. The internal gap thickness of the sample cell 
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was 2 mm, which corresponds to ~800 𝜇L of test solution. Three microgels were assessed at 

four temperatures (25, 32, 37 and 45°C) spanning the volume phase transition temperature 

(VPTT) of PNIPAM-based microgels: (1) 0.05 Ald:Hzd microgels (prepared with a 1 wt% 

PNIPAM-Hzd starting solution), (2) 0.20 Ald:Hzd microgels (1 wt% PNIPAM-Hzd starting 

solution) and (3) 0.05 Ald:Hzd microgels (2 wt% PNIPAM-Hzd starting solution). In 

addition, four layer-by-layer microgels were assembled in the sequences listed below and 

measured at 25°C only to assess the mass distribution in each microgel as a result of the 

layer-by-layer assembly process: (1) 0.05 Ald:Hzd microgel + PNIPAM-Hzd, (2) 0.05 

Ald:Hzd microgel + PNIPAM-Ald, (3) 0.05 Ald:Hzd microgel + PNIPAM-Hzd + PNIPAM-

Hzd and (4) 0.05 Ald:Hzd microgel + PNIPAM-Hzd + PNIPAM-Ald. Note that each “+ 

Polymer” addition step listed above involves cooling the sample overnight, re-heating to the 

assembly temperature of 70°C, and adding the next polymer in sequence at the concentrations 

listed above. Additional measurements were also performed on PNIPAM-Hzd precursor 

polymer solutions at the same concentration and temperature used for microgel self-

assembly, allowing for direct correlation between the structure of the nanoaggregate before 

and after crosslinking. The low q range data were acquired by counting for ~20 min using the 

13 m distance, the medium q range data were acquired by counting for ~15 min using the 4 m 

distance, and the high q range data were acquired for ~5 min using the 1 m detection 

distance. The three ranges were merged using the DAVE on-site data reduction tool and 

standard Igor Pro macros93-94.  

 

The contrast matching experiment on the self-assembled PNIPAM microgels was performed 

by fabricating microgels using d7-PNIPAM-Hzd as the seed polymer and (hydrogenated) 

PNIPAM-Ald as the crosslinking polymer (0.2 Hzd:Ald polymer mass ratio), with the ratio of 

D2O:H2O in the suspending solvent changed in order to match one of the two constituent 
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polymers. The match points were first calculated based on the atomic composition to predict 

the theoretical scattering length density for each of the polymers, corresponding to theoretical 

match points 67:33 (v:v) D2O:H2O for d7-PNIPAM-Hzd and 21:79 (v:v) D2O:H2O for 

hydrogenated PNIPAM-Ald. These values were refined by conducting scattering experiments 

both at the calculated match point as well as ±10% solvent mixtures from this calculated 

match point, with the experimental D2O:H2O ratio producing zero scattering determined by 

regression to be 63:37 D2O:H2O for d7-PNIPAM-Hzd and 22:78 D2O:H2O for PNIPAM-Ald.  

Microgels were then self-assembled as described in the previous section in the matched 

solvents to ensure the total microgel concentration was constant for each experiment. SANS 

experiments were conducted as previously described for the non-contrast matched samples.  

  

Ultra-small Angle Neutron Scattering (USANS) 
 
USANS experiments were conducted on the contrast-matched microgels using the BT5 

USANS at the NIST Center for Neutron Research (NCNR, Gaithersburg, MD)95. The neutron 

wavelength used was 2.4 Ǻ ±	6%, with the q range spanning between ~0.00003 Ǻ-1 to 0.002 

Ǻ-1 to slightly overlap the lower end of the accessible q range from SANS (0.001 Ǻ-1) and 

allow for efficient stitching/scaling of the data using the DAVE on-site data reduction tool. 

Samples were loaded into the same sample holder used for SANS analysis.  

 
 
Neutron Scattering Data Analyses  
 
The SANS analysis on the bulk microgels and the contrast-matched microgels was done 

using Interactive Data Language (IDL) and Igor Pro, using the fuzzy sphere model shown in 

Equation [1].  
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[1] 

 

Note that the <> brackets denote an average over the size distribution, where 𝐴0 𝑞  

represents the form factor 𝑃(𝑞), 𝑆 𝑞  is the structure factor (for dilute solutions, S(q) = 1 for 

all q), 𝜉 is the correlation length (roughly representing the mesh size of the gel network), 

𝜎_`aab denotes the width of the smeared or “fuzzy” particle surface (which, when set to 0, 

reduces the expression to that of a homogeneous sphere), m is the Lorentzian exponent, and q 

is the scattering vector, related to the neutron wavelength (𝜆) and the scattering angle (𝜃). 

Since the instrument resolution causes a smearing of the data, the intrinsic desmearing 

function in IgorPro (the convolution of P(q) with a Gaussian function) was used to account 

for smearing effects96.  

 
Langmuir Trough  
 
Compression isotherms were recorded and analyzed on the oil-water interface using a KSV-

NIMA Langmuir trough with two barriers operating at a speed of 108 mm/min and a 

platinum Wilhelmy plate to measure the change in interfacial tension from the clean interface 

to the interface covered with microgel particles. Distilled water (200 mL) was used as the 

aqueous phase and triple-columned n-decane (200 mL) was used as the oil phase. Low 

crosslink ratio (0.05 Ald:Hzd polymer mass ratio) or high crosslink ratio (0.20 Ald:Hzd 

polymer mass ratio) self-assembled microgels were dispersed in the aqueous phase. As the 

particles were compressed, the change in interfacial tension was measured with the platinum 

Wilhelmy plate, with the measurement converted to a surface pressure using the KSV-NIMA 

software.    
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Drug loading and Release Experiments 
 
Two methods of loading dexamethasone into uncharged self-assembled PNIPAM microgels 

were investigated (see Appendix A for illustrations).  

 

(1) Direct loading during self-assembly: PNIPAM-Hzd and PNIPAM-Ald were dissolved 

separately at 1wt% in Milli-Q H2O. A solution of dexamethasone was prepared in Milli-Q 

H2O (solubility in water ~0.1 mg/mL) and stirred overnight. Thirty minutes prior to the self-

assembly, 1 mL of the dexamethasone solution was added to PNIPAM-Hzd and stirred with a 

small magnetic stirrer. The self-assembly was conducted at 70°C at 350 RPM by adding 1 

mL of 5 or 20 mass% of PNIPAM-Ald (relative to PNIPAM-Hzd) and allowing 15 minutes 

for the microgels to crosslink. The microgel suspension was cooled for 1-2 hours prior to 

centrifugation. The centrifugation time and speed were optimized to 18000 RPM and 20 

minutes for 1-2 mL of microgel solution (total of 25 mL in each centrifuge tube, diluted with 

Milli-Q H2O) to ensure efficient microgel recovery but facile redispersion of the microgels in 

suspension, as identified using a full factorial experimental analysis (see Supporting 

Information). 2 mL of supernatant was removed for drug loading analysis using high 

performance liquid chromatography (HPLC – see next section for details). The microgel 

pellet in the centrifuge tube was re-dissolved in 1 mL of 10 mM PBS for subsequent drug 

release studies.  

 
(2) Conventional diffusion/partitioning-based loading following microgel fabrication:  0.05 

and 0.20 Ald:Hzd self-assembled PNIPAM microgels were fabricated as previously 

described. 1 mL of each microgel suspension was centrifuged at 18000 RPM (20 min 

centrifugation time) and re-suspended in different amounts of 0.08 mg/ml dexamethasone 

solutions in 10 mM PBS for 24 hours. The suspensions were then centrifuged again at 18000 
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RPM and 20 min (total volume 25 mL, diluted with Milli-Q H2O) to isolate the microgels 

from unloaded drug, and the supernatant was tested for drug loading efficiency using HPLC.  

 

The drug loading encapsulation efficiency (EE) was calculated as follows, where C is the 

concentration of drug encapsulated, V is the volume of diluted nanoparticles, and T is the 

amount of drug added97: 

𝐸𝐸 % = g∗h
i
∗ 100% [2] 

 

Preliminary drug release studies were conducted in 1 mL 3.5-5 kDa Float-a-Lyzer cellulose 

membranes (Spectra-Por), using 10 mM PBS as the release medium. Size and polydispersity 

were measured for each sample after loading with dexamethasone and after re-suspending in 

10 mM PBS. Preliminary release data was collected on 0.05 Ald:Hzd microgels only using 1 

mL (instead of 2 mL) of microgel suspension for centrifugation; the lower crosslink density 

allowed for release of dexamethasone through the semi-permeable membrane and could be 

detected using HPLC.  

 
High Performance Liquid Chromatography 
 
Quantitative determinations of dexamethasone were performed using a high-performance 

liquid chromatographic (HPLC) system composed of a 2707 Autosampler, 2489 UV/Visible 

detector and 1525 binary HPLC pump, all from Waters Corporation. Samples were analyzed 

using a reversed-phase Atlantis C18 column (100 mm x 4.6 mm, Waters Corporation). The 

mobile phase consisted of 40% acetonitrile and 60% water. A flow rate of 1.0 mL/min 

resulted in retention times of approximately 4 min. The absorbance was measured at 263 nm.  
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Results  
 
Microgel Particle Size 
 
The hydrodynamic radius and polydispersity of the microgels in a dilute suspension of D2O, 

the layer-by-layer assembled microgels in D2O, and the contrast-matched microgels at the 

relevant D2O:H2O ratios used for the contrast matching experiments at 25°C (T<VPTT) are 

listed in Table 1. Note that the solvents chosen for each listed measurement relate directly to 

those used in the SANS and USANS experiments, such that the sizes measured are directly 

comparable between the experiments. Relative to the same microgels fabricated in H2O, the 

particle sizes measured in D2O are consistently larger; this is reflective of the higher 

propensity of D2O to form hydrogen bonds98, which is the driving force for microgel 

hydration at T<VPTT. However, the trends in size are identical to those observed in H2O, 

with lower radii observed as the relative amount of PNIPAM-Ald (crosslinker) was increased 

and higher radii observed when higher concentrations of the PNIPAM-Hzd polymer were 

used to form the initial nanoaggregate. For the covalent LbL-assembled microgels, adding 

one additional treatment of PNIPAM-Hzd resulted in a small but significant increase in 

particle size; however, adding an additional treatment of PNIPAM-Ald or adding sequential 

additional treatments of PNIPAM-Hzd resulted in no significant change in the particle size (p 

< 0.05 in either pair-wise comparison). This lack of an observed size change would not be 

anticipated if a true LbL surface assembly (akin to conventional polyelectrolyte LbL 

assembly) was happening. Instead, we hypothesize that the size results are indicative of a 

balance between additional crosslinking (restricting swelling) and the introduction of more 

hydrophilic hydrazide/aldehyde groups (driving swelling) upon the addition of each 

subsequent functional polymer. Of note, sequential additions of PNIPAM-Hzd followed by 

PNIPAM-Ald resulted in a much higher particle size of 268±12 and substantially higher 

polydispersity compared to the other samples tested, suggesting significant inter-particle 
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aggregation in this case that was not observed with other samples. In the contrast-matched 

samples, the microgel size did not significantly change when deuterated d7-PNIPAM-Hzd 

was used as the building block of the microgel as opposed to protonated PNIPAM-Hzd (p < 

0.05).  

 

Table 2.1: Dynamic light scattering size and polydispersity measurements on microgels in 
solvents used for SANS/USANS analysis 
 

Microgel Description Solvent Radius (nm) Polydispersity 

0.05 Ald:Hzd (1 wt%) D2O 162±3 0.08±0.01 

0.20 Ald:Hzd (1 wt%) D2O 145±3 0.11±0.02 

0.05 Ald:Hzd (2wt%)  D2O 203±9 0.16±0.02 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Hzd  

D2O 176±8 0.10±0.01 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Hzd + PNIPAM-Hzd 

D2O 166±7 0.15±0.03 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Ald  

D2O 166±4 0.13±0.02 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Hzd + PNIPAM-Ald  

D2O 268±12 0.21±0.4 

d-PNIPAM-Hzd 0.20 Ald:Hzd (1 wt%) 
(d-PNIPAM-Hzd match) 

63 D2O: 
37 H2O 

183±16 0.17±0.03 

d-PNIPAM-Hzd 0.20 Ald:Hzd (1 wt%) 
(PNIPAM-Ald match) 

22 D2O: 
78 H2O 

176±8 0.15±0.04 

 

SANS of PNIPAM-Hzd Nanoaggregates  
 
To gain insight into the mechanism by which the sequential addition process creates self-

assembled microgel particles and the structure of the thermally collapsed nanoaggregates that 

seed the self-assembled microgels, PNIPAM-Hzd precursor polymer solutions (prior to 

PNIPAM-Ald addition) were tested in D2O using SANS at 70°C and 1 wt% or 2 wt%, the 

temperature and concentrations used in the self-assembly process. The majority of resulting 
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profiles aside from the low q regime could both be fit to the homogeneously cross-linked 

sphere model (i.e. σfuzzy = 0 in Eq. 1) using characteristic radii of 66 nm for 1 wt% PNIPAM-

Hzd and 73 nm for 2 wt% PNIPAM-Hzd (Table 2.1; see raw data and best fit functions in 

Supporting Information, Figure S1.1). The higher size of the 2 wt% nanoaggregate is 

consistent with the larger size of the resulting microgels produced (Table 2.2), indicating 

some correlation between the nanoaggregate size and the resulting microgel.  These sizes are 

however substantially smaller than those measured on the same samples via DLS (166 ± 1 

nm and 176 ± 1 nm respectively), although the high measured polydispersities (~0.3) indicate 

substantial aggregation in the samples and the intensity weighting of the DLS results 

consistently overweights the effect of larger particles on the average particle size reported.  

SANS analysis similarly indicates that both precursor solutions exhibited broad 

polydispersities of ~31%, with the low q region for both concentration samples showing a 

constant slope (the green solid lines in Fig. S1.1) indicative of large-scale aggregation99. 

Interestingly, these poorly defined pre-aggregates can successfully be utilized to create 

relatively monodisperse microgel particles.  

 
Table 2.2:  Best fit parameters for fuzzy sphere model fit of PNIPAM-Hzd nanoaggregates at 
70°C; see Supporting Information Fig. S1.1 for raw data and fit curves. 
 

PNIPAM-Hzd 
Concentration (mg/mL) 

σfuzzy Radius 
(nm) 

Polydispersity ε (nm) M 

1 0 66 0.30 3.0 3.5 x 10-5 
2 0 73 0.31 3.2 6.5 x 10-5 

                

SANS of Self-Assembled PNIPAM Microgels 
 
SANS experiments as a function of temperature were subsequently performed to assess the 

impact of the PNIPAM-Hzd starting concentration and the ratio between PNIPAM-Ald : 

PNIPAM-Hzd on the microgel morphology, with the results shown in Figure 2.2. The best 

fits accomplished with the fuzzy sphere model returned a finite shell thickness of between 2-
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4 nm, a shell thickness at the extreme lower boundary of relevance for the core-shell model 

(Supporting Information, Figure S1.2). c2values, corresponding to the goodness of fit of the 

model functions to the experimental data, were similar for both the homogeneously 

crosslinked model (𝜎_`aab = 	0) and the core-shell Stieger model at all temperatures 

evaluated (Table S1); furthermore, the mid-q oscillations that are captured by the fuzzy 

sphere model73 are not visible on the SANS profiles of the self-assembled microgels.  

Together these observations suggest that the additional core-shell terms in the Stieger model 

are unnecessary for fitting the experimental data, leading us to use the homogeneous model to 

fit all SANS microgel profiles presented in Figure 2.2. Note that this result lies in sharp 

contrast to conventionally-prepared PNIPAM microgels, in which a core-shell model with a 

significant shell thickness on the order of 14-30 nm (below VPTT) is required to accurately 

fit the SANS profiles73. Figure 2.3 shows the corresponding key fitting parameters of 

microgel radius and mesh size as a function of temperature extracted from the homogeneous 

sphere fits. All fitting parameters (including a summary) for the bulk self-assembled 

PNIPAM microgels are included in Supporting Information Tables S3 and S4. 

. 
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Figure 2.2: Neutron scattering intensity I(q) as a function of the scattering vector (q) as a 
function of temperature for: (A) 0.05 Ald:Hzd microgel (1 wt% PNIPAM-Hzd); (B) 0.20 
Ald:Hzd microgel (1 wt% PNIPAM-Hzd); (C) 0.05 Ald:Hzd microgel (2 wt% PNIPAM-
Hzd). Solid black lines represent the fits, and standard deviations of the fits are plotted as 
error bars.  
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Figure 2.3: Key fitting parameters of the SANS analysis on bulk self-assembled PNIPAM 
microgels: (A) microgel radius versus temperature; (B) correlation length versus temperature. 
 

In general, the scattering intensity observed increases systematically with temperature as the 

microgels are heated from below (25°C) to above (45°C) their VPTT, consistent with 

previous studies on thermoresponsive hydrogels100 and microgels73, 75, 101. Note that slight 

aggregation above the VPTT occurred particularly in the 0.20 Ald:Hzd (1 wt%) sample (Fig. 

2.2B), which is reflected in the somewhat poorer fit achieved at 37°C and the lower intensity 

profile observed at 45°C. This increased intensity as a function of temperature correlates to a 

discontinuous transition in the best fit microgel radius as a function of temperature (Fig. 

2.3A), consistent with (albeit slightly larger in overall magnitude compared to) the dynamic 

light scattering measurement of the phase transition (Supporting Information, Figure S1.3).  

The higher radius in the collapsed state as well as the higher temperature transition measured 

via DLS relative to SANS can again be attributed to the intensity weighting of the size 

distribution in DLS; however, the general trends measured via both techniques are highly 

comparable. The best fit radius of 0.05 Ald:Hzd prepared with 2 wt% PNIPAM-Hzd seed 

polymer also was significantly higher at lower temperatures compared to microgels prepared 

with a 1 wt% PNIPAM-Hzd seed polymer (Fig. 2.3A), again consistent with DLS results 

(Table 2.1).   
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Typically, decreases in microgel radius are accompanied by decreases in the correlation 

length (ε), which is conventionally attributed to represent the mesh size of the network.  

However, only minimal changes in the correlation length were observed as a function of 

temperature for the self-assembled microgels, with very slight (~0.5 nm) decreases observed 

between 32°C and 37°C for the two lower crosslink density microgels prepared with a 0.05 

Ald:Hzd ratio and no significant change in correlation length observed for the more 

crosslinked microgel (0.20 Ald:Hzd ratio). The comparative differences between different 

crosslink density microgels are consistent with the DLS results and the best-fit SANS radius 

results, in which more crosslinked microgels exhibit broader and lower magnitude phase 

transitions that would result in lower changes in network mesh size as a function of 

temperature; this is also consistent with observations on conventional (non-homogenous) 

microgel particles102. However, at least some change in correlation length versus temperature 

was anticipated for all microgels. We hypothesize this is a result of a change in the network 

from being more homogeneous to featuring nanophase separated domains upon heating, the 

size/spacing of which may also be captured in the correlation length parameter. Given the 

relatively high number of polar hydrazide, aldehyde, or hydrazone functional groups present 

in the network, the potential for such nanoscale phase segregation is anticipated to be higher 

as the self-assembled microgels are heated compared to conventional microgels. As such, the 

correlation length may simultaneously track these different phenomena as the microgels are 

heated, making the trends less predictable. However, we also note that mesh size is difficult 

to measure accurately even with conventional PNIPAM microgels73, and the aggregation 

noted in the 0.20 Ald:Hzd microgel may also be skewing the results for that particular 

sample. Regardless, a homogeneous sphere model can give good fits to the SANS profiles of 

self-assembled microgels over the full transition range, suggesting that the internal 
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morphology of these microgels is significantly more homogeneous than that of conventional 

microgels. 

 

Contrast Matching Experiment  
 
To independently track the distributions of PNIPAM-Ald and PNIPAM-Hzd within the 

microgel network, PNIPAM-Hzd was deuterium labeled by preparing the copolymer with d7-

NIPAM as the monomer. Self-assembled microgels were then fabricated in appropriate 

index-matching solvents applicable to “hiding” each constituent component of the microgel 

network (63:37 D2O:H2O to hide PNIPAM-Hzd and 22:78 D2O:H2O to hide PNIPAM-Ald), 

allowing for unambiguous contrast matching of one component while preserving the 

scattering from the other component. USANS measurements were also performed on the 

same samples to allow for a further extension of the accessible q range and give additional 

confirmation of the quality of the model fits. Figure 2.4 shows the combined SANS and 

USANS curves, including the fits, for matched PNIPAM-Hzd and matched PNIPAM-Ald 

microgels as a function of temperature; the USANS data is highlighted with the dashed boxes 

to demonstrate the smooth transition at the low q region between the USANS and SANS 

ranges. Table 2.3 shows the key fitting parameters accessed from the resulting homogeneous 

sphere model fits. Refer to Supporting Information Table S1.5 for all fitting parameters used 

in IgorPro.  
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Figure 2.4: Combined SANS and USANS intensity versus q profiles (and fits) for index-
matched d7-PNIPAM-Hzd (black curve) and index-matched PNIPAM-Ald (orange curve) in 
self-assembled microgels as a function of temperature (0.20 Ald:Hzd ratio, 1 wt% d7-
PNIPAM-Hzd). USANS data are highlighted with a dotted black box. Note that while 
standard deviations of the fits are plotted as error bars, most error bars are too small to be 
visible on the graph.  
 
 
Table 2.3: Best-fit parameters from homogeneous network fits of the combined 
USANS/SANS data for self-assembled microgels fabricated with d7-PNIPAM-Hzd and 
PNIPAM-Ald examined using contrast matching experiments sequentially hiding (A) the d7-
PNIPAM-Hzd polymer and (B) the PNIPAM-Ald polymer  
 
 25°C 32°C 37°C 45°C 

 (A) (B) (A) (B) (A) (B) (A) (B) 

Radius (nm) 120 125 118 120 88 88 81 85 

Polydispersity 0.45 0.46 0.55 0.61 0.79 0.68 0.79 0.85 

Mesh Size (nm) 30 34 30 34 30 34 30 32 
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Aside from the higher background intensity of the PNIPAM-Ald index-matched profiles (a 

result of the higher amount of H2O in the solvent mixture), the scattering profiles of both 

index matched polymers follow a remarkably similar shape (Figure 2.4). The homogeneous 

sphere model (σfuzzy = 0) again gave excellent fits to both index matched polymer 

distributions at all temperatures studied over the full accessible USANS/SANS q range. The 

best-fit radii of both index-matched polymer distributions decrease with temperature (as 

anticipated for PNIPAM-based materials, Table 2.3) and are quantitatively matched at each 

temperature regardless what polymer is index-matched, suggesting that both polymers are 

present throughout the whole mass of the microgel. In addition, although the absolute values 

of the correlation lengths must be interpreted with extreme caution, as the inherent 

uncertainty in this value coupled with the fact that the contrast matching technique hides a 

significant fraction of the microgel mass in each experiment, the correlation lengths of the 

two contrast matched samples are very similar and again independent of temperature, 

suggesting that the feature sizes associated with both the d7-PNIPAM-Hzd and PNIPAM-Ald 

distributions are similar. All these observations are consistent with the oligomeric self-

assembled microgels possessing a homogeneously crosslinked network structure.   

 

It must be noted that the measured polydispersity values are significantly larger than those 

observed with the non-contrast matched experiment (Tables S1.3 and S1.4). While this result 

is likely in part simply a result of the contrast matching experiment itself, in which a large 

amount of the total mass of the microgel is “missing” in the scattering curve, the inherent 

differences in the LCST values between deuterated and protonated PNIPAM-Hzd may also 

promote larger polydispersities relative to those observed in the non-contrast matched 

samples. The LCST of the deuterated PNIPAM-Hzd in H2O is ~60°C, compared to ~56°C for 

the protonated PNIPAM-Hzd; the addition of D2O in the solvent (as required to index match 
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the deuterated polymer) further increases the LCST values by 1-3°C103. As such, given that 

the assembly temperature was identical for all assemblies (70°C), the fabrication of d7-

PNIPAM-Hzd-containing microgels occurred much closer to the LCST of the nanoaggregate 

seed polymer than assemblies using PNIPAM-Hzd. We have previously observed that 

assemblies performed close to the LCST of the seed polymer result in less defined 

nanoaggregates and thus more polydisperse microgels, as observed here20. However, since 

the mechanism of assembly remains the same, the results extracted here remain relevant to 

the all-protonated microgels. It should also be noted that the polydispersity values of the 

overall microgels are all reasonably low (PDI<0.15) over the full size range tested for both 

0.05 Ald:Hzd and 0.20 Ald:Hzd microgels in D2O (Figure S1.4), making it more likely that 

this larger polydispersity is a fitting artefact rather than a real effect.  

 

SANS of Self-Assembled Layered PNIPAM Microgels  
 
To investigate how the addition of subsequent reactive polymers to a pre-assembled microgel 

(i.e. LbL modification) influences the internal morphology of the resulting microgels, SANS 

was used to probe the internal morphology of the resulting microgels. Table 2.4 shows the 

change in microgel radius as a function of adding sequential layers of PNIPAM-Hzd polymer 

or alternating layers of PNIPAM-Ald and PNIPAM-Hzd (see Supporting Information, Figure 

S1.5 for the raw SANS data and the best-fit curves). Full fitting parameters (including a 

summary) are provided in Supporting Information Table S1.6.  
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Table 2.4: Best-fit parameters from homogeneous network fits of the SANS data for layer-
by-layer self-assembled microgels based on a 0.05 Ald:Hzd (1 wt % PNIPAM-Hzd) microgel 
core (solvent = D2O), measured at 25°C 
 

Microgel Description Radius (nm) Polydispersity 
(%) 

Correlation 
length (nm) 

0.05 Ald:Hzd (1 wt%) 165 ± 2 4  4.1 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Hzd  

177 ± 1 8 4.5 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Hzd + PNIPAM-Hzd 

178 ± 4 10 3.6 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Ald  

167 ± 2 7 2.5 

0.05 Ald:Hzd (1 wt%)  
+ PNIPAM-Hzd + PNIPAM-Ald  

176 ± 2 5 12.1 

 

As with the self-assembled microgels themselves, no visual or quantitative (via χ2 values, see 

Supporting Information Table S1.2) improvement in the quality of fit was achieved when 

using the fuzzy sphere model relative to a homogeneous sphere model, suggesting that the 

addition of the subsequent functional polymers does not substantially alter the homogeneity 

of the microgel network (i.e. a “shell” is not formed). However, consistent in terms of both 

trends as well as absolute radius values with the DLS results (Table 2.1), the best-fit radius 

slightly increased when an additional “layer” of PNIPAM-Hzd was added to a pre-assembled 

0.05 Ald:Hzd (1 wt%) microgel. Based on these results, we hypothesize the observed size 

increase is a result not of the formation of a PNIPAM-Hzd-rich shell but rather a 

homogeneous increase in the hydrophilicity of the microgel network due to the introduction 

of an increasing number of unreacted polar hydrazide groups. Combined with the concurrent 

increase in total mass density within the microgel, the increased polarity increases the 

osmotic pressure inside the gel phase to drive swelling in the microgel, resulting in the larger 

measured size.   
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When a second polymer “layer” was added, the particle size did not significantly change 

regardless of whether the polymer was PNIPAM-Hzd or PNIPAM-Ald, although the reason 

behind each result is different. The original self-assembled microgels have a 20:1 excess of 

hydrazide versus aldehyde groups (0.05 Ald:Hzd); as such, the first PNIPAM-Hzd treatment 

can easily consume the available free (unreacted) aldehydes remaining from the assembly 

step, resulting in little if any of the additional PNIPAM-Hzd being crosslinked/immobilized 

into the microgel network. In contrast, the large excess hydrazide content means that the 

addition of further PNIPAM-Ald does result in the formation of more crosslinks (less 

swelling) as well as the replacement of free hydrazide groups with either aldehydes or 

hydrazones, both of which are less polar. These dual deswelling responses are offset by the 

increase in net polymer concentration within the microgel phase (driving osmotic swelling) to 

result in no net change in microgel particle size upon the addition of the second layer. 

Regardless of the mechanisms involved, these results confirm that the homogeneous sphere 

model can accurately fit the internal structure of oligomeric self-assembled microgels 

regardless of how many subsequent additions of reactive pre-polymer are performed. This 

result means that the pre-polymers can freely diffuse into the pre-formed microgel instead of 

forming the dense core-diffuse shell structure that would have been anticipated in traditional 

layer-by-layer assembly.  

 
 
Langmuir Trough  
 
As a complementary method to probe the internal morphology of the microgels, surface 

pressure measurements of 0.05 Ald:Hzd (1 wt% PNIPAM-Hzd) and 0.20 Ald:Hzd (1 wt% 

PNIPAM-Hzd) self-assembled microgels assembled at the n-decane/water interface were 

performed using a Langmuir trough. Figure 2.5 shows the normalized compression isotherms 

(composed from different microgel concentrations) of these two self-assembled microgels in 
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comparison to previously-reported isotherms related to conventionally-fabricated PNIPAM-

co-methacrylic acid (PNIPAM-co-MAA) microgels that have previously been identified via 

SANS analysis to have a fuzzy sphere morphology79. Note that un-normalized compression 

isotherms (with the corresponding amounts of 1 wt% microgel solution) are included as 

Supporting Information, Figure S1.6.  

 
 
Figure 2.5: Normalized compression isotherms of self-assembled PNIPAM microgels (A) 
0.05 Ald:Hzd (1 wt% PNIPAM-Hzd) and (B) 0.20 Ald:Hzd (1 wt% PNIPAM-Hzd) at the n-
decane/water interface. 
 
For the self-assembled microgels, the compression isotherms at different concentrations 

followed the same shape and reached a single plateau, independent of the cross-link ratio.  

We anticipate that the lack of difference between the 0.05 Ald:Hzd and 0.20 Ald:Hzd 

microgels is attributable to the reduction in the sensitivity of the Langmuir trough technique 

due to the moderate polydispersity of the self-assembled microgels, which cannot pack 

perfectly at the interface as do conventional microgels. In addition, both compression 

isotherms were sigmoidally shaped, with only a single plateau observed upon compression. 

In contrast, conventionally fabricated PNIPAM microgels with a known dense core-disperse 

shell structure show a distinct second plateau at the higher range of surface pressures 

tested104-105. This type of iso-structural transition has been attributed to the differences in 

compression forces measured whether the microgels are in shell-shell contact (two more 
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loosely crosslinked networks, compressible at lower forces) or core-core contact (two more 

tightly crosslinked networks, compressible only at higher forces)105. The absence of this 

second plateau in self-assembled microgel data suggests that there is no such spatial 

difference in crosslinking density (i.e. no core-shell) in these microgels, again consistent with 

the successful SANS fits of these microgels as homogenously cross-linked networks. 

 
Drug Loading Efficiencies 
 
To assess whether directly loading of the moderately hydrophobic drug (i.e. dexamethasone) 

is possible during the self-assembly process (a process that would have several advantages 

including ease of encapsulating moderately hydrophobic drugs, simple purification, and fast 

loading), five different concentrations of dexamethasone were loaded in 0.20 Ald:Hzd self-

assembled PNIPAM microgels. Table 2.5 shows the resulting particle sizes of the microgels 

with and without drug loading and the encapsulation efficiency of dexamethasone at different 

drug concentrations. Note that 0.1 mg/mL was chosen as the upper limit for loading 

experiments given that this represents the aqueous solubility of dexamethasone.  

 
Table 2.5: Drug loading efficiency for in situ dexamethasone loading during self-assembly 
 
Dexamethasone 
Concentration 

(mg/mL) 

Diameter without 
dexamethasone 

(nm) 

Diameter with 
dexamethasone (nm) 

Encapsulation 
Efficiency (%) 

0.03 290 ± 8 
(PDI = 0.08 ± 0.05) 

261 ± 15 
(PDI = 0.11 ± 0.05) 

76 ± 3 

0.035 275 ± 10 
(PDI = 0.08 ± 0.04) 

82 ± 5 

0.06 265 ± 5 
(PDI = 0.07 ± 0.04) 

78 ± 1 

0.07 280 ± 7 
(PDI = 0.10 ± 0.02) 

75 ± 3 

0.1 264 ± 4 
(PDI = 0.12 ± 0.03) 

74 ± 2 
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The drug-loaded microgels exhibited statistically significant but relatively small decreases in 

size relative to microgels prepared using the same self-assembly process but without drug, 

consistent with the loading of a moderately hydrophobic payload into the microgel phase. 

However, in each case, the polydispersity of the drug-loaded microgels sample remained very 

low (<0.1), indicating the preservation of the monodisperse suspension of microgels 

important for drug delivery applications. In addition, the encapsulation efficiency over the 

full range of drug concentrations tested is >75%; this is five times higher than the loading 

efficiencies achieved with the conventional diffusion-based loading method of pre-formed 

microgels (15 ± 8%). As such, the in situ loading self-assembly method is both faster 

(avoiding the need for microgel pre-fabrication before loading, cutting out the 

partitioning/diffusion equilibration time, and eliminating one centrifugation step) and 

significantly more effective. It is important to note that diffusion/partitioning-based loading is 

the only available drug loading protocol for conventional precipitation-based PNIPAM 

microgels, while the self-assembled microgels can be loaded either in situ or via passive 

diffusion.  

 
Drug Release Study  
 
A preliminary drug release study was performed with 0.05 Ald:Hzd microgels loaded using a 

0.08 mg/ml dexamethasone solution, with release tracked over a duration of 12 days (Figure 

2.6). Remarkably slow drug release was observed; less than 7% of the total drug was released 

over the 12-day experiment, indicating very slow and controlled release. To assess the 

mechanism of drug release in both cases, a first-order fit was plotted on the cumulative 

release versus time graph in Figure 2.6, while the amount of drug released as a function of 

sample number was plotted in Figure 2.7. 
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Figure 2.6: Cumulative drug release profile of dexamethasone as a function of time from 
0.05 Ald:Hzd microgels (n=3).  The dotted line represents a first order-fit (R2 = 0.91) 
 

 

Figure 2.7: Cumulative drug release of dexamethasone as a function of sample number from 
0.05 Ald:Hzd microgels (n=3).  The dotted line represents a linear regression fit (R2 = 0.98) 
 

The first-order fit does not accurately describe the drug release, either qualitatively or 

quantitatively based on the relatively low R2 value observed. This result suggests that the 

release of dexamethasone is not purely regulated by diffusion. In contrast, Figure 2.7 shows 

that the amount of drug released is linearly correlated with each sample number. This result 

suggests that the release of dexamethasone from the uncharged PNIPAM microgels is 

primarily due to drug partitioning (i.e. concentration gradients) between the microgel and 
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release phases, offering potential for longer-term drug release from microgels. A longer-term 

analysis is now underway to demonstrate whether or not this linearity observed between the 

sampling step and the cumulative drug release will remain over longer release periods/at 

higher cumulative drug release levels.  

 

Discussion  
 
Controlling the internal morphology of microgels is essential to generating the swelling, 

diffusive, interfacial properties, and drug loading and release properties required for specific 

applications. Herein, SANS (both with and without contrast matching of the constituent gel 

precursor polymers), USANS, and surface force measurements all suggest that our 

oligomeric self-assembled microgels have a homogeneously crosslinked structure, in contrast 

to PNIPAM microgels prepared using the conventional free radical precipitation 

polymerization technique. This result is somewhat unanticipated given the sequential addition 

synthetic procedure used to prepare the microgels starting from a pre-aggregated PNIPAM-

Hzd seed above the phase transition temperature; the addition of a polymeric crosslinker to a 

collapsed nanoaggregate was expected to lead to the formation of a dense shell morphology 

based on the low anticipated diffusion of the PNIPAM-Ald crosslinker into the 

nanoaggregate. However, we believe the result presented is reasonable for two reasons. First, 

the self-assembly is conducted just above the lower critical solution temperature of what is a 

fairly polar starting material; ~15 mol% of the monomeric units on PNIPAM-Hzd have a 

highly polar hydrazide group attached. As such, while it is clear from both DLS and the 

SANS measurements that nanoaggregation is occurring, the nanoaggregate is likely neither 

highly collapsed nor highly organized, with the latter point supported by the substantial 

decrease in the polydispersity of the nanoaggregate upon crosslinking with PNIPAM-Ald 

(from ~30% for the nanoaggregate to ~10-20% for the bulk self-assembled PNIPAM 
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microgels, Tables S1.3 and S1.4). As such, relative to unfunctionalized PNIPAM polymers 

that form highly condensed aggregates, the more polar PNIPAM-Hzd nanoaggregates can 

likely facilitate interdiffusion of the PNIPAM-Ald crosslinking polymer. Furthermore, since 

the assembly temperature is also higher than the LCST of the relatively small PNIPAM-Ald 

oligomer (Mn ~15 kDa, LCST ~42 °C), the diameter of collapsed PNIPAM-Ald chains would 

be small and the aldehyde crosslinking groups would be less sterically accessible under the 

self-assembly conditions, enabling improved penetration of the polymer into the PNIPAM-

Hzd nanoaggregate. Second, unlike the permanent free radical crosslinks formed using the 

conventional microgel fabrication technique, our use of reversible and dynamic hydrazone 

crosslinking chemistry enables dynamic changes in the crosslinking density over time until 

an equilibrium is reached. Note that the slightly acidic pH value of both the reaction mixture 

and obtained microgels (pH ~5.5-6) is consistent with allowing such dynamic exchange on 

the observed time scale106. Consistent with prior observations on low molecular weight 

polyelectrolytes, diffusion of the PNIPAM-Ald crosslinker (or any of the LbL polymer 

treatments) into the microgel bulk is on this basis thermodynamically favorable, given that 

distributing the PNIPAM-Ald polymer throughout the microgel would sterically maximize 

the number of hydrazone crosslinks that could be formed. Thus, the combination of these 

kinetic and thermodynamic contributions makes it reasonable to expect a relatively 

homogeneous crosslink distribution. 

 

The homogeneous nature of these self-assembled microgels adds to the potential advantages 

of these microgels relative to conventional microgels in biomedical applications. In addition 

to the inherent degradability offered by the hydrazone crosslinks, the uniform network 

structure should offer more predictable drug release rates, affinities to environmental 

analytes, or refractive properties for biosensor applications. Specifically, the loading and 
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release of hydrophobic drugs, such as dexamethasone, can be improved significantly 

compared to conventional precipitation-based microgels by loading drug directly during the 

self-assembly process, not possible using conventional free radical-based microgel 

fabrication techniques. Ocular inflammatory diseases including age-related macular 

degeneration, diabetic retinopathy and glaucoma require the controlled delivery of 

dexamethasone to the posterior segment of the eye that avoid frequent drug dosages and thus 

lead to poor patient compliance107. Degradable microgels offer a potential solution to this 

challenge which are minimally invasive but still effective in terms of enabling controlled 

drug delivery. It must be emphasized that the self-assembly loading method requires that the 

drug to be loaded is thermally stable at the assembly conditions (~70°C over at most one hour 

between the pre-heating and assembly steps); while this is not to be problematic for many 

drugs of interest, drug stability must be considered to ensure the efficacy of this method. 

 
Conclusion 
 
A combination of surface force measurements, small angle neutron scattering (SANS), and 

ultra-small angle neutron scattering (USANS) was used to demonstrate that self-assembled 

microgels based on hydrazide and aldehyde-functionalized poly(N-isopropylacrylamide) 

oligomers have a homogenously cross-linked internal structure. This structure is 

hypothesized to form as a result of the combination of the dynamic nature of the hydrazone 

crosslinking chemistry and the assembly conditions used that promote polymer interdiffusion. 

In contrast, conventional precipitation polymerization-derived PNIPAM microgels have a 

diffuse shell-dense core structure. As such, we anticipate that these well-defined degradable 

and homogeneous nanoscale gel networks offer opportunities for addressing challenges in 

drug delivery, biosensing, and optics by exploiting the predictable diffusive and refractive 

properties of the homogeneous microgel networks. In particular, herein we demonstrate 

successful co-self-assembly of a moderately hydrophobic anti-inflammatory drug 
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(dexamethasone) with five-fold higher efficacy in drug encapsulation (75-80%) relative to the 

conventional partition/diffusion-based drug loading processes using a much faster, single-

step process (suitable if drug is stable at assembly temperature).  
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Summary 
 
Multi-responsive smart materials with the capacity to reversibly change properties (i.e. size, 

charge) upon the application of more than one stimulus (i.e. temperature, pH) offer potential 

in numerous biotechnology and biomedical applications due to their ability to offer amplified 

responses to multiple “on” stimuli and/or respond to specific biological niches. Herein, we 

demonstrate the use of an aqueous thermally-driven self-assembly approach based on 

hydrazide and aldehyde-functionalized poly(N-isopropylacrylamide) (PNIPAM) oligomers 

functionalized with cationic and/or anionic comonomers for the fabrication of degradable 

temperature/pH dual responsive microgels. The self-assembled microgels show properties 

analogous to conventional cationic or anionic PNIPAM microgels, retaining their thermal 

responsiveness while exhibiting pH-driven swelling upon functional comonomer ionization.  

Amphoteric microgels can similarly be produced by mixing cationic and anionic-

functionalized precursor polymers during the self-assembly process, reproducing the high 

pH/low pH parabolic swelling response observed in conventional amphoteric microgels.  

Coupling the precise dual responsive swelling responses achievable with the degradability of 

the hydrazone crosslinks, self-assembled charged PNIPAM microgels offer potential for 
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improved performance in drug delivery applications demanding dual pH/temperature specific 

delivery (e.g. infection sites or cancer).  

 
Literature Review 
 
Stimulus-responsive or ‘smart’ polymers are increasingly attracting interest in biotechnology 

and medicine, especially in the development of drug-delivery systems, given their fast 

changes from a hydrophilic to a more hydrophobic state when exposed to only small changes 

in their environment (e.g. pH, temperature, ionic strength)108. These changes are reversible, 

allowing the system to return to its initial state when the environmental trigger is removed. 

The development of smart polymeric systems originated from the idea to imitate the behavior 

of DNA and proteins, the building blocks of life, which have the ability to respond to very 

small changes in chemical signals to perform necessary metabolic processes within the 

body109. Using the same concept for drug delivery applications, smart polymers offer 

potential to be an innovative approach for treating many life-threatening diseases and 

improve the standard of living for patients.  

 

Drug delivery is the transportation of pharmaceutical components to target sites within the 

human body while maintaining the optimum therapeutic activity and minimizing any 

unwanted side effects. Available drug delivery systems include liposomes, gels and 

nanoparticles, among many others110-111. Hydrogels are water-swollen polymer crosslinked 

networks that can be classified based on their synthesis method, type of ionic charges present 

in the polymer network and physical structures109. Hydrogels have several advantages 

relative to other types of materials including high hydrophilicity, flexibility, high water 

absorptivity and generally good cytocompatibility. One of the most valuable characteristics 

of a hydrogel in the context of their use as a drug delivery system is their ability to respond to 

external stimuli109. For example, with the presence of ionic charges in the hydrogel matrix, 
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the internal mesh size (also known as the distance between cross-links) of the polymeric 

network can change with small pH variations in the environment.  

 

In comparison to macroscopic hydrogels, microgels are three-dimensional, covalently 

crosslinked polymer networks on the size range of 10 nm to 1 µm1. Microgels have the 

advantages of responding to external stimuli much faster compared to bulk gels and allowing 

for minimally invasive administration due to their nanoscale size. As with conventional bulk 

hydrogels, microgels can be described in terms of their water content, average crosslink 

density and characteristic swelling and de-swelling behaviour. Furthermore, in the context of 

drug delivery, microgels offer the key advantages of facile control over particle size and 

charge, ease of synthesis and easy functionalization allowing for stimulus-responsive 

behaviour112. The high water content and thus low interfacial tension also offers the ability 

for a long-term circulation and the possibility of being actively or passively targeted to the 

desired location within the body, i.e. tumour sites54.  

 

Stimuli-responsive microgels (also referred to as “smart” microgels) have attracted the 

interest of many research groups, resulting in a vast array of applications including sensors113-

114, optics115 and loading/release applications112, 116. Microgels have been designed that can 

change their properties in response to physical (temperature, light, electric and magnetic 

fields) or chemical (pH, ionic strength, and the presence of chemical or biological 

compounds)112 stimuli. The latter is more common in terms of targeting delivery sites within 

the body. Thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) microgels are perhaps 

the best-known smart soft nanomaterial. PNIPAM microgels have a volume phase transition 

temperature (VPTT), a direct result of the lower critical solution temperature (LCST) of the 

PNIPAM polymer (~32°C)7.  PNIPAM microgels are swollen at room temperature but, when 
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heated above the VPTT, they discontinuously shrink in size. This phase transition is 

commonly related to the breaking of hydrogen bonds between water and amide bonds in 

PNIPAM as the hydrophobic interactions between the isopropyl groups become stronger at 

higher temperatures. Due to their high stability relative to other drug loaded carriers such as 

liposomes or micelles, PNIPAM microgels have been widely investigated as a drug delivery 

vehicle, particularly for anticancer drugs given that their small tunable size (<200 nm) allows 

for relatively efficient uptake into tumours63, 117-118.  

 

The swelling behaviour of PNIPAM microgels can be tuned by co-polymerizing monomers 

with different affinities for water, in particular organic acids or bases7. NIPAM has been 

successfully copolymerized with acrylic acid, methacrylic acid, maleic acid, vinylacetic acid, 

allyl-acetic acid, and dimethylaminoethyl methacrylate, among many others18. These co-

monomers are of special interest as they introduce charges into the polymer network that will 

significantly influence the overall swelling and shrinking behaviour of the microgel particles 

in different ways. Co-polymerization can increase or decrease the LCST of the PNIPAM 

polymer, which consequently changes the VPTT by varying the hydrophilic-hydrophobic 

balance in the microgel. Moreover, the addition of these monomers allows the already 

thermo-responsive PNIPAM microgels to also exhibit responsiveness to pH and ionic 

strength, which alter the charge density of the polymer network and the Debye screening 

length (and thus Donnan equilibrium-driven swelling of the microgel network)119.  

 

In the conventional precipitation-based microgel synthesis, the minimum reactants required 

for polymerizing a charged microgel are a free radical initiator, a monofunctional monomer 

(giving the linear segments), a bifunctional monomer (giving crosslinks) and a charged 

monomer (providing the pH-ionizable behaviour). Crosslink and charge densities can vary 
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for each copolymerization. This strategy has demonstrated potential to produce well-defined 

microgels with highly tunable charge densities and thus pH-induced swelling responses120.  

Such responses have significant potential in biomedical applications. Drug loading and 

release profiles of in particular charged drugs can be significantly altered by introducing 

partitioning effects beyond simple diffusion-controlled release64. In addition, pH-responsive 

microgels have been fabricated for highly specific targeting of cancer cells, leveraging the pH 

changes in the intracellular environment for targeted delivery of anticancer drugs into tumor 

cells121. The dual temperature/pH responsiveness of charged PNIPAM microgels offers 

further opportunities in this context given the typically slightly higher temperature observed 

at rapidly growing tumour or infection sites47, enabling the design of microgels that could 

release their cargo specifically in cancer and/or infection microenvironments. 

 

However, to use such microgels for biomedical applications, degradability remains an issue. 

Most microgel preparations use a non-degradable crosslinker; even if the crosslinker is 

degradable, the molecular weights of the degradation products are often not controllable and 

thus may not be cleared following gel degradation. To address this degradability issue in the 

context of biomedical applications, a novel thermally-driven self-assembly approach has been 

developed in the Hoare group20. In this method, a hydrazide-functionalized PNIPAM 

polymer is heated above the LCST of the polymer to form un-crosslinked nanoaggregates in 

solution. With the addition of an aldehyde-functionalized PNIPAM polymer, an acid-labile 

hydrazone bond is formed between the hydrazide and aldehyde groups to fabricate colloidally 

stable PNIPAM microgels in solution. These microgels are degradable, monodisperse, and 

stable over months, while retaining their responsiveness to temperature due to the presence of 

PNIPAM20. The properties of such self-assembled microgels can be designed to be identical 
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to precipitation-based PNIPAM microgels with the added advantage of degradability into 

polymers with known molecular weights below the kidney clearance limit.   

 

To date, only thermo-responsive self-assembled PNIPAM microgels have been fabricated 

and characterized. By adding charge into the precursor polymers used in self-assembly, pH 

tunability (and different swelling behaviors) can be achieved that may be of significant 

interest for a number of applications ranging from sensors to drug delivery. Of particular 

interest are amphoteric microgels, a special subcategory of pH-responsive microgels that 

have both cationic and anionic charges incorporated into their crosslinked polymeric 

network. Amphoteric hydrogels have been demonstrated to offer superior repellency to 

protein adsorption24, 122, key for promoting long circulation times in vivo and thus more 

effective drug delivery. In addition, amphoteric microgels have different swelling/de-swelling 

behaviours compared to single-charged microgels, opening them up to be utilized for specific 

drug delivery applications. For example, Taira et al. demonstrated the use of amphoteric 

microgels as DNA scavengers that can trap ssDNA at neutral pH due to the formation of an 

ion complex between negatively charged DNA and positively charged microgels; in alkaline 

pH, ssDNA was released due to the electrostatic repulsion forces induced by the change of 

the microgel charge123.  

 

Amphoteric microgels are typically prepared using the same precipitation polymerization 

process used to fabricate conventional thermoreponsive microgels123-124. Introducing both 

cationic and anionic charges directly in the precipitation polymerization of microgels has 

been well studied. For example, Richtering’s group prepared amphoteric microgels by the 

copolymerization of NIPAAm with acrylic acid and vinylimidazole125 and designed methods 

to prepare amphoteric microgels with temperature-sensitive properties and a controlled 
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distribution of charged groups124. However, self-assembly/crosslinking methods for 

introducing both charges into the microgel system are less common and not as well 

understood in literature.  

 
 
Objective  
 
Charged microgels have many applications in ion exchange126, drug delivery127 and 

environmental sorption128 due to their ability to improve loading and/or mediate release of 

charged species and de-swell and/or aggregate at a specific pH/temperature combinations, 

However, conventional precipitation-based PNIPAM microgels are non-degradable. Our 

novel self-assembly process allows for the fabrication of charged PNIPAM microgels 

because the precursor polymers can be easily functionalized to incorporate both cationic and 

anionic charges. As such, the objective of this Chapter is to fabricate and characterize the 

physical properties of single-charged and amphoteric self-assembled PNIPAM microgels that 

offer both desirable biological charge-switching properties as well as degradability and 

clearance in biomedical applications.  

 
  



 61 

Experimental Section 
 
Materials 
 
N-isopropylacrylamide (NIPAM, 99%), acrylic acid (AA, 99%), 2-(dimethylamino) ethyl 

methacrylate (DMAEMA, 98%), thioglycolic acid (98%), aminoacetaldehyde dimethyl acetal 

(99%), sodium cyanoborohydride (95%), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 

98%), methacryloyl chloride (purum), acryloyl chloride (97%) and tert-butyl carbazate (98%) 

were purchased from Sigma Aldrich (Oakville, ON). NIPAM was purified by dissolving 1 

g/mL in toluene at 60°C, adding a 2:3 ratio of hexane to toluene, placing the solution in an 

ice bath for 1-2 hours, filtering/rinsing with hexanes, and drying the recrystallized NIPAM 

monomer under N2 overnight. Adipic acid dihydrazide (ADH, Alfa Aesar, 98%), N’-ethyl-N-

(3-dimethylaminopropyl)-carbodiimide (EDC, Carbosynth, Compton CA, commercial 

grade), 2,2-azobisisobutryic acid dimethyl ester (AIBMe, Wako Chemicals, 98.5%), and 

ethanol (Commercial Alcohols, Brampton, ON) were purchased and used without further 

purification. Milli-Q grade distilled deionized water (DIW) was used for all experiments.  

 

The hydrazide acrylate monomer was synthesized by adding Et3N (2.40 mL, 17.3 µmoles, 1.1 

eq) to a solution of boc-carbazate (2.07 g, 15.7 µmoles) in CH2Cl2 (75 mL) under a nitrogen 

atmosphere and the solution was cooled to 0°C. Acryloyl chloride (1.27 mL, 15.7 µmoles) 

was added dropwise over 5 min and the reaction was allowed to stir at 0°C for 30 min. The 

crude reaction mixture was filtered to remove the triethylamine hydrochloride salt and the 

filtrate was concentrated by rotary evaporation. The product was purified via silica gel 

column chromatography (2:1 to 1:1 Hex/EtOAc) to give 1.52 g of the desired product (52 % 

yield). The reaction scheme and NMRs (1H NMR and 13C NMR) confirming the successful 

synthesis of the monomer are provided in Appendix B (Figures S2.1 and S2.2).  
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Prepolymer Synthesis  
 
All polymers were prepared via free radical copolymerization of NIPAM (4.5 g) in 20 mL of 

ethanol using thioglycolic acid (TGA, 80 µL) as the chain transfer agent and 2,2-

azobisisobutyric acid dimethyl ester (AIBME, 0.056 g) as the initiator (reaction temperature 

= 60°C). Functional comonomers appropriate for both facilitating hydrazone crosslinking and 

introducing charge into the microgels were added as described case-by-case below.  For 

reference, the chemical structures of the charged co-monomers in the PNIPAM 

polymerizations are highlighted in Table 3.1. 

 

Table 3.1: Chemical structures of charged co-monomers in PNIPAM polymerizations  
 
 PNIPAM-Hzd PNIPAM-Ald 
Cationic  

 
 

Anionic  

 
 
 
 

 

 

(1) Cationic hydrazide-functionalized PNIPAM ((+)-PNIPAM-Hzd): 
 
The base recipe was used together with 0.5 g AA and 2 mL DMAEMA. The acrylic acid 

residues were subsequently converted to hydrazide groups by dissolving 1 g of PNIPAM-co-

AA-DMAEMA, 20 g of adipic acid dihydrazide (ADH, 5-fold molar excess), and 11 g of 

EDC in 200 mL of Milli-Q water. The pH was adjusted to 4.75 and maintained throughout 

the reaction (4-5 hours) via the addition of 1 M HCl as required to facilitate conjugation of 
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ADH to the acrylic acid residues. The resulting solution was dialyzed against Milli-Q water 

over six 6 h cycles (12−14 kDa MWCO) and lyophilized.  

(2) Anionic hydrazide-functionalized PNIPAM ((-)PNIPAM-Hzd): 

The base recipe was used together with a 1.3 g of the hydrazide acrylate monomer and 0.5 g 

of AA. After the overnight polymerization, the polymer was dissolved in 50:50 DCM:TFA 

for 2-3 hours to remove the t-butyl protecting group and expose the hydrazide group. Once 

the solvent was blown off with air in the fumehood overnight, the polymer was dissolved in 

water and dialyzed over 6 cycles against Milli-Q water in 12-14 MWCO. See Appendix B 

(Figure S2.3) for 1H NMR confirmation of the production of a pure protected hydrazide 

acrylate monomer. 

 

(3) Cationic aldehyde-functionalized PNIPAM ((+)-PNIPAM-Ald): 

The base recipe was used together with 2.10 mL of DMAEMA and 0.95 g of N-(2,2-

dimethoxyethyl)methacrylamide (DMEMAm, synthesized as previously described in4). After 

the overnight polymerization, the polymer was dissolved in 1 M HCl for 24 hours to 

hydrolyze the pendant acetal group in DMEMAm into aldehyde groups. The resulting 

solution was dialyzed against Milli-Q water over six 6 h cycles (12−14 kDa MWCO) and 

lyophilized. 

 

(4) Anionic aldehyde-functionalized PNIPAM ((-)-PNIPAM-Ald): 

The base recipe was used together with 0.5 g of AA and 0.95 g of N-(2,2-

dimethoxyethyl)methacrylamide (DMEMAm). Polymerization and work-up was conducted 

analogously to that described for the cationic PNIPAM-Ald polymer. 
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Prepolymer Characterization 
 
Base-into-acid conductometric titration (ManTech Associates) using 0.1 M NaOH as the 

titrant and 50 mg of the functionalized microgel suspended in 1 mM NaCl as the sample was 

used to measure the stoichiometric incorporation of the titratable comonomers AA and 

DMAEMA (mol%) into the polymer. Nuclear magnetic resonance spectroscopy (1H NMR, 

Bruker AV600 in deuterated DMSO) was used to confirm the identity and composition of the 

functional groups incorporated (see Appendix B for 1H NMR of all charged PNIPAM 

polymers produced, S2.3-6). 

 
Microgel Particle Size and Charge 
 
Dynamic light scattering measurements were performed with a Brookhaven 90Plus particle 

analyzer running Particle Solutions Software (Version 2.6, Brookhaven Instruments 

Corporation), using a 659 nm laser and a 90 degree detection angle. Each measurement was 

performed at a count rate between 200-500 kilocounts/s for 2 minutes. The intensity-

weighted particle sizes and polydispersities were reported as averages of the replicate 

measurements, with the reported error representing the standard deviation of these replicates.  

 

Electrophoretic mobility was measured using a ZetaPlus zeta potential analyser (Brookhaven 

Instrument Corporation) operating in PALS (phase analysis light scattering) mode with 

polystyrene cuvettes. Samples were prepared in 10 mM NaCl and done in triplicate, with 

each run consisting of 15 cycles; the experimental uncertainties represent the standard 

deviation of the replicate measurements.  
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Both the diameter and the zeta potential/mobility of the microgels were investigated as a 

function of pH. Adjustments to the pH of the microgel solution was made using 0.1 M NaOH 

and 0.1 M HCl, and the pH was measured using a micro pH probe.  

 

LCST Measurements 
 
The lower critical solution temperature (LCST) of the functionalized PNIPAM polymers was 

measured using UV-visible spectrophotometry (Variant Cary Bio 100) by performing 

transmittance measurements over a temperature range of 25 to 80°C (2°C intervals, 1°C/min 

ramp rate). The onset LCST was defined as the temperature at which the transmittance of the 

sample was 95%.  

 
Microgel Fabrication 
 
All charged microgels were fabricated using the self-assembly process previously reported20. 

In short, the hydrazide-functionalized PNIPAM polymer (with or without cationic or anionic 

charge) was dissolved at 1 wt% in water (without any pH adjustment) and heated to 70°C. 

The precursor polymer with an LCST below 70°C switched from transparent to cloudy, 

confirming the generation of nanoaggregates upon heating. Upon this phase change (~3-5 

minutes), the aldehyde functionalized polymer (also dissolved in 1 wt% in water, again 

without pH adjustment) was added dropwise over 1-2 minutes, and the reaction was allowed 

to continue for 15 minutes in the heated oil bath. To fabricate amphoteric microgels, cationic 

and anionic PNIPAM-Hzd polymers were mixed at the desired charge ratio of the ultimate 

microgel but at the same overall mass concentration (1 wt%) used for the single-charge 

microgels, using 10 mM NaCl instead of water as the assembly solvent to partially screen the 

opposite charges in the pre-polymer solution. The solution was then heated to form the 

nanoaggregate as per the single-charge microgels, followed by addition of neutral PNIPAM-

Ald to facilitate crosslinking (Figure 3.1). This seed polymer blending approach was used 
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instead of chemically synthesizing a PNIPAM polymer with both cationic and anionic 

charges such that the same polymers used in the single-charged microgel fabrication can be 

used to fabricate amphoteric microgels any desired charge ratio by simple mixing.   

 

 
Figure 3.1: Schematic for amphoteric self-assembly, illustrating the blending technique. The 
different colors represent cationic and anionic PNIPAM-Hzd polymers.  
 
 
Results and Discussion 
 
Polymer Characterization 
 
Titration characterization data for the charged precursor PNIPAM polymers is summarized in 

Table 3.2. 

 

Table 3.2: Charged PNIPAM polymer characterization 
 

Polymer Mol% Charged Comonomer 
Incorporation 

(+)-PNIPAM-Hzd 19 ± 2  

(-)-PNIPAM-Hzd 17 ± 3  
(+)-PNIPAM-Ald 21 ± 1  

(-)-PNIPAM-Ald 17 ± 2  
 

Each charged polymer is functionalized with close to the target (20 mol%) cationic or anionic 

functional group, such that mass-by-mass mixing of the polymers (in particular, the two 

hydrazide polymers used for fabricating amphoteric microgels) will yield near-stoichiometric 

charge balances.   

 

+

(+)-PNIPAM-Hzd (-)-PNIPAM-Hzd

Mix 50:50 T > LCST
Mix and add 

(0)-PNIPAM-Ald
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The LCST values for the seed PNIPAM polymers (1 wt%) at different pH values are 

summarized in Table 3.3. LCST values for the charged PNIPAM-Ald were included for 

reference, but are not as important to the ultimate success of the self-assembly fabrication 

process; we have previously demonstrated that the proximity of the self-assembly 

temperature to the LCST of the seed precursor polymer (in this case, the hydrazide-

functionalized polymer(s)) is the key driver to forming monodisperse microgels27.   

 

Table 3.3: LCST for functionalized PNIPAM polymers at different pH values 

Seed Polymer pH 4 pH 7 pH 10 

(0)-PNIPAM-Hzd 58°C 58°C 58°C 

(-)-PNIPAM-Hzd 52°C 75°C >80°C 

(+)-PNIPAM-Hzd >80°C 70°C 57°C 

(-/+)-PNIPAM-Hzd (1:1) 62°C N/A 62°C 

(0)-PNIPAM-Ald 45°C 45°C 45°C 

(-)-PNIPAM-Ald 43°C 55°C >80°C 

(+)-PNIPAM-Ald 70°C 49°C 42°C 

 
 

When the charged hydrazide precursor polymers were in the ionized state (pH 10 for (-)-

PNIPAM-Hzd and pH 4 for (+)-PNIPAM-Hzd), no measurable LCST was observed up to 

80°C, as the ionization of the functional comonomer shifts the hydrophilic/hydrophobic 

balance as to make the polymers functionally non-thermoresponsive in water. Conversely, 

when the charged hydrazide precursor polymers were neutralized (pH 4 for (-)-PNIPAM-Hzd 

and pH 10 for (+)-PNIPAM-Hzd), measurable LCST values in the 50-60°C were observed. A 

similar general trend was observed with the charged aldehyde precursor polymers. When the 

anionic and cationic hydrazide pre-polymers were mixed in equal ratios, the LCST is 
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equivalent both at pH 4 ((+)-PNIPAM-Hzd charged, (-)-PNIPAM-Hzd uncharged) and pH 10 

((-)-PNIPAM-Hzd charged, (+)-PNIPAM-Hzd uncharged), consistent with a roughly equal 

amount of both acidic and basic copolymer present in the mixture. Note that blending of 

cationic and anionic PNIPAM at pH 7 resulted in macroscopic polymer aggregation, such 

that no LCST could not be measured; no self-assemblies were subsequently performed at this 

pH value.  

 
 
Single Charged Microgels 
 
Single charged cationic and anionic microgels were fabricated using the self-assembly 

method at a constant temperature of 70°C in H2O without any additional pH adjustments 

(resulting in assembly pH values of pH ~7.2 for (+)-PNIPAM-Hzd and pH ~4.8 for (-)-

PNIPAM-Hzd). It is of important to note that as a result of the fixed assembly temperature 

(independent of the actual LCST of the seed precursor polymer(s)) and the varying pH values 

and seed polymer concentrations used for self-assemblies (known to strongly influence 

particle properties)20, it is not possible to unambiguously compare the absolute particle sizes 

or polydispersities achieved between the cationic and anionic microgel assemblies; these 

factors will be considered and controlled in future experiments. However, the general 

swelling trends observed (the key novel aspect of this chapter) are not dependent on the 

consistency of the assembly conditions and can be qualitatively compared with high 

confidence.   

 

Cationic self-assembled microgels, (+)-PNIPAM-Hzd and (0)-PNIPAM-Ald were fabricated 

at different Ald:Hzd ratios using the self-assembly method at a constant temperature of 70°C 

in H2O, no pH adjustment and a seed polymer concentration of 5 mg/ml. All self-assemblies 

were performed at a pH of ~7.2 supporting ~70% ionization in the (+)-PNIPAM-Hzd 
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precursor seed polymer (as per potentiometric titration). Figure 3.2 shows the diameter as a 

function of pH for self-assembled cationic-functionalized microgels prepared with (+)-

PNIPAM-Hzd and (0)-PNIPAM-Ald at different Ald:Hzd ratios. 

 

 

Figure 3.2: Diameter as a function of pH for single-charged cationic self-assembled 
PNIPAM microgels with (+)-PNIPAM-Hzd and (0)-PNIPAM-Ald 
 

The diameter decreased with any cross-link ratio as the pH increased from acidic to basic 

conditions. Given that the pKa of DMAEMA is ~8, the microgels become positively charged 

at low pH, allowing the diameter to increase due to Donnan equilibrium swelling. The 

diameter also decreased as the Ald:Hzd ratio (i.e. degree of cross-linking) increased, 

consistent with more cross-linking elastically hindering the pH-dependent swelling of the 

microgels. Both these behaviours are directly analogous with conventional cationic non-

degradable microgel behaviours129.  
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Analogous to the cationic self-assembled PNIPAM microgels, anionic self-assembled 

PNIPAM microgels were fabricated using the self-assembly method at 70°C. The seed 

polymer concentration was 10 mg/ml for all anionic self-assembled PNIPAM microgels. All 

self-assemblies were performed in H2O without any pH adjustment of the seed PNIPAM-Hzd 

polymer solution, with the resulting pH of ~4.8 supporting ~0% ionization in the (-)-

PNIPAM-Hzd precursor seed polymer (as per potentiometric titration). Figure 3.3 shows the 

diameter as a function of pH for the self-assembled anionic-functionalized microgels 

prepared with (-)-PNIPAM-Hzd and (0)-PNIPAM-Ald at 0.10 and 0.20 Ald:Hzd ratios. 

 

 

Figure 3.3: Diameter as a function of pH for single-charged anionic self-assembled PNIPAM 
microgels at 0.10 and 0.20 Ald:Hzd 
 

In contrast to the cationic microgels, the diameter increased for both crosslink ratios as the 

pH increased from acidic to basic conditions. With the pKa of AA being ~4.25, the microgels 

become negatively charged at high pH, resulting in an increase in microgel diameter due to 

Donnan equilibrium swelling. Similar to the cationic microgels, the diameter decreased as the 

Ald:Hzd ratio increased from 0.1 to 0.2, consistent with more cross-linking elastically 
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hindering the pH-dependent swelling of the microgels. Again, this result is directly analogous 

to observations with anionic conventional microgels130. 

 

The potential to tune microgel charge by altering the charge of both the seed and crosslinking 

polymer used is demonstrated in Figure 3.4, which shows pH-induced swelling results for 

self-assembled anionic-functionalized microgels prepared by mixing: (a) (0)-PNIPAM-Hzd 

and (-)-PNIPAM-Ald (neutral seed, anionic crosslinker) (b) (-)-PNIPAM-Hzd and (0)-

PNIPAM-Ald (anionic seed, neutral crosslinker), and (c) (-)-PNIPAM-Hzd and (-)-PNIPAM-

Ald (anionic seed, anionic crosslinker), all using a 0.20 Ald:Hzd ratio.  

 

 
Figure 3.4: Diameter as a function of pH for single-charged anionic self-assembled PNIPAM 
microgels prepared by adding anionic charge in the seed, crosslinker, or both precursor 
polymer(s). All microgels prepared using a 0.20 Ald:Hzd ratio. 
 

As anticipated, the diameter increased as a function of pH for all anionic-functionalized 

microgels. However, the degree of swelling is determined by the amount of charge 

incorporated into the microgel. When both the seed and cross-linking polymers were anionic, 
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the largest swelling ratio was observed, consistent with the most charge being present in that 

system. When only the seed polymer was anionic, significant swelling was still observed 

since the seed polymer accounts for 83% of the total polymer added (i.e. (-)PNIPAM-

Hzd/PNIPAM-Ald has 83% of the total charge of (-)PNIPAM-Hzd/(-)PNIPAM-Ald).  When 

only the cross-linking polymer was anionic, significantly less swelling was observed given 

that the aldehyde polymer accounts for a much lower percentage of the total polymer added 

during self-assembly (i.e. PNIPAM-Hzd/(-)PNIPAM-Ald has only 17% of the charge of  

(-)PNIPAM-Hzd/(-)PNIPAM-Ald). Thus, the degree of swelling can be controlled based on 

the amount of charged precursor polymer added to the self-assembly. Again, this behaviour is 

consistent with conventional precipitation-based microgels130.  

 
Amphoteric Microgels  
 
Cationic, anionic and 50:50 amphoteric self-assembled PNIPAM microgels were fabricated 

in 10 mM NaCl at 70°C without further pH adjustment during assembly. Figure 3.5 shows 

the electrophoretic mobility as a function of pH for the resulting cationic, anionic, and 

amphoteric (50:50) self-assembled microgels using (0)-PNIPAM-Ald as the crosslinker and a 

0.20 Ald:Hzd ratio.  
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Figure 3.5: Electrophoretic mobility versus pH measurements for cationic, anionic and 
amphoteric self-assembled PNIPAM microgels prepared at a 0.20 Ald:Hzd ratio in 10 mM 
NaCl  
 

Cationic microgels were fully charged at low pH while anionic microgels were fully charged 

at high pH, consistent with the different pKa values of the co-monomers. Note that negative 

mobilities were observed for cationic microgels at high pH because of the charge screening 

with hydroxyl ions in solution131. The self-assembled amphoteric PNIPAM microgels had 

intermediate mobility values with an isoelectric point of ~7, highlighting the successful 

incorporation of a roughly equal number of cationic and anionic charges by simple mixing of 

cationic and anionic hydrazide-functionalized precursor polymers as the seed. 

 

To change the isoelectric point of the system, amphoteric microgels were fabricated with 

different ratios of (+)-PNIPAM-Hzd and (-)-PNIPAM-Hzd, using (0)-PNIPAM-Ald as the 

crosslinker and a 0.20 Ald:Hzd crosslinking ratio. Figure 3.6 shows the electrophoretic 

mobility as a function of pH for five different (+)-PNIPAM-Hzd to (-)-PNIPAM-Hzd ratios 

(i.e. 0:1 represents 100% anionic charge, 1:4 represents 20% cationic charge and 80% anionic 

charge, etc.).  
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Figure 3.6: Electrophoretic mobility versus pH measurements for amphoteric self-assembled 
PNIPAM microgels prepared at a 0.20 Ald:Hzd ratio in 10 mM NaCl using different mass 
ratios of (+)-PNIPAM-Hzd to (-)-PNIPAM-Hzd 
 

Different isoelectric points could be achieved by simply changing the ratio of (+)-PNIPAM-

Hzd to (-)-PNIPAM-Hzd in the seed polymer solution, with isoelectric points of 4.6, 6.3, and 

8.1 observed for the (+)/(-) charge ratios 1:4, 2:3 and 3:2 respectively. With a higher amount 

of (+)-PNIPAM-Hzd, the isoelectric point increased accordingly, while the lowest isoelectric 

point was achieved with 100% anionic charge in the system (Figure S2.7). Consequently, 

instead of synthesizing a conventional microgel with defined amounts of anionic and cationic 

charges for each desired charge ratio, self-assembly of varying ratios of cationic and anionic 

seed polymer can achieve well-controlled amphoteric microgels of any charge density/ratio 

based on mixing a defined number of functionalized precursor polymers. 
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The diameter of amphoteric microgels as a function of both pH and the starting self-assembly 

pH is shown in Figure 3.7.  

 

 
 
Figure 3.7: Hydrodynamic diameter as a function of pH for amphoteric self-assembled 
PNIPAM microgels prepared in 10 mM NaCl with pH adjusted to either acidic (pH 4) or 
basic (pH 10) conditions in the seed polymer solution.  
 

For self-assembly conducted at pH 4, the diameter followed a U-shaped profile as a function 

of pH, analogous to conventional precipitation PNIPAM microgels. While a similar U-shaped 

function is indicated by the raw data for self-assemblies conducted at pH 10, the trend is 

significantly shallower such that within error there is no significant pH response. Irreversible 

aggregation between pH 6 and 8 was found consistently between all experiments (as 

indicated by the grey box), a function of the formation of charged coacervates at this 

intermediate pH at which both precursor polymers are ionized. Note that fabrication attempts 

at pH 7 resulted in aggregation of the cationic and anionic PNIPAM-Hzd polymers for the 

same reason, resulting in an inability to create the seed nanoaggregate required to enable 

microgel fabrication through this pathway. This window of aggregation is expected to 

decrease with a higher salt concentration (>10 mM NaCl), and will be investigated further in 



 76 

future experiments. The reason for the significantly different diameters depending on 

assembly pH (despite the identical measured LCSTs of the 50:50 cationic/anionic polymer 

mixture at pH 4 and pH 10, Table 3.3) are not clear) and will be investigated further in future 

experiments.  

 

Conclusion 
 
Charged self-assembled PNIPAM microgels can be successfully fabricated by functionalizing 

the precursor hydrazide and aldehyde PNIPAM polymers with DMAEMA and AA to 

introduce cationic and anionic charges, respectively. Cationic single-charged PNIPAM 

microgels deswell as a function of pH while the anionic single-charged PNIPAM microgels 

swell as a function of pH, consistent with the pKa values of the respective functional 

monomers and analogous to observations with conventional precipitation-based PNIPAM 

microgels. Amphoteric self-assembled PNIPAM microgels can similarly be fabricated by 

using a blend of cationic and anionic PNIPAM-Hzd as the seed polymer in the self-assembly. 

The diameter for these amphoteric microgels followed a U-shape curve as a function of pH 

with an isoelectric point of pH ~7, again analogous to conventional microgels. This 

combination of desirable pH swelling responses and degradability suggests the potential use 

of these charged self-assembled PNIPAM microgels in applications including ion exchange, 

drug delivery and environmental sorption. In particular, due to their pH-tunability coupled 

with their retained thermoresponsiveness, amphoteric microgels are able to de-swell and/or 

aggregate at a specific pH/temperature combination, advantageous for targeting of cancer 

and/or infection microenvironments in the human body.   
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Chapter 4: Conclusion and Future Outlook  
 
Conclusions 
 
The purpose of the presented research was to develop the platform of self-assembled 

PNIPAM microgels to address challenges in drug delivery applications. The work was 

divided into two distinct chapters focusing on (1) the structural analysis (and direct drug 

loading) of uncharged self-assembled PNIPAM microgels and (2) the fabrication and 

characterization of charged self-assembled PNIPAM microgels.  

 

In Chapter 2, a combination of small angle neutron scattering, ultra-small angle neutron 

scattering, and surface force measurements were applied to determine that the self-assembly 

method fabricates microgels with homogeneously crosslinked internal structures. This was a 

surprising result given the sequential addition method used to fabricate microgels via 

oligomeric self-assembly, which was expected to result in a dense shell-diffuse core structure 

(i.e. the opposite of conventional precipitation-based microgels) due to limited diffusion of 

the crosslinking aldehyde-functionalized oligomer into the collapsed hydrazide-

functionalized nanoaggregate. These well-defined degradable and homogeneous nanoscale 

gel networks are anticipated to offer opportunities for addressing challenges in drug delivery, 

biosensing, and optics by exploiting the predictable diffusive and refractive properties of 

homogeneous microgel networks. To illustrate the applicability of these microgels, a 

moderately hydrophobic anti-inflammatory drug (dexamethasone) was co-assembled during 

the self-assembly process, resulting in a five-fold higher efficiancy in drug encapsulation (75-

80%) relative to the conventional partition/diffusion-based drug loading processes.  

 

Chapter 3 discussed the successful incorporation of charged co-monomers into the backbone 

of the hydrazide/aldehyde-functionalized precursor polymers, allowing for the fabrication of 
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both single charged cationic and anionic and amphoteric self-assembled PNIPAM microgels. 

Charge was introduced into the precursor polymers by co-polymerizing acrylic acid and 2-

dimethylaminoethylmethacrylate to incorporate anionic and cationic charge, respectively. 

Compared to conventional precipitation-based microgels, it is very simple to incorporate 

well-defined amphoteric charge densities in particular because the cationic and anionic 

hydrazide functionalized PNIPAM polymers can be synthesized independently and then 

mixed at any desired mass (and thus charge) ratio, avoiding the inherent constraints of 

copolymerization kinetics in controlling the number and distribution of charges in microgels 

using the conventional free radical precipitation approach. Charged and amphoteric self-

assembled PNIPAM microgels showed analogous behaviour to conventional precipitation-

based PNIPAM microgels.   

 

In conclusion, the oligomeric self-assembly method is demonstrated to be an adaptable 

method to fabricate monodisperse, colloidally stable and degradable microgels. The internal 

structure of these microgels has been determined, and the capacity for creating multi-

responsive pH/temperature-responsive microgels has been demonstrated. In addition, the 

degradability of the microgels coupled with the extremely high encapsulation efficiencies 

achieved using self-assembly versus conventional diffusion-based loading are of great 

promise for clinical drug delivery applications.
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Future Experiments 
 
The applicability of the uncharged self-assembled PNIPAM microgels for potential clinical 

applications needs to be investigated more in detail. These experiments can be divided into in 

vitro and in vivo studies: 

 

Drug Release Studies: The release profile of dexamethasone needs to be assessed over a 

longer time period with repeat experiments to confirm whether or not the release is due to 

drug partitioning or diffusion. Different drugs (or even proteins) with varying 

hydrophobicities (as judged by the logP octanol-water partition coefficient), molecular 

weights, and charges should be studied using both uncharged and charged microgel carriers 

to assess the limits of the simultaneous drug loading/self-assembly approach. Examples of 

model drugs that would be of interest in this research (using both uncharged and charged self-

assembled PNIPAM microgels) are included in Table 4.1.  
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Table 4.1: Drugs to be tested in future drug loading and release experiments 
 

Drug Name Description logP 

value 

pKa Physiological 

charge  

Solubility in 

water (mg/ml) 

Dibucaine132 A local anesthetic 
of the amide type 
now generally 
used for surface 
anesthesia; 
charged and 
hydrophobic 

4.4 

(base) 

8.9 cationic 0.042 

Dexamethasone133  A synthetic 
adrenal 
corticosteroid with 
anti-inflammatory 
properties; 
uncharged and 
hydrophobic 

1.83 N/A neutral <1  

Naproxen134 An anti-
inflammatory 
agent with 
analgesic and 
antipyretic 
properties; anionic 
and hydrophobic 

3.18 

(acid) 

4.2 anionic 0.016 

Acetaminophen135 An analgesic and 
antipyretic 
medication for 
mild-to-moderate 
pain and fever; 
cationic and 
hydrophilic 

0.46 

(base) 

9.4 cationic 14 

Doxorubicin136 An anthracycline 
antibiotic that 
prevents DNA 
replication and 
inhibits protein 
synthesis; cationic 
and hydrophilic  

1.27 

(base) 

7.34, 

8.46, 

9.46  

cationic 2.6 

 

In Vivo Studies: To date, self-assembled PNIPAM microgels have not been tested in vivo. 

These studies (including biodistribution) should be conducted after finalizing the in vitro 

release profiles to determine if localized drug delivery can be achieved without any cytotoxic 

side effects. 
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The single-charged and amphoteric self-assembled PNIPAM microgels need to be 

characterized in more detail before carrying out the required in vitro and in vivo studies. 

These future experiments can be categorized into three areas:  

 

Structural Analysis using SANS/uSANS: Previous results (Chapter 2) have proven that the 

uncharged self-assembled PNIPAM microgels have a homogeneously cross-linked internal 

structure. Having been awarded more time at the National Institute of Standards of 

Technology (NIST, Gaithersburg), we are interested in how the incorporation of charge 

(Chapter 3) affects the cross-link density and internal morphology. For example, if an anionic 

aldehyde polymer is used to crosslink an anionic hydrazide polymer (or, analogously, two 

cationic polymers are used), will a homogeneously internal structure result or would charge 

repulsion create the dense shell-diffuse core structure we expected with the neutral 

microgels? Conversely, if oppositely charged precursor polymers are used for assembly, 

would the dual reversible chemical (hydrazone bonds) and physical (charge-charge) 

interactions between precursor polymers promote or hinder the formation of a 

homogeneously crosslinked structure?  

 

The objective of this SANS/uSANS experiment is to probe the morphology of the self-

assembled charged PNIPAM microgels using various charged precursor polymer addition 

sequences. Table 4.2 outlines the samples that will be measured (and analyzed) using SANS 

and uSANS. The design of this experiment will give key insight into how charge interactions 

influence the equilibrium morphology of charged microgels, with the hope to design longer-

term drug release vehicles, more selective biosensors and other microgel-based technologies.  
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Table 4.2: Samples to be measured and analyzed using SANS and uSANS 
 

Sample Name Self-assembly pH Measurement pH 

Anionic core-neutral shell (-/0) 4, 7, 10  4, 10  

Neutral core-anionic shell (0/-) 4, 7, 10 4, 10 

Anionic core-anionic shell (-/-) 4, 7, 10 4, 10 

Cationic core-neutral shell (+/0) 4, 7, 10 4, 10 

Neutral core-cationic shell (0/+) 4, 7, 10 4, 10 

Cationic core-cationic shell (+/+) 4, 7, 10 4, 10 

Anionic/cationic core (1:1)-neutral shell 4, 10 4, 10 

 
 

The self-assembly temperature will be set at 5°C +LCST of the core polymer at the given 

self-assembly pH, and the self-assembly will be performed in 10 mM NaCl D2O adjusted to 

the appropriate pH (using NaOH and HCl). Previous results have shown that performing the 

self-assembly at a temperature 5°C above the LCST of the seed polymer results in the most 

monodisperse microgel suspension27. The diameter of each sample will be measured on the 

DLS prior to the neutron scattering experiment, while the pH will be carefully measured and 

adjusted as required 1-2 hours prior to the individual measurements. The data will be fit first 

with a homogeneously crosslinked sphere model to see if similar homogenous crosslink 

distributions are observed as compared to the neutral, uncharged microgels. If necessary, 

models developed by Berndt et al. for dense shell/diffuse core microgels137, Stieger et al. for 

diffuse shell/dense core microgels73, or the simpler thermoresponsive nanogel models 

proposed by Kratz et al.76 will also be evaluated, with goodness of fits between models 

compared to extract the morphology of each microgel tested. 
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pH and Zeta Potential Titrations: It is of importance to repeat all single-charged and 

amphoteric microgels (as listed in Table 4.1) in 10 mM NaCl and with the appropriate self-

assembly temperatures (5°C +LCST), as we expect some of the unusual trends observed (i.e. 

the significantly higher particle size of cationic versus anionic seed self-assembled microgels) 

may be attributable to comparing the microgel properties across different pH conditions. 

With all samples, the diameter and zeta potential (or electrophoretic mobility) as a function of 

pH will be measured to have complete characterization for the self-assembled charged 

PNIPAM microgels.  

 

Degradation and Stability Experiments: Degradation studies (performed by exposing the 

self-assembled microgels to 0.1 M HCl and tracking the molecular weight of the resulting 

degradation products using GPC) will be performed on the charged self-assembled PNIPAM 

microgels to confirm that the molecular weights of the degradation products is comparable to 

the precursor polymers (similarly to the uncharged microgels). Stability studies will also be 

performed on these microgels as a function of time at different physiologically-relevant pH 

values to determine the approximate time for which the microgels are stable. Uncharged self-

assembled PNIPAM microgels are stable up to 120 days with only a small increase in 

diameter due to the reversible hydrazone bond allowing water to penetrate into the internal 

structure20. Since hydrazone bonds are acid-labile, the stability of the charged self-assembled 

microgels both at low self-assembly pH and low measured pH is expected to decrease. Such 

behavior may also be useful for the use of such materials as drug delivery vehicles that can 

both swell and degrade faster in slightly acidic sites in the body (e.g. infections, cancer) 

and/or once taken up into cells (i.e. intracellular versus intercellular delivery of drugs).  
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Loading and Release of Charged Drugs: The loading of charged drugs (and temperature-

stable proteins) into these charged self-assembled PNIPAM microgels will be investigated 

(Table 4.1). Both the encapsulation efficiency and the drug release kinetics of these 

therapeutics into/from self-assembled microgels will be compared to that achieved using the 

conventional diffusion-based loading method (the only loading method accessible for 

precipitation-based PNIPAM microgels). Based on results to-date, we hypothesize that the 

charged self-assembled PNIPAM microgels will both encapsulate a higher amount of drug 

(or protein) and slow the release, ideal properties for in vivo applications. 
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Appendices 
 
Appendix A: Chapter 2 Supplementary Information 
 
Raw and best-fit SANS profiles for all data presented, hydrodynamic diameter versus 

temperature profiles of the microgels collected in the SANS solvent(s), raw (un-normalized) 

Langmuir Trough compression data, full tables summarizing the SANS best-fit parameters, 

and centrifugation optimization parameters and drug loading methods are available below: 

 

 
 
Figure S1.1: Scattering intensity as a function of the scattering vector of hydrazide-
functionalized PNIPAM precursors (PNIPAM-Hzd) dissolved in water at (A) 1 wt% and (B) 
2 wt%, measured at 70°C (the temperature used for microgel self-assembly based on these 
PNIPAM-Hzd nanoaggregates). The homogeneously crosslinked model fits are shown as 
black lines (up to q=0.2 nm-1). The dotted black lines represent aggregation and are fit to a 
M*X-4.5, where M (amplitude of intensity in arbitrary units) is 3.5 x 10-5 for (A) and 6.5 x 10-

5 for (B).  
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Figure S1.2: Neutron scattering intensity I(q) as a function of the scattering vector (q) as a 
function of temperature for: (A) 0.05 Ald:Hzd microgel (1 wt% PNIPAM-Hzd); (B) 0.20 
Ald:Hzd microgel (1 wt% PNIPAM-Hzd); (C) 0.05 Ald:Hzd microgel (2 wt% PNIPAM-
Hzd), using the Stieger model. Solid black lines represent the fits and standard deviations of 
the fits are plotted as error bars. 
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Figure S1.3: Hydrodynamic radius obtained from dynamic light scattering versus 
temperature for 0.05 Ald:Hzd and 0.20 Ald:Hzd microgels  
 
 
 
 

 
 
Figure S1.4: Particle size distributions from dynamic light scattering measurements of (A) 
0.05 Ald:Hzd (▲) and (B) 0.20 Ald:Hzd (•), fabricated and measured in D2O, as a function of 
temperature: black (25°C), red (32°C), blue (37°C), green (45°C) 
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Figure S1.5: Scattering intensity as a function of the scattering vector for 0.05 Ald:Hzd (1 
wt% PNIPAM-Hzd) self-assembled microgels subsequently mixed with additional PNIPAM-
Hzd and/or PNIPAM-Ald polymers (treatment sequences as indicated in legend). Scattering 
profiles were measured in D2O at 25°C. Solid black lines represent the fits, while the 
standard deviations of the fits are plotted as error bars. 
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Figure S1.6: Surface pressure as a function of un-normalized area for (a) 0.05 Ald:Hzd (1 
wt% PNIPAM-Hzd) and (b) 0.20 Ald:Hzd (1 wt% PNIPAM-Hzd) self-assembled microgels  
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Table S1.1: Chi squared (χ2) goodness of fit parameters for the homogeneously cross-linked 
model and the Stieger model for three bulk self-assembled PNIPAM microgels, measured at 
25°C.  The similarity between the χ2 values for both fits suggests the additional complexity of 
the Stieger model is not necessary to fit the data accurately, suggesting that the self-
assembled microgels are internally homogeneous. 
 
 c2 (homogeneously 

cross-linked model) 
c2 (Stieger model) 

0.05 Ald:Hzd (1 wt% PNIPAM-Hzd) 0.359 1.043 
0.20 Ald:Hzd (1 wt% PNIPAM-Hzd) 0.618 0.594 
0.05 Ald:Hzd (2 wt% PNIPAM-Hzd) 13.172 8.799 

 
 
Table S1.2: Chi squared (χ2) goodness of fit parameters for the homogeneously cross-linked 
model and the Stieger model for four layered self-assembled PNIPAM microgels, measured 
at 25°C. As in Table S1, no significant difference exists between the quality of the model fits 
using the two models, suggesting the added complexity of the core-shell model is 
unnecessary to fit. 
 
 c2 (homogeneously 

cross-linked model) 
c2 (Stieger model) 

0.05 Ald:Hzd microgel + PNIPAM-
Hzd 

0.076 0.069 

0.05 Ald:Hzd microgel + PNIPAM-
Ald 

0.400 0.600 

0.05 Ald:Hzd microgel + PNIPAM-
Hzd + PNIPAM-Hzd 

0.076 0.032 

0.05 Ald:Hzd microgel + PNIPAM-
Hzd + PNIPAM-Ald 

0.048 0.053 
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Table S1.3: Summary of fitting parameters for bulk self-assembled PNIPAM microgels 
using the homogeneous sphere model (σfuzzy = 0): (a) 0.05 Ald:Hzd (1 wt% PNIPAM-Hzd); 
(b) 0.20 Ald:Hzd (1 wt% PNIPAM-Hzd); (c) 0.05 Ald:Hzd (2 wt% PNIPAM-Hzd) 
 
(a)  0.05 Ald:Hzd (1 wt% PNIPAM-Hzd) 

 
Temperature (°C) Radius (nm) Polydispersity (%) Correlation Length 

(nm) 
25 165 4 4.1 
32 79 18 4.2 
37 66 18 3.8 
45 67 19 3.9 

 
(b)  0.20 Ald:Hzd (1 wt% PNIPAM-Hzd) 

 
Temperature (°C) Radius (nm) Polydispersity (%) Correlation Length 

(nm) 
25 165 5 4.0 
32 81 20 4.2 
37 81 20 4.2 
45 60 18 4.4 

 
(c)  0.05 Ald:Hzd (2 wt% PNIPAM-Hzd) 

 
Temperature (°C) Radius (nm) Polydispersity (%) Correlation Length 

(nm) 
25 195 22 4.5 
32 103 19 4.9 
37 75 18 4.4 
45 69 19 4.0 
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Table S1.4: Fitting parameters for bulk self-assembled PNIPAM microgels using the 
homogeneous sphere model (σfuzzy = 0), using IDL for analysis: (a) 0.05 Ald:Hzd (1 wt% 
PNIPAM-Hzd); (b) 0.20 Ald:Hzd (1 wt% PNIPAM-Hzd); (c) 0.05 Ald:Hzd (2 wt% 
PNIPAM-Hzd) 
 
(a) 0.05 Ald:Hzd (1 wt% PNIPAM-Hzd) 
 
Temperature (°C) 25 32 37 45 
Mean Radius (nm) 165 79 65 67.3 
Polydispersity (%) 4.3 18.4 18.1 18.8 
Scale 12018.3 572.8 553.3 1022.4 
Correlation Length (nm) 4.1 4.2 3.8 3.9 
Scale  0.54 0.60 0.49 0.52 
Background  0.058 0.058 0.059 0.059 

 
(b) 0.20 Ald:Hzd (1 wt% PNIPAM-Hzd) 
 
Temperature (°C) 25 32 37 45 
Mean Radius (nm) 165 81 81.3 60 
Polydispersity (%) 5.4 19.9 19.9 18.6 
Scale 39475.1 1936.5 4383.1 1387.9 
Correlation Length (nm) 4.0 4.2 4.2 4.4 
Scale  0.73 0.81 1.07 1.15 
Background  0.064 0.061 0.055 0.062 

 
(c) 0.05 Ald:Hzd (2 wt% PNIPAM-Hzd) 
 
Temperature (°C) 25 32 37 45 

Mean Radius (nm) 195 103 75 69 
Polydispersity (%) 21.9 19.4 18.3 19.0 
Scale 16858.3 2383.9 1178.9 1563.3 
Correlation Length (nm) 4.5 4.9 4.4 4.0 
Scale  1.17 1.42 1.02 1.06 
Background  0.068 0.069 0.068 0.069 
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Table S1.5: Fitting parameters for contrast-matched self-assembled PNIPAM microgels 
using the homogeneous sphere model (σfuzzy = 0), using IgorPro for analysis: (a) index-
matched d7-PNIPAM-Hzd; (b) index-matched PNIPAM-Ald 
 
(a)  Index-matched d7-PNIPAM-Hzd (only PNIPAM-Ald signal measured) 
 
Temperature (°C) 25 32 37 45 
Volume Fraction (scale) 0.00055 0.00055 0.000735 0.00065 
Mean Radius (nm) 120 118 88 80 
Polydispersity (sig/avg) 0.45 0.55 0.765 0.79 
Interface Thickness (nm) 0 0 0 0 
SLD Sphere (Å-2) 6.00E-07 4.00E-07 6.00E-07 5.15E-07 
SLD Solvent (Å-2) 3.00E-06 3.00E-06 3.00E-06 3.00E-06 
Lorentzian Scale 100 95 80 85 
Lorentzian Exponent 3.9 3.84 3.8 4.1 
Lorentzian Correlation 
Length (nm) 30 30 30 30 
Background (cm-1 sr-1) 0.447 0.415 0.43 0.42 

  
(b)  Index-matched PNIPAM-Ald (only d7-PNIPAM-Hzd signal measured) 

 
Temperature (°C) 25 32 37 45 
Volume Fraction (scale) 0.00064 0.00095 0.00092 0.00099 
Mean Radius (nm) 125 120 88 85 
Polydispersity (sig/avg) 0.46 0.61 0.68 0.85 
Interface Thickness (nm) 0 0 0 0 
SLD Sphere (Å-2) 5.50E-07 5.20E-07 5.20E-07 5.10E-07 
SLD Solvent (Å-2) 3.00E-06 3.00E-06 3.00E-06 3.00E-06 
Lorentzian Scale 100 80 75 70 
Lorentzian Exponent 3.85 3.7 3.76 3.8 
Lorentzian Correlation 
Length (nm) 34 34 34 32 
Background (cm-1 sr-1) 1.28 1.15 1.12 1.19 
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Table S1.6: Fitting parameters for layered self-assembled PNIPAM microgels using the 
homogeneous sphere model (σfuzzy = 0), using IDL for analysis: (a) 0.05 Ald:Hzd microgel + 
PNIPAM-Hzd; (b) 0.05 Ald:Hzd microgel + PNIPAM-Ald; (c) 0.05 Ald:Hzd microgel + 
PNIPAM-Hzd + PNIPAM-Hzd; (d) 0.05 Ald:Hzd microgel + PNIPAM-Hzd + PNIPAM-Ald 
 
Addition Sequence  (a) (b) (c) (d) 
Mean Radius (nm) 177 167 178 176 
Polydispersity (%) 7.9 7.2 10 5.3 
Scale  8375 20872 4363 2357 
Correlation Length (nm) 4.5 2.5 3.6 12.1 
Scale 0.24 0.07 0.08 1.49 
Background  0.066 0.068 0.061 0.061 

 

Centrifugation Optimization for Drug Loading 
 
Optimization of centrifuge speed and time was required to facilitate the loading and release 
of dexamethasone using uncharged self-assembled PNIPAM microgels. Specifically, 
microgels must be (1) fully isolated from suspension (to enable accurate drug loading 
measurements and (2) fully redispersible following centrifugation (to allow for drug release 
kinetics assessments).  A simple factorial experimental design was designed, as seen below, 
to answer three questions:  
 

(1) Does the pellet re-suspend in 10 mM PBS? (Qualitative) 
(2) How much polymer and remaining drug is in the supernatant? (Quantitative – 

measure mass of 20 mL supernatant in aluminum weigh boat in oven overnight) 
(3) How much drug is loaded? (Quantitative – testing supernatant using HPLC) 

 
The final centrifugation parameters used in subsequent experiments were 18000 RPM and 
20 minutes.  
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Two Drug Loading Methods:   
 

(1) Directly into the self-assembly process 
 

 
 

(2) Passive diffusion 
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Appendix B: Chapter 3 Supplementary Information 
 

 

 

Figure S2.1: Reaction mechanism for (-)-PNIPAM-Hzd 
 

 

 

 

 

 

 

 
 



 105 

 
 

Figure S2.2: NMR spectra for acrylate hydrazide monomer: (A) 1H NMR (600 MHz; 
DMSO): δ 9.79 (s, 1H), 8.84 (s, 1H), 6.21-6.16 (m, 2H), 5.71 (dd, J = 9.2, 3.1, 1H), 1.41 (s, 
9H), (B) 13C NMR (150 MHz; DMSO): 164.19, 155.20, 129.34, 126.75, 79.17, 28.03. 
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Figure S2.3: 1H NMR for (+)-PNIPAM-Hzd 

 

 
 

Figure S2.4: 1H NMR for (-)-PNIPAM-Hzd 
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Figure S2.5: 1H NMR for (+)-PNIPAM-Ald 

 
 

 
 
Figure S2.6: 1H NMR for (+)-PNIPAM-Ald 
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Figure S2.7: Isoelectric point as a function of % cationic charge in amphoteric self-
assembled PNIPAM microgels  
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