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Lay Abstract 

Using drugs to treat diseases is not always effective: the drug often does not work or 

comes with many side effects. A combination of factors prevents promising drugs from 

working. Most often the drug is either (partially or fully) removed from the body before it 

reaches the disease, or it improperly enters healthy tissue to cause undesirable responses. 

Previous research has shown that if drugs are put into nanoparticles, the nanoparticles can 

better deliver the drug to the correct target. However, conflic ting sizes are needed to 

travel through different parts of the body, making nanoparticle-based drug delivery only 

of limited effectiveness in humans. This thesis aims to address these issues by creating 

ñnanoassembliesò ï nanoparticles with smaller, drug-containing nanoparticles inside of 

them ï that overcome the typical issues with drug delivery. Nanoassemblies are able to 

switch their size to better reach the target tissue, ultimately leading to more effective and 

safe treatments.  
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Abstract 

In recent decades, a variety of nanoparticle drug delivery systems (NP DDS) ï 

nanometer-scaled materials physically or covalently interacting with therapeutics ï has 

been developed to overcome biological barriers, improve the half-life, reduce toxicity, 

and improve the efficacy of conventional drug delivery. However, many NP DDS fail to 

translate to the clinic. While this is in part due to immense heterogeneity within many 

disease types across individuals, the conflicting size and surface chemistries required in 

the ñdrug delivery pathwayò (i.e. to avoid the clearance mechanisms and unintended 

tissues in the body, then to reach and specifically enter target tissues) also pose a 

significant challenge.  

Recent advances in the field of drug delivery have created size- and surface-switching 

nanoparticles that overcome biological barriers. For example, large (100 ï 200 nm) NPs 

are adequate at evading corporeal defense mechanisms, while small (< 50 nm) NPs can 

actively enter cancerous tissue. Further, release profiles of drug-loaded NP DDS must be 

tailored to stay within a narrow therapeutic window to prevent toxic effects.    

This thesis highlights the synthesis of ñnanoassembliesò, an NP DDS that contains small, 

drug-loaded starch nanoparticles (SNPs) within a larger nanogel matrix. Nanoassemblies 

are chemically tuned to reach specific targets via different administration routes (notably, 

cancerous tissues via systemic administration and brain tissue via intranasal 

administration). Furthermore, therapeutic-loaded SNPs are released under endogenous 

(pH, redox) or exogenous (ultrasound) stimuli for disease-specific release kinetics, 

allowing for deeper penetration into tumor cores or through the nose-to-brain pathway as 
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required. Both the physicochemical characterization of these nanoassemblies as well as in 

vitro and in vivo experiments have been performed to assess the efficacy of 

nanoassemblies in biological systems and how they may provide performance 

improvements over non-assembled SNPs. As such, nanoassemblies show great promise in 

overcoming complex biological barriers to ultimately improve drug delivery in clinical 

applications. 
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Chapter 1: Introduction  

Pages 59 to 91 are retrieved with slight modifications from the previously published 

review, titled ñA Review of Design and Fabrication Methods for Nanoparticle Network 

Hydrogels for Biomedical, Environmental, and Industrial Applicationsò, on which I am 

listed as a co-first author. Permission from the publisher has been granted for the full 

access and wording of this review. doi of the full article: 

doi.org/10.1002/ADFM.202102355. 

1.1 Fundamentals of Drug Delivery 

1.1.1 Conventional Drug Delivery Overview 

Synthetic therapeutics ranging in sizes from several hundred Da small molecules 

to many kDa macromolecules have been commercialized and used to treat diseases for 

over a century.1,2 Such advancements in healthcare have helped more than double the life 

expectancy in the human population over the last 200 years.3,4 Although the therapeutics 

themselves have long been used, there is a growing emphasis on improving the method of 

delivery of those therapeutics to improve their efficacy, ease of use (i.e. to increase use by 

physicians and/or increase patient compliance), improve their solubility/stability (for 

increased ease of use and bioavailability), and reduce their off-target side effects.5 The 

field of drug delivery thus aims to enhance the pharmacokinetics (PK), 

pharmacodynamics (PD), and overall efficacy of therapeutics.  

Drug delivery can be altered in a number of ways, the conventional methods being 

through the route of administration and the dosing of the therapeutic. Routes of 

administration are divided into two primary classes: enteral (i.e. must pass through the 
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gastrointestinal tract) and parenteral (i.e. administered outside of the gastrointestinal 

tract).6 The route of administration determines which biological processes the therapeutic 

must interact with and overcome in order to reach its target tissue. For example, enteral 

delivery (most commonly from orally administered drugs) must not only survive the low 

pH of the stomach but also the first pass metabolism through the liver after uptake in the 

intestine. During parenteral delivery (most commonly from intravenously administered 

drugs), therapeutics must be compatible with red blood cells and avoid clearance 

mechanisms that direct drugs to the liver, spleen, and kidneys.7,8 Regardless of the route, 

the primary goal should be to reach the target tissue as efficiently as possible without 

disrupting off-target tissues. The optimal route of administration is made on a case-by-

case basis for each drug, patient, and disease site. Adjusting the amount of drug 

administered is the other clear method of controlling drug delivery in vivo. Simply, the 

amount of drug administered must match the amount needed to adequately treat the 

disease without causing unwanted effects. The amount of drug necessary to treat a disease 

is highly variable between individuals, resulting in the emphasis of ñpersonalized 

medicineò in recent decades.9 Though personalized, it is generally accepted that if the 

drug dose is too little it is ineffective while too high of a dose yields off-target side 

effects. The administered dose must also consider its route of administration ï if some 

drug is lost due to some metabolic process while in transport, a higher-than-normal dose 

is needed to ensure the adequate dose arrives at the target tissue without dosing in excess 

to lead to potentially fatal side effects. In summary, choosing a correct route of 

administration and dose is paramount for efficacious and safe drug delivery.       
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1.1.2 Challenges with Conventional Drug Delivery 

Conventional drug delivery methods can be highly ineffective in numerous ways. 

The main deficiencies in delivering conventional drugs include a high risk or prevalence 

of adverse, off-target effects, inefficacious dosing, and/or inefficient or undesirable routes 

of administration. Adverse, off-target effects are defined by a harmful reaction from a 

medicinal product, caused by many factors including error, misuse, an improper dosing 

regimen, or off-label uses at the correct dosage form and occur with between 5 and 10% 

of all patients before and after discharge.10,11 As such, these are the first factors tested in 

clinical trials on a new therapeutic.12 Most adverse effects are dose-dependent, such that 

reducing the dose while still in the therapeutic window can reduce adverse effects in most 

patient populations. Difficulty arises when the safe dose is no longer effective. For 

example, resveratrol has shown an abundance of in vitro and in vivo animal data outlining 

its anti-inflammatory, anti-carcinogenic, cardio and neuroprotective benefits;13 however, 

it is not widely bioavailable when administered in humans, leading to its therapeutic dose 

being well above its toxic threshold. A wide range of systemically-delivered 

chemotherapeutics share the same concerns.14ï17 Similarly, failure to control and monitor 

the therapeutic window has been a major driving force of the opioid epidemic 

(specifically the misuse of fentanyl-based pain treatments) in recent decades.18,19 Simply 

reducing administered dose is often not enough to prevent adverse effects.  

As previously alluded to, the selected route of administration may pose many 

issues for a drug to reach its target tissue. Though many considerations should be taken to 

determine the ideal route of administration (such as effectiveness, cost, patient 
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compliance, etc.), it is generally advised to use the most direct route that does not lose 

efficacy. A simple example is that delivering a steroidal compound to parts of the skin is 

most efficient by using topical creams and lotions rather than systemically administering 

a compound (enterally or parenterally) to eventually reach the target area of the skin.20 

New therapeutics, however, look to challenge how traditional drugs are being 

administered to increase efficacy and reduce toxicity. For example, orally-administered 

migraine treatments can take hours to provide relief while intranasal (IN) administration 

of anti-migraine compounds can bypass enteral-processing pathways to provide relief in a 

few minutes.21 Alternatively, the route of administration for lithium ï the most common 

treatment for bipolar disorder ï has shown little-to-no effect on its adverse effects, with 

the common gastrointestinal, renal, thyroidal, and cognitive side effects not mitigated 

when administered through oral or intravenous (IV) administration.22 Altering routes of 

administration may be successful on a case-by-case basis. 

Regardless of the administration route, therapeutics must interact with many 

biological barriers before entering and acting upon their target tissue, with biological 

barriers thus serving as a major contributor to the PK and PD profiles of therapeutics. The 

specific barriers that different therapeutics must circumvent depend on many factors 

including their route of administration, size of therapeutic, surface chemistry, and target.  

Al though trying to outline every biological barrier in a single document would be nearly 

impossible, Kohaneôs group and Ferrariôs group have published great reviews on different 

considerations for passing biological barriers for drug delivery purposes.23,24 There are 

some commonalities among most barriers for drug delivery applications; in particular, 
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each barrier has unique size and surface properties that can be exploited to allow a drug to 

transport through. For example, the blood brain barrier (BBB) has very tight junctions to 

protect the brain from pathogens, allowing only small molecules (400 ï 500 Da) that are 

slightly hydrophobic (logP = 1 ï 2) to pass through.25 Alternatively, junction gaps in 

endothelial cells lining tumor blood vessels can be up to a couple of micrometers wide, 

allowing even large nanoparticles to be transported across the barrier.26 Many transport 

systems are also receptor-mediated; for example, both skin27 and various tumor28 cells can 

be traversed by hyaluronic acid (HA, a naturally produced glycosaminoglycan) since cells 

in these tissues contain high expression of HA-binding surface receptors that trigger 

endocytosis.  

Together, these examples highlight the complexity of administering drugs to target 

sites. Considerations must be made in order to reduce drug toxicity, dose drugs within 

their therapeutic regimen, and avoid certain biological barriers (while interacting with 

others), all while maintaining the intended mechanism of action. Each of these challenges 

must be overcome on a case-by-case basis, highlighting the difficulty of providing 

adequate drug delivery to patients via a ñone size fits allò approach.   

1.1.3 Drug Delivery Systems to Overcome Conventional Drug Delivery Barriers  

Drug delivery systems (DDSs) have since been developed to help overcome the 

primary challenges with directly administering a drug and attempting to reach its target 

site as outlined in Section 1.1.2. Simply, the goal of a DDS is to improve on one of (or a 

combination of) factors of conventional drug delivery, including improving the PK 

profile, reducing side effects, controlling drug release over the therapeutic window, 
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overcoming barriers associated with transport of drug to the target tissue, and/or 

improving drug solubility in water to increase patient compliance and bioavailability.29 

All of this should be done with the caveat that the PD profile is unchanged, i.e. that the 

drug still treats the disease through its intended mechanism of action. Dr. Kinam Park has 

excellently reviewed the history of controlled DDS in literature, outlining that they are the 

focal point of improving the delivery and release of active drugs (Figure 1.1).30  

 
Figure 1.1: Overview of the function of drug delivery systems (DDS) and their 

prospective impact on clinical applications. The black box highlights the focus of this 

chapter, analyzing how the scale of DDS impacts other factors associated with drug 

delivery. Adapted from Kinam Park, 2014 (Elsevier).30 

 

Since the first DDS created in 1952 for the controlled release of 

dextroamphetamine (Dexedrine),30 DDS have evolved to improve the treatment of a wide 

range of diseases and become commercially available. Most notably, Doxil® became the 

first FDA-approved nanodrug, fabricated by loading the anti-cancer drug doxorubicin 

(DOX) into a liposome that reduced off-target cardiotoxicity by increasing drug 

circulation time and being of ideal size to selectively enter tumor tissue.31 Tresiba®, an 
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insulin analog formed from the hexamerization of insulin, is a filamentous nano-scaled 

drug that extends the release of insulin up to 42 hours to reduce hypoglycemic episodes in 

patients with type 1 diabetes.32 By controlling the release of the drug over time, the 

therapeutic dosage is more likely to be met while conventional delivery results in the 

effective dose dipping below the minimum effective level much faster (Figure 1.2).33 

Decapeptyl® is a microparticle formulation of the decapeptide triptorelin that is 

maintained in tumor vasculature due to its large size that prevents extravasation because 

of its size, allowing for improved localization and sustained release in the tumor site.34 In 

each example, the size of the delivery vehicle is key to enable the release kinetics and/or 

biodistribution profile desired to optimize drug delivery.  

 
Figure 1.2: Comparing conventional drug release with controlled release. 

Conventional drug release (blue) starts with a single dose increasing the amount of 

drug available in blood after an initial burst, which is often above the maximum 

desired level and thus may cause toxic adverse effects. As the drug is metabolized, its 

effective dose quickly falls below the minimum effective level, requiring another 

dose. This process is repeated for the entirety of the treatment schedule, resulting in 

numerous periods of potentially toxic and ineffective dosing. Controlled release (red) 

slowly releases the therapeutic over time, staying within the therapeutic window (grey 

box) and reducing the likelihood of off-target toxicity. Reproduced from Huynh et al., 

2014 (Springer Nature).33 
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The remainder of Chapter 1 will highlight DDSs that improve PK profiles, side 

effects, and/or controlled release/dosing of specific drugs, with a particular focus on the 

material design. Specifically, materials on three different length scales will be compared 

and contrasted on their ability to overcome specific drug delivery challenges and 

biological barriers: macro- (i.e. bulk hydrogels), micro-, and nano-materials. Cancer is the 

most commonly investigated disease in this context in the literature and, as such, will 

have most of the focus in the following sections. However, other pertinent diseases wil l 

be mentioned where applicable. Al though emphasis will be placed on the scientific 

literature advancing current drug delivery technologies, appropriate examples of 

commercially available products will be included as necessary.  

1.2 Hydrogels for Drug Delivery 

Hydrogels are bulk 3D materials composed of crosslinked polymers that swell (up 

to thousands of times their initial weight) in the presence of water.35ï37 Hydrogels have 

been used to address the many issues posed with drug delivery for several decades for a 

variety of reasons. For example, most hydrogels are added directly to its target area either 

by direct implantation or injection directly into the disease area. Direct application of 

drug-loaded hydrogels can address many biological barriers and off-target effects 

associated with systemically-administered drugs. The use of different tissue-compatible 

polymers and crosslinking chemistries can be used to tune both the loading and release of 

therapeutics, creating a depot of drug at the target site that can be locally and controllably 

released to maintain dosing within the therapeutic window. Bulk hydrogels must be 
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carefully designed to address the mechanical, physical, and chemical requirements of 

both the target tissue and the drug being released into the disease site. 

Though hydrogels themselves are macro-scaled, they are inherently multi-scaled 

materials containing nanometer- and micrometer-sized domains (Figure 1.3).36 Hydrogels 

used in biomedical applications also often contain micropores (formed either from pore-

forming agents or by controlling crosslinking density/chemistries) that play a large role in 

determining the deformability and overall mechanical properties of the gel. In contrast, 

the mesh size of a hydrogel ï defined as the distance between two adjacent crosslinks38,39 

ï is typically on the nanometer scale and influences the ability of the loaded drug to be 

stored within the crosslinked polymer network and diffuse through that network for 

subsequent release. Mesh size is dependent on the crosslinking density and chemistry 

used in the gel and can range within a single hydrogel network, allowing for unique 

mechanical properties and release kinetics depending on the design of the hydrogel and 

its swelling profile; as the gel swells the effective mesh size increases. Finally, the 

chemistry utilized on a molecular level may further dictate how the drug interacts with the 

network (i.e. electrostatic interactions, covalent bonds, etc), which may create binding 

sites for the drug and/or introduce slow the release of drug from the network.36 It is clear 

that multiple length scales are incorporated within a single macroscopic material, all of 

which may impact the overall loading and release of drugs within a drug-loaded hydrogel. 

The effect that different scales and chemistries have on the administration, 

loading, and release of drug-loaded hydrogels will be further described below. A greater 

emphasis on transepithelial and mucosal hydrogel DDSs will be described due to their 
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abundance in the literature, although the principles described can be used for other in vivo 

targets.  

 
Figure 1.3: Length scales within macro-scaled hydrogels for drug delivery. Hydrogels 

themselves are macroscopic materials with micrometer-scaled pores that alter mechanical 

properties such as strength, swelling, and deformability. Nanometer-scaled meshes and 

molecular-scaled polymer-drug interactions help to determine the amount of drug 

available in a hydrogel DDS along with its release into the target site. Retrieved from Li 

et al., 2016 (Springer Nature).36 
 

1.2.1 Overcoming Biological Barriers with Implantabl e and Injectable Hydrogels 

The deformability of hydrogel networks is commonly used to avoid biological 

barriers associated with systemic drug delivery. Although hydrogels can be implanted 

surgically at the site of disease, the invasive nature of such operations greatly reduces 

patient comfort and compliance to such treatments, typically restricting non-injectable 

hydrogel DDSs to either epidermal applications, surface wound dressings, or in sites too 

deep to be reached by an injection.40 Increasing interest has thus been placed on 
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developing hydrogels that are injectable, which can be achieved by: 1) forming the 

hydrogels directly at the desired tissue site (in situ); 2)  pre-forming a shear-thinning gel 

prior to injection, or; 3) creating macropores to increase the deformability/compressibility  

of the gel to allow for injection (Figure 1.4).36,41 Each system utilizes a unique set of 

chemistries. In situ gelling hydrogels undergo a sol-gel transition at the injection site and 

typically require either a slow-gelling chemistry in which either 1) gelation starts pre-

injection but is completed at the injection site or 2) two reactive components are separated 

prior to injection but mixed during the injection process. A variety of crosslinking 

chemistries have previously been explored to fabricate injectable hydrogels, including 

disulfide bond formation,42 stereoselective complexation,43 Michael-type reactions,44 and 

polyelectrolyte complexation.45 However, the most commonly used in situ gelling 

materials are thermoresponsive polymers that undergo a phase transition when being 

heated above their lower critical solution temperature (LCST); as the temperature 

increases from room temperature to internal body temperature, hydrogen bonding 

between hydrophilic polymer domains decreases as the entropy of water around the 

hydrophobic domains increases, allowing hydrophobic domains to reassemble and 

aggregate to create a gel-like structure.46 Thermoresponsive polymers with LCST 

behaviours commonly for injectable hydrogel-based DDSs include poly(N-

isopropylacrylamide) (PNIPAM),47,48 amphiphilic block copolymers consisting of 

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO),49 poly(oligo(ethylene 

glycol) methyl ether methacrylate) (POEGMA), and other branched poly(ethylene glycol) 

(PEG) polymers.50ï52  The thermoresponsivity of these gels can be further fine-tuned by 



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

12 

  

crosslinking prior to LCST activation, helping to tune delivery in environments with 

slightly increased temperatures such as cancer. 

Shear-thinning hydrogels are designed to have reversible viscosities under shear 

whereby a pre-formed hydrogel undergoes a viscosity change during extrusion through 

the needle and then regains its original stiffness after being expelled from the needle. 

Crosslinks in these gels must be able to break during the application of shear and reform 

quickly in its absence. As such, crosslinks are limited to either highly reversible physical 

interactions (such as hydrophobic interactions, electrostatic interactions, hydrogen bonds, 

and sequence-specific peptide interactions)53,54 or dynamic covalent crosslinks (such as 

imines, hydrazones, Diels-Alder-type reactions, disulfide bonds, and boron-catechol 

interactions).55  

Macroporous hydrogels are functionally similar to shear-thinning hydrogels in that 

they are typically formed prior to injection but temporarily deform in order to be 

injectable. Mechanistically, however, they are quite different in that it is the highly 

compressive nature of the hydrogel (a result of the increased pore sizes in their network 

structure) that allows for injection rather than transient de-crosslinking of the network, 

with the subsequent re-expansion of the hydrogel after injection enabling near-full 

recovery of the pre-injected network even when exposed to up to 90% applied strain.56 

Pores are typically formed from freeze drying gels, emulsion templating, foaming during 

gelation, electrospinning, or adding porogens.57 However, large pore sizes make it 

difficult to control the release of small molecules and nanometer scale biologics, making 

macroporous hydrogels more promising for cell delivery than traditional therapeutics. 
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Figure 1.4: Strategies for designing injectable macroscopic hydrogels for drug 

delivery. Adapted from Li et al., 2016 (Springer Nature).36 

 

 The ability for injectable or implantable hydrogel DDS to stay within a tissue (i.e. 

not pass through a biological barrier) is one of their strengths as it retains the drug depots 

in the target tissue. This retention can be further enhanced by deliberately making 

hydrogels bioadhesive ï ñstickingò to certain membranes and epithelial surfaces allows 

more controlled storage (and subsequent release) of drugs at the target site. Many 

hydrogels are inherently adherent to wet surfaces such as intestinal epithelium and mucus 

layers in the nasopharyngeal and vaginal tracts.58 Moreover, hydrogel surface chemistry 

can be altered to increase adhesion to specific surfaces. For example, incorporating 

chitosan- and/or catechol-containing polymers enables enhanced interaction with mucin 

proteins in the nose,59,60 while poly(acrylic acid) (PAA),61 PEG, fibrin, alginate, and 

hydroxypropyl methylcellulose (HPMC) can adhere to wet surfaces at wound sites.62 

Adhesion can also be adjusted by tuning the hydrogel mechanical properties (by the 
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choice of polymer, surface chemistry, and crosslink density) to match those of the target 

tissue, allowing for application in a wide range of tissues.    

1.2.2 Drug Loading Inter actions Within Hydr ogel DDS 

Hydrogel-drug depots are often designed to increase the physical and chemical 

interactions between the drug of choice and the composed hydrogel network. The two 

major factors contributing to drug-gel interactions are 1) the chemical interactions 

between the drug and the hydrogel moieties, and 2) the mesh size of the network and its 

ability to physically trap the drug. In theory, the greater the interplay between these two 

interactions, the higher the drug loading amount and thus the greater longevity of the drug 

depot.  

Hydrogels designed to enhance drug-hydrogel interactions typically leverage one 

of three basic chemistries: covalent bonds, electrostatic interactions, or hydrophobic 

interactions.36 Covalent chemistries provide the strongest polymer-drug interactions, but 

must not be too strong so as to impede release into the target tissue. If the covalent 

interaction is not cleavable under physiological conditions (such as many amide bonds, 

Diels-Alder reactions, copper- and strain-promoted click chemistries, or avidin-biotin 

conjugations),63 then drug release is based on the collapse of the overall network. As 

such, therapeutics are typically linked to hydrogel networks through cleavable bonds that 

allow release in particular tissue environments. Examples include water or acid labile 

imines, hydrazones and esters, exchangeable disulfide bonds (specifically useful in tissues 

with high redox potential), or protease-degradable peptide sequences that have been 

conjugated to therapeutics. Although these chemistries work in theory in vivo, many are 
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limited by the structure of the drug being delivered; few active compounds contain such 

reactive groups, and, therefore, such chemistries are typically used to degrade hydrogel 

crosslinks more than they are to remove drug directly from hydrogel-incorporated 

polymers. Electrostatic interactions are a simpler way to conjugate therapeutics that 

contain either cationic or anionic character with an opposing charge on the hydrogel 

network. Ionic gels are made either by conjugating charged groups to polymer backbones 

or using inherently charged polymers (such as chitosan, chondroitin sulfate, PAA, 

etc);64,65 the amount of charge available on gels dictates the strength of the electrostatic 

interaction with the therapeutic. Hydrophobic interactions are more generally useful to 

load drugs into hydrogels due to the inherent hydrophobicity of most therapeutics, 

although excessive hydrophobization can significantly compromise the beneficial 

properties of the hydrogel itself. Creating smaller hydrophobic domains within 

hydrophilic gels is typically enough to drastically increase the solubility (and, thus, 

loading) of hydrophobic drugs in the gel matrix, most commonly done either by linking 

long aliphatic chains to polymer backbones or incorporating (either chemically or 

physically) cyclodextrins (CDs), cyclic oligosaccharides with hydrophobic cavities that 

can stabilize a wide array of hydrophobic small molecule drugs.66ï68 Introducing 

hydrophobicity into hydrogels may affect swelling and mechanical properties, effects that 

may be further compounded by the addition of the therapeutic; as such, extensive testing 

should be done to ensure polymer modification and drug loading does not negatively alter 

hydrogel properties prior to in vivo testing.  
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The mesh size of hydrogels helps dictate the potential entrapment and diffusion of 

drugs between polymer chains in a hydrogel network. Since most mesh sizes range 

between 1 ï 100 nm, the mesh size of a hydrogel may limit which therapeutics are found 

between the network spaces;69 for example, delivering cells (10 ï 100 µm) via hydrogels 

that are not inherently degradable can only be done by creating macropores within the gel 

network.70 Small molecule and protein-based therapies (typically on the few nanometers 

size scale), however, comfortably fit in smaller mesh sizes. The role of the mesh size in 

controlling diffusion through the network also regulates the amount of drug that can be 

sorbed into the hydrogel for loading purposes if the gel is pre-made and then incubated in 

drug solutions for loading, as is typically the case in non-injectable hydrogel systems.  

1.2.3 Drug Release from Hydrogel DDS 

Once therapeutics have been loaded into the bulk of the gel, controlled release out 

of the gel must be tracked over time to ensure proper dosing at the target site. Three 

primary factors determine the rate of drug release and can be modeled mathematically to 

determine which method is most predominant in the release of any particular 

drug/hydrogel combination (Figure 1.5).  
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Figure 1.5: Mechanisms of drug release from bulk hydrogels.  Release of drugs from 

hydrogels is dependent on a combination of four mechanisms: mesh size, degradation of 

the polymer network (either backbone or crosslinks) and swelling of the gel to 

temporarily increase mesh size. Adapted from Li et al., 2016 (Springer Nature).36 

 

1.2.3.1 Mesh Size 

The influence of mesh size on the diffusion of drug out of a hydrogel is more 

widely studied than its diffusion into a gel because of its implications on dosing in vivo. 

As such, it is generally understood that the ratio of mesh radius (rmesh) to drug radius 
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(rdrug) dictates drug diffusivity out of the gel. In general, if the drug is smaller than the 

mesh size (i.e. rmesh/rdrug > 1), there is rapid diffusion through/out of the gel since mesh 

size does not significantly restrict drug transport.36 When the drug and mesh size are 

equivalent (rmesh/rdrug å 1), diffusion is still the driving force of release, but occurs much 

slower than when rmesh/rdrug > 1. This is often desirable for slow or controlled release 

DDS, allowing for a long-acting release and dosing of a therapeutic at the target site. 

Finally, when drug is larger than the mesh size (rmesh/rdrug < 1), movement of the drug is 

highly restricted within the hydrogel and thus requires network degradation, swelling, or 

deformation (as described below) to drive release. Mesh size is thus a key factor on drug 

release rates and controlling it can induce drastic changes in the drug concentrations in 

the target site. Mesh size can be controlled by changing polymer concentration (inversely 

proportional to rmesh), crosslinking density/number of crosslinking functional groups 

(inversely proportional to rmesh), and the choice of polymer (atom-atom bond lengths are 

inversely proportional to rmesh) among other factors.71 Measuring rmesh  by mechanical and 

swelling properties of the gel (to relate to diffusivity),72 microscopy (e.g. atomic force, 

confocal or electron microscopy),73 small angle x-ray or neutron scattering,74 nuclear 

magnetic resonance (NMR),75 or fluorescent probes of differing and well characterized 

sizes76 can give insight into the potential of a given hydrogel for controlling drug 

delivery. It should be noted, however, that while hydrogel meshes are heterogeneous all of 

these methods assume homogeneous or average mesh sizes, limiting their utility for fully 

understanding drug diffusion through a given hydrogel.  

1.2.3.2 Network Degradation 
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Mesh size can be altered by stimuli to transiently increase the rate of release, 

specifically when rmesh/rdrug < 1. The most obvious way by which this occurs is the 

degradation of the hydrogel network, either along the polymer backbone or crosslinks (or 

both). Both methods typically increase the mesh size and subsequent movement of the 

drug through the matrix. Hydrogels must be designed to accommodate specific stimuli 

that degrade backbones and crosslinks; ester linkages are typically used for water- and 

pH-sensitive backbones and/or crosslinks,77 while specific peptide sequences can be 

cleaved by matrix metalloproteinases (MMPs) found in numerous cellular 

environments.78 Some chemistries can be used to temporarily break bonds in ñself-

healingò hydrogels, i.e. the polymer and/or crosslinks break in the presence of a defined 

stimulus the reform in the absence of the stimulus for on-demand release of drugs from 

the hydrogel matrix, similar to those described for shear-thinning gels in section 1.2.1.79,80 

Examples of such chemistries include disulfides, Diels-Alder pairs, boronate-catechol 

pairs, imines, hydrazones, hydrophobic interactions, pi-pi stacking, hydrogen bonding, 

metal-ligand coordination, and ionic interactions (Figure 1.6). Importantly, the 

mechanism for network degradation should consider the tissue into which that drug is 

being delivered. For example, many chemotherapeutic-loaded hydrogels are designed 

with disulfide crosslinks to exploit the observation that many cancers show an 

upregulation in disulfide-reducing peptides and enzymes. During injection/implantation 

into the tumor site, these reductive mechanisms can degrade the polymer to more rapidly 

release drug in the cancer microenvironment.81  
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Figure 1.6: Chemistries used in self-healing hydrogels for drug delivery. Retrieved 

from Tu et al., 2019 (Elsevier).80 

 

1.2.3.3 Swelling 

Mesh size can be temporarily changed by local stimuli that drive hydrogel 

swelling/deswelling and thus adjust the steric strain on the loaded therapeutic.36 Internal 

stimuli such as changes in temperature (typically stimulated by increased blood flow 
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and/or immune response), pH (from increased metabolic processes), and ionic strength 

(from metabolic processes) are the most common methods to affect hydrogel structure 

and subsequent release, although external stimuli such as light and electric fields have 

also been used to alter the swelling of a network for drug release. Among these, an 

increased emphasis is placed on pH-responsive materials due to their use in cancer drug 

delivery applications. Due to the decreased vascularity and oxygen permeation observed 

in many tumors (particularly more solid tumors), the Warburg Effect dictates that most 

cancerous environments are acidic, which can alter hydrogel swelling depending on the 

polymer and crosslinking chemistry chosen for the hydrogel DDS.82 Local temperatures 

can also be higher in such tumors due to the absence of vasculature to remove heat 

associated with the rapid metabolism of tumor cells.  For example, CD-based hydrogels 

can increase drug release by temporarily decrosslinking upon exposure to higher local 

temperatures at tumor sites.83,84  

Alternatively, local stimuli can induce temporary de-swelling to ñsqueezeò the 

loaded therapeutic out of the gel network more rapidly, akin to squeezing a sponge. This 

is most commonly done using thermosensitive polymer systems with LCST behaviour 

such as PNIPAM, POEGMA, and Pluronic-based hydrogels.85 These are optimally used 

in cancer applications to  stimulate a rapid ñburstò release upon polymer de-swelling, 

followed by a hydrogel-mediated lag phase for sustained drug delivery (see section 

1.2.3.4 for further information on release kinetics from hydrogels).  

1.2.3.4 Mathematical Modelling for Release Kinetics 
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The release kinetics of therapeutics have been extensively modeled to varying 

degrees of complexity. The first variable to consider is diffusivity, D, of a therapeutic 

through the hydrogel matrix prior to its release into the target site. Using the Einstein-

Stokes equation (i.e. taking into account the viscosity of the swollen matrix) D can be 

measured with Equation 1.1: 

                                                             [1.1] 

where R is the Boltzmann constant, T is the temperature, and ɖ is the viscosity of the 

solution. As discussed in section 1.2.3.1, diffusion in a hydrogel is largely dependent on 

the rmesh/rdrug ratio and ultimately the mesh size. D is useful for determining the time a 

drug would take to diffuse fully through the hydrogel (tdiff), which is estimated based on 

the thickness of the hydrogel, H (Equation 1.2): 

                                                            [1.2] 

Numerous reports have used this approximation to confirm experiments showing that 

several hours are needed to release protein therapeutics from hydrogels;86 on average, 

every 1 mm hydrogel requires between 0.3 and 30 h to release a protein depending on the 

protein size/composition and hydrogel composition.  

 However, drug transport from hydrogels is not solely dictated by diffusion, with 

swelling, electrostatic interactions, network deformations, and drug concentrations all 

also affecting the release kinetics of hydrogel-loaded therapeutics.37,87 As such, kinetic 

models for drug release from hydrogels should account for both diffusion and potential 

drug-matrix interaction effects. In a purely diffusive release system, drug release is 
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typically modeled by either zero-order (constant amount of drug released at each time 

point, Equation 1.3) or first-order (constant percentage of total drug released at each time 

point, Equation 1.4) release kinetics.  

                                                      [1.3] 

                                                    [1.4] 

where Mt is the mass of drug at time t, MÐ is the total amount of drug in the gel, and k is 

the experimentally determined kinetic rate constant. In reality, most in vivo drug release 

from hydrogels is characterized by an initial ñburstò followed by a slower, more 

consistent release of drug over time until the drug either depletes from the hydrogel or 

hits an equilibrium concentration ñplateauò, related to the combination of diffusion 

through/out of the hydrogel network, any drug-matrix interaction effects, and how 

swelling changes either of those properties. Complex diffusive mechanisms are most 

commonly described through the Peppas equation (Equation 1.5): 

                                                                                                                      [1.5] 

where n describes the power-law relationship of release and dictates whether release is 

diffusion or swelling dominated. When n = 1 it matches Equation 1.3 and describes zero-

order release, which is most common when swelling (potentially via network degradation 

and deformation) is the primary driving factor of release. When n = 0.5, it matches the 

Higuchi equation which is most common when diffusion is the primary driving factor of 

release. Most gels exhibit 0.5 < n < 1, describing a combination of diffusion and swelling-

controlled release. If n is closer to 1 than 0.5, it is understood that release in that system is 
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swelling-dominated; the inverse is true for diffusion-based release if n is closer to 0.5.86  

However, this model still does not outline every interaction within a hydrogel nor every 

hydrogel geometry. Other models outline the effect of swelling on release in more detail, 

as well as polymer chain-drug interactions, drug/matrix interaction effects, diffusion/bulk 

gel degradation interaction effects, reversible protein-ligand paired gels, and more: such 

models have been reviewed in detail by Lin and Metters but fall outside the scope of this 

thesis.69 

 In summary, hydrogels are bulk materials comprised of 3D, crosslinked polymers 

that have unique physical properties due to their swelling. Characterizing and optimizing 

bulk gels on scales down to the molecular level allows for tuned drug release kinetics, 

both through the gel and into the surrounding target tissue. Although hydrogels are good 

for implantable and (if in situ-gelling) injectable applications, hydrogels cannot circulate 

to find disease tissue, which limits their routes of administration and biological barriers 

they can overcome. Micro- and nano-scaled materials are needed to address drug delivery 

challenges that require circulating drugs. 

1.3 Microparticles for Drug Delivery  

Microparticles (MP) are DDS with a diameter between 1 and 1000 µm.88ï90 Their 

high surface area to volume ratio and smaller size than bulk hydrogel DDS allows them to 

have unique PK and PD profiles depending on the composition of the MP and can be 

tailored to the disease target differently than bulk or nano-scaled materials. Diameter, 

polymer composition, pore/mesh size, surface charge, and hydrophilicity are all important 
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factors in determining the effectiveness of drug-loaded MPs, and ï similarly to bulk 

hydrogels ï must be tuned distinctly to achieve the target tissue and release profile. 

1.3.1 Architecture and Morphologies of MP DDS 

Four main structural classes exist for MPs, each of which has many sub-classes 

depending on the specific formulation and characterization of each MP: microspheres, 

microcapsules, liposomes, and microgels. Microspheres are typically described as MPs 

that include homogeneously dispersed therapeutics with a solid polymer matrix. In 

contrast, microcapsules have heterogeneous matrix and therapeutic phases, whereby the 

polymer matrix typically encapsulates the therapeutic to create a drug reservoir.89 

Liposomes ï which may be on the nanoscale or micrometer scale depending on how they 

are fabricated ï are amphiphilic MPs containing a lipid bilayer (hydrophobic within the 

bilayer, hydrophilic within the core).91 Microgels are simply hydrogels with micrometer 

diameters and can contain exhibit all the same characteristics of a bulk gel (including 

stimuli-responsive crosslinks, swelling, physical properties, etc), beneficial relative to 

solid microspheres in applications in which swelling and deformability can promote 

favorable release properties.36,85 The choice of structure largely depends on the choice of 

drug and polymer for the target. For example, the amphiphilic nature of liposomes is ideal 

for amphiphilic drugs and/or dual-loading of hydrophobic and hydrophilic drugs as each 

drug can interact with the amphiphilic domain in which its most soluble,92 while drugs 

adsorbed to the surface of microspheres will have higher burst release profiles than 

encapsulating microcapsules/microgels that require full or partial degradation of the outer 

network to stimulate release.93  
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The choice of polymer and synthesis method are important considerations for MP 

DDS. Poly(lactic-co-glycolic acid) (PLGA) is by far the most abundantly used and 

researched MP DDS due to its cytocompatibility, tunable degradation profile based on the 

L:G ratio (in either case resulting in non-toxic degradation products that are natural 

metabolites), synthetic flexibility, and ease of processing into different forms.93 PLGA 

can be fabricated into either a microcapsule or microsphere or incorporated as a dispersed 

phase into hydrogel composite materials; alternately, many protocols have been 

established for fabricating macroporous PLGA microparticles. numerous other natural 

polymers (such as chitosan,94 gum arabic,95 hyaluronic acid,96 dextran,97 and cellulose98) 

and synthetic polymers (such as poly(lactic acid),99 PNIPAM,100 PEG,101 and 

POEGMA102) have been used to fabricate MPs.  

MPs are typically made by one of or a combination of manufacturing techniques 

after the polymer(s) have been chosen. Emulsions, extrusion through nozzles, spray 

drying, and microfluidics are all common methods to make MPs, each with different 

underlying mechanisms.88 Emulsions incorporate polymer and/or drug solutions into an 

immiscible solvent + surfactant solution to create stable, nascent particles within droplets. 

The solvent is then removed to produce dried, stable particles. Multiple emulsions can be 

made in series to create particles with higher morphological complexity, i.e. adding an 

extra water phase to create a water-in-oil-in-water (W/O/W) double emulsion that can 

help increase the stability of hydrophilic drugs on the internal water phase while the 

droplet is stabilized by the surface tension between the oil and external water phase. The 

surface tension at the tip of a nozzle can be used to create a micron-sized droplet from a 
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solution of drug and polymer(s) that can then be dropped or extruded into a collection 

bath for particle formation. MP size can be controlled by polymer concentration, the force 

applied during extrusion (higher force results in larger particles), collection bath 

properties, and more, although the resulting microparticles are typically relatively broadly 

disperse in terms of particle size. Spray drying is also commonly used, in which a 

solution of polymer + drug is heated and sprayed into a drying chamber while an inert 

drying gas is added in the presence of an aspirator. The collected product is a dried 

particle with little-to-no excess solvent, which almost completely alleviates the need for 

extra drying steps like from other preparation methods; however, particle collection can 

be a challenge in scale-up. Finally, microfluidic chips with defined channel sizes can be 

used to create emulsions of polymers + therapeutics on chip, with the droplet (and thus 

MP) size controlled primarily based on the flow rate and the chip design. While 

microfluidics excels at creating monodisperse particles, its throughput is low relative to 

other methods. Each of these methods listed can be used to create microspheres, 

microcapsules, liposomes, and microgels, and must be optimized depending on the 

desired morphology and size.  

1.3.2 Overcoming Biological Barriers with MP DDS 

The key advantage of MPs over bulk hydrogels as DDS is their ability to be 

delivered non-invasively into the body without the need for dynamic/in situ-gelling 

chemistry as is required with hydrogels. MPs are particularly commonly used for 

pulmonary drug delivery, as micrometer-sized particles target deep areas of the lung when 

inhaled.103 Since the 1960s, it has been well characterized that aerosolized particles (i.e. 
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solid or liquid particles within a gaseous matrix) between 0.5 ï 5 µm in diameter can be 

effectively delivered to different areas of the lung (Figure 1.7),104 with particles >5 µm 

are deposited in the upper airway as they are trapped by mucus and cilia in the upper 

respiratory tract via a defence mechanism known as mucociliary clearance (MCC). 

Gravity and breathing rates allow particles within 2 ï 5 µm to sediment within the trachea 

and bronchi. Between 1 ï 2 µm, MPs can reach the deep lung (i.e. bronchioles and 

alveoli), whereby diffusion primarily controls the transport of drug-loaded MPs into 

targeted lung tissues. Though nanoparticles (NPs) have been shown to better diffuse to the 

deep lung, they are also much more cleared quickly through exhalation as well as 

phagocytosis via macrophages surrounding alveoli; the latter mechanism promotes 

clearance for particles of size up to 2 µm. Size-switching MPs have been developed to 

overcome this challenge either by 1) creating size-switching MPs with an initial size of 1 

ï 5 µm that travel to the deep lung then degrade and release <0.5 µm NPs locally that are 

not detectable by macrophages and are retained by sedimenting in the lung mucosa 

(which is not ideal as large number of nanoparticles are readily exhaled due to their small 

size),105 or 2) creating swellable MPs that are smaller (1 ï 2 µm) to reach the deep lung, 

but swell to larger (~5 µm) sizes so as to not be engulfed by alveolar macrophages and be 

retained in the deep lung.106 Non-spheroidal MPs have also shown to reduce 

phagocytosis, although irregular shapes may impact densities and flow rates for proper 

delivery to the deep lung.107  
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Figure 1.7: Deposition of pulmonary MP DDSs in human airways. Retrieved from El-

Sherbiny et al., 2015 (HBKU Press).103  

 

 Macrophage uptake, can, alternatively, serve as a useful target for drug delivery. 

Some treatments for cancer (among other diseases) have been aimed at targeting 

cancerous tissue with endogenous T-cells, which can be recruited by specifically 

polarized tumor macrophages. For example, Joshi et al. previously created 1 ï 3 µm MPs 

loaded with tumor-associated antigens that targeted macrophages.108 The phagocytosis, 

antigen-presentation, and subsequent targeting of tumor macrophages enabled by these 

MPs resulted in a significant reduction in tumor volume between untreated and MP-

treated mice.  

 MPs have also been used in oral drug delivery systems, specifically when 

targeting the colon.109 Formulating acid-resistive coatings on the MP surface allows for 

the passage of MPs through the highly acidic pH of the stomach, through the small 

intestine, and into the colon. Size again influences the impaction of the MPs on the 

colonic tissue. In the case of ulcerative colitis, drug-loaded MPs between 4 ï 15 µm 

showed decrease impaction and uptake in the colon compared to sub-5 µm MPs that can 

traverse through the leaky, inflamed colon vasculature to allow for further uptake while 

avoiding macrophage degradation.110 Although mucoadhesive polymers in MP synthesis 
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have showed to further increase this transport (i.e. to further increase the residence time 

of the MP prior to systemic clearance), it is MP size that primarily governs these transport 

mechanisms. 

 Similar to bulk gels, MP DDSs can circumvent most biological barriers via direct 

injection into target tissue. Since most MPs are stable colloids (particularly MPs on the 

lower ones to tens of micron size range that is most typically used in drug delivery), the 

MP suspension has a viscosity very similar to that of the dispersing solvent while at 

reasonable concentrations, making the placement of MPs into syringes and injection into 

target sites simple.90 MP DDSs have situational advantages over bulk gels in contexts in 

which drug loading may be greater in the MP than in an injectable gel (i.e. loading 

hydrophobic compounds in PLGA MPs vs. primarily hydrophilic bulk gels) or the release 

profile of the MP is more adequately tuned compared to bulk gels (see section 1.3.3 for 

more on drug release kinetics in MPs). MPs can also have significant advantages over NP 

counterparts depending on the context given that they are better retained in tissue across 

which NPs can pass easily. For example, when MPs ranging from 5 to 250 µm were 

injected intraperitoneally (IP) in mice, MPs remained in the peritoneum for two weeks 

while NPs at the same mass fraction leaked out of the peritoneum and rapidly 

accumulated in macrophages that were then transported to (and subsequently inflamed) 

the spleen111. MP containment within tissues can therefore be seen as a benefit in the 

context of local delivery, provided that the injection site of the MP is well-defined and 

known.    
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 Outside of pulmonary, oral, macrophagic, and injectable delivery, targeting other 

tissues systemically with MP DDSs has significant drawbacks. IV administration of MPs 

is well-known to cause embolisms as the MP diameter exceeds the diameter of the blood 

vessels. While the exact size of MP to embolize vessels is not entirely clear, Kohane et al. 

have shown that 4 ï 5 µm MPs only embolize at high concentrations, with no such 

clotting seen at lower concentrations.90
 Interestingly, drug-mediated embolisms have been 

shown to effectively treat hepatic carcinomas, although this approach is only really 

relevant to this specific cancer type. Otherwise, embolisms often lead to fatal clots and 

thus heart attack and stroke. The inability of MPs to pass through most vasculature when 

injected ï or, more problematically, block vasculature from proper function ï thus greatly 

impedes their function as an IV delivery vehicle.  

1.3.3 Drug Loading Interactions Within MP DDS 

Loading therapeutics into MPs follows many of the general guidelines outlined for 

bulk hydrogels in section 1.2.2, namely that increased interactions between the polymer 

and drug will increase the relative amount of drug loaded into MP. For example, Wang et 

al. found that ester-terminated PLGA enabled increased doxycycline loading after 

electrospraying with doxycycline compared to acid-terminated PLGA because of the 

increased hydrophobicity of the ester-functionalized particles (as confirmed by wetting 

tests of the native MP), which more similarly matched the hydrophobicity of 

doxycycline112. The same paper also reported that smaller PLGA molecular weights 

reduced loading, a result attributed to more acid groups being present on MPs prepared 

with short PLGA chains compared to long PLGA chains. As with bulk gels, the molecular 
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functionality present on MP-forming polymers should compliment the physicochemical 

properties of the drug to be loaded. 

Additional considerations must be made with particulate systems as there are 

typically additional processing steps that are not needed during drug-loaded hydrogel 

formulations. Many MP formulations must be post-processed to create a dry, usable 

formulation; significant amounts of drug may be lost during such a process. Even simple 

processing steps such as washing away some mass of drug after eluting from the nozzle 

of an electrospraying setup113 or removing unbound drug during purification of emulsified 

MPs may reduce calculated encapsulation efficiencies (EE; percentage of drug 

encapsulated from starting drug solution) and loading capacities (LC; mass percentage of 

drug encapsulated per mass percentage of MP).114 Alternatively, unique processing and 

MP fabrication methods open up new opportunities for drug loading that are not available 

for bulk hydrogels. Winkler et al. compared the simultaneous loading of acetaminophen 

(hydrophilic) and naproxen (hydrophobic) when Janus MPs comprised of 

PLGA/polycaprolactone (PCL) were loaded using either a single O/W or double W/O/W 

emulsion.115 Naproxen was loaded with high efficiency using either method as it is 

miscible in both of the hydrophobic polymers; acetaminophen, however, had EEs 3× 

higher and LCs 15× higher when a W/O/W was used compared to a O/W emulsion, a 

result attributed to the hydrophilic drug compartmentalizing within a W/O droplet prior to 

encapsulation in the overall W/O/W-formed Janus particle. Such processing parameters 

add power to MPs that are not as easily achieved with single phase bulk hydrogels.  
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1.3.4 Drug Release from MP DDS 

The overall steps of MP drug release closely resemble those seen in bulk 

hydrogels. Drug must transport through the MP matrix, partition from the surface of the 

MP, and be released into the surrounding tissue. In the case of microgels, the factors 

controlling these kinetics are identical to those for bulk hydrogels as the microgel is, from 

a modeling perspective, a miniaturized composition of a bulk hydrogel;52 diffusion (and 

its relation to mesh size), polymer and network degradation, and swelling all play key 

roles. The main difference between microgels and bulk gels is that the distance travelled 

by the drug out of the microgel is significantly smaller given the micrometer instead of 

the millimeter-plus scale of microgels, resulting in significantly faster drug release 

compared to bulk gels.  Lengyel et al. have outlined the general release mechanisms for 

MPs with slight variations depending on if the active pharmaceutical ingredient (API) is 

homogeneously entrapped in the MP or entrapped in a drug reservoir (Figure 1.8).88 The 

combination of these factors determines the overall release and is dependent on the MP 

architecture. For example, if the MP is porous and the API is homogeneously dispersed 

(commonly used to decrease density in pulmonary drug delivery116), water diffusing into 

the structure will likely cause it to swell slightly before hitting a critical point and 

bursting the solid microsphere to rapidly release drug from the MP. If crosslinking is 

present in either a microgel or microgel composite material, water uptake will induce 

swelling, increase the mesh size, and release drug more quickly than pre-swelled 

diffusion (similar to bulk gels).52 In all cases, Fickian diffusion through the polymer 

network will occur to some extent. The rate of diffusion is increased with increased 



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

34 

  

porosity and pore/mesh size. Over time surface erosion and bulk erosion will occur to 

release drug, but the rate at which that happens depends on the MP composition and 

release media. Ester linkages within PLGA MPs are well known to hydrolyze or 

enzymatically degrade in vivo but tuning the molecular weight and lactic:glycolic acid 

ratio alters the erosion rate of such MPs.117  

 
Figure 1.8 Release mechanisms of MPs when the API is either homogeneously 

entrapped (top) or encapsulated as a drug reservoir (bottom). Drug release is 

typically a combination of each of these mechanisms and is dependent on the MP 

structure and composition of the release media. Retrieved from Lengyel et al., 2019 

(MDPI).88 

 

Similar phenomena are seen with drug reservoir-like MPs: dissolution of the outer 

coating and/or increased swelling causes release from the reservoir and into the 

surrounding tissue. For example, Liu et al. created stimuli-responsive, core-shell 

microgels by incorporating pH sensitive poly[2-(dimethylamino) ethyl methacrylate] to 

induce shell degradation and subsequent drug release in acidic cancer 
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microenvironments.118 Using solid polymer coatings/polymer MPs allows for the 

introduction of tiny openings created from endogenous or exogenous stimuli, known as 

microcracks, microcorks, or microcaps.119 These openings are often larger than the mesh 

size of swollen microgels to yield a large burst at the target site. Similar to bulk gels, 

numerous stimuli can be used (and combined) to control drug release via the above 

mechanisms, including pH, light, redox, temperature, and various forms of ultrasound.120 

Regardless of the stimulus (or in the absence of one) or the mechanism of release, 

several considerations can generally be made with MP DDS. Namely, MP drug release 

contains two main phases: initial burst release followed by lag time and subsequent 

sustained release until equilibrium is reached with the surrounding media.93 The initial 

burst is caused by the diffusion of non-specifically adsorbed drug on the MP surface or 

weakly-bound drug throughout the MP and is present to some degree in all formulations. 

The rate of this initial burst (and, thus, the rate of the later sustained release phase) can be 

tuned by increasing the MP-drug interactions; the greater the interaction between the MP 

and drug, the slower the release rate. Tuning this interaction by changing the pore/mesh 

size, polymer molecular weight, polymer composition/functionality, and/or adding 

adjuvants can tune the release profile of an MP DDS. 

1.4 Nanoparticles for Drug Delivery 

NPs are one order of magnitude smaller than MPs and are typically considered for 

therapeutic use between 10 and 250 nm in diameter. NPs are such promising DDS that the 

US National Science and Technology Council created the National Nanotechnology 

Initiative to set guidelines for NP DDS and drive their translational progress forward.121 
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Due to their smaller size and increased surface area relative to MPs, they exhibit different 

physicochemical characteristics and thus require different considerations compared to 

MPs that also open unique opportunities and benefits for loading, release, and transport. 

Most notably, NPs do not embolize vasculature when circulating, making them very 

promising vehicles for systemic drug delivery. The unique nano-architectures and drug 

delivery applications of nanoparticles will be discussed with an emphasis on the array of 

biological barriers NPs can overcome that are less effective or impossible on larger length 

scales.  

1.4.1 Architectures and Morphologies of NP DDS 

NP DDS are generally classified based on the precursor material that makes up the 

NP: lipids, inorganic materials, or polymers (Figure 1.9).122,123 Each architecture has sub-

classes of NPs that slightly alter their shape and physicochemical characteristics. Lipid-

based NPs are the most commonly used nanomedicines in literature and have the most 

FDA-approved formulations124 due to their simple formulations that mimic native cell 

membranes and flexibility in loading different payloads.122 Lipid-based NPs are 

comprised of amphiphilic monomers ï most commonly phospholipids with a hydrophilic 

head and hydrophobic tail allowing them to assemble into distinct hydrophobic and 

hydrophilic domains within the same nanoparticle. Solid-lipid NPs (SLNs) can form 

single layer vesicles containing a primarily hydrophobic core for loading hydrophobic 

therapeutics, which are formed in a facile manner by increasing the monomer 

concentration above the critical micelle concentration (CMC) or, more commonly, 

through emulsion-based techniques. In some cases, SLNs can be designed to have smaller 
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micellar structures within the hydrophobic core of the SLN to stabilize hydrophilic 

therapeutics. SLNs formulated with cationic lipids are widely used to encapsulate 

negatively charged genetic material, a common therapeutic in todayôs pharmaceutical 

landscape for treatments such as in mRNA vaccine delivery.125 Liposome NP DDSs are 

identical to those discussed in section 1.3.1 but on the nano-scale; some report that it is 

easier to formulate nanometer liposomes than micrometer ones, with the nanoscale 

liposomes often easier to fabricate into stable NPs than those on the microscale. The same 

advantages and disadvantages are present here, namely that simple synthetic methods 

may be performed to entrap hydrophilic and hydrophobic compounds within the same 

particle.126 Additionally, liposomes can have multiple lamellae of lipid bilayers, allowing 

for fine-tuning of size and surface charge for distinct applications. The first FDA-

approved chemotherapeutic NP was a liposomal form of DOX known as Doxil® that 

provided substantial improvements for cardiotoxic side effects compared to free drug and 

serves as a common case study for NP-based DDSs today.31 Though the most common 

methods for creating liposomes are by either sonicating a mixture of lipids or rehydrating 

lipid thin films, emulsions described in section 1.3.1 may also be used to create NP DDSs, 

with the amount of energy input to create the droplet of the immiscible phase and the 

concentration of surfactant (and, potentially, number of co-surfactants) used to stabilize 

the droplet being the primary factors for determining size.127 The wide array of solvents, 

surfactants, and energy input methods helps to increase the complexity and versatility of 

emulsion-based NP DDSs, although much optimization must be done to produce a 
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specific NP. Interestingly, emulsions have been described both as a class of NPs and as a 

synthesis method for SLNs, outlining their vast utility in drug delivery applications.   

 

Figure 1.9: Classes of NP DDS. Adapted from Mitchell et al., 2020 (Springer Nature).122 

 

Inorganic NPs are other commonly used DDS that are unique for their dual drug 

delivery (therapeutic) and sensing (diagnostic) capabilities, spawning a field commonly 

known as theranostics. Silica (SiNPs), gold (AuNPs), superparamagnetic iron oxide 

(SPIONs), and quantum dots (QDs) are the most commonly researched subclasses of 

inorganic NP DDSs. SiNPs are silicon dioxide based NPs that can be fabricated via 

methods in use for several decades and have grown immensely as DDS since the late 

1990s.128 In addition to their facile synthesis, SiNPs have widely tunable pore sizes 

(ranging from a several angstroms to 50 nm) for easily adjustable drug loading and 

release kinetics, simple surface and pore functionalization (via siloxane chemistry), and 

exceptional in vivo tolerability in a wide range of tissues. Of the inorganic NPs, SiNPs are 
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least commonly used for theranostics as they lack inherent sensing moieties but may be 

easily conjugated to other probes if theranostics are desired. AuNPs are most commonly 

used in theranostics as they contain size- and surface-dependent photothermal properties 

and are easily conjugated to a wide variety of biosensor surfaces (commonly on thiol-

based surface plasmon resonance-based sensors).129,130 SPIONs utilize their 

superparamagnetic abilities to serve as theranostics, specifically in cancer diagnosis and 

drug delivery in terms of acting as a contrast agent in diagnostic imaging while 

stimulating cytotoxic levels of heat specifically in cancer cells (as a function of tumor 

vasculature and thermal properties). SPIONs have reactive functional groups formed on 

their surface during synthesis and stabilization and are used to increase their affinity for 

loading chemotherapeutics such as DOX.131 QDs are commonly composed of cadmium 

and selenium and ï of the inorganic NPs listed here ï are most often used as a diagnostic 

more than a therapeutic given their relatively low surface functionality yet high 

conductivity and strong emission spectra.132 QDs, however, are the least promising NP 

DDS given that they exhibit significantly higher systemic toxicity than all the other 

inorganic NPs described. The contrast of toxicity and treatability of drug-loaded inorganic 

NPs calls for more research to be done so that these materials can be better translated into 

clinical applications.  

Polymeric NPs are composed of natural and/or synthetic polymers and are widely 

sought after due to their synthetic flexibility.122 Many different combinations of 

monomers and polymer synthesis techniques can produce unique precursors that can 

either be post-processed or self-assembled into NPs based on polymeric structure. For 
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example, block co-polymers alternate hydrophilic and hydrophobic monomers on the 

same backbone to allow for self-assembly into micelle-like NPs; the size and charge of 

the NP can easily be tuned by changing the type of monomer, the molecular weight of the 

precursor polymer, the pendant group(s) on the polymer, and/or the method of self-

assembly.133 The breadth of available polymers ï specifically tunable synthetic ones ï 

yields numerous subclasses of polymeric NPs beyond the aforementioned polymeric 

micelles. Polymersomes are equivalent to liposomes in that they have bilayer as opposed 

to micelle-like structures but are fabricated using amphiphilic polymers (either linear or 

branched) rather than phospholipids; again, the flexibility in the choice of polymer allows 

more tunability for the overall polymersome structure. Nanospheres are similar to 

microspheres described in section 1.3 in that they contain therapeutics throughout a 

homogeneous polymer phase; although regions or domains of inhomogeneities may be 

present, nanospheres consist of one defined phase in contrast to micelles or 

polymersomes which contain more distinct hydrophobic and hydrophilic regions.134 

Dendrimers are fractal-like nanoparticles formed when  monomers with multiple branch 

points are added in succession over many layers to create large homogeneous NPs. 

Poly(ethylenimine) (PEI) and poly(amidoamine) (PAMAM) are the most commonly used 

monomers for these cases, although many multi-functional monomers with both 

electrophilic and nucleophilic character have been reported.135 Nanogels are hydrogels 

formulated to be on the nano-scale and, similar to microgels, combine the benefits of bulk 

hydrogels with the unique surface area to volume of a smaller length scale to address 

many issues that bulk materials face when trying to overcome biological barriers.123 
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Specifically tailoring crosslinks in nanogel systems to respond to unique stimuli ï either 

endogenously or exogenously ï creates many opportunities for tuning the loading and 

release profiles of therapeutics beyond the robust mechanisms that polymeric NPs 

inherently possess.136 It should be noted that although nanogels are primarily formed from 

synthetic polymers, natural polymers and lipids are often crosslinked to form gels or 

incorporated into nanogels to create composite materials, which will be discussed in 

section 1.5. Combining the characteristics of lipids, natural polymers, and synthetic 

polymers can enable optimization of nanogel formulations for specific drug delivery 

applications and further increase the robustness of polymeric NP materials. Though it is 

clear that the breadth of possibilities for polymeric NP materials is greater than other NP 

DDSs, there are still many issues preventing aggregation and, thus, toxicity in vivo that 

must be addressed before they can be viable in clinical applications.122  

1.4.2 Overcoming Biological Barriers with NP DDS 

Compared to DDS on the bulk and microscale, NPs show the greatest amount of 

promise for overcoming biological barriers, specifically in systemic drug delivery. 

Although the route of administration can vary on the system and target, systemic DDSs 

are typically administered IV and must consider five main principles when delivering a 

therapeutic through the blood and to the disease site: 1) it must avoid non-specific 

clearance mechanisms in the blood to increase circulation time (which includes avoiding 

kidney filtration, serum proteins adsorption, and uptake by the mononuclear phagocyte 

system (MPS)122,137); 2) it must target/localize around diseased tissue from circulation 

while avoiding healthy, off-target tissues; 3) it must extravasate out of the blood and into 
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the target; 4) it must navigate the local microenvironment and localize in the necessary 

regions of diseased tissues, and; 5) it must release drug in the target tissue at the target 

site, ideally (but not necessarily) in response to a local endogenous or exogenous stimuli. 

Abiding by these five principles allows systemically administered NP DDSs to increase 

drug delivery efficacy by delivering a relatively higher concentration of drug to the 

disease site while preventing (or at least minimizing) toxicity in off-target tissues. This 

section will highlight how NP DDSs have been engineered to utilize their size, shape, 

charge, and surface properties to overcome the systemic, local, and cellular biological 

barriers associated with local drug delivery (Figure 1.10). Specific examples will be 

provided in which some aspects of this pathway are avoided or de-emphasized, where 

applicable.  

 
Figure 1.10: Designing NP DDS to overcome biological barriers in systemic drug 

delivery. Size, shape, charge, and surface properties (e.g. nanoparticle coatings or 

targeted ligands) can increase the circulation time of NP DDS delivered systemically. 

Increasing extravasation of DDS from blood into target tissues, avoiding clearance from 

mechanisms in blood, and targeting properties of specific barriers (such as the 

biochemical makeup of cancer and various mucus-covered surfaces) must be addressed to 

ensure effective drug delivery. Retrieved from Mitchell et al., 2020 (Springer Nature).122 
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1.4.2.1 Overcoming Systemic Barriers in Circulation 

NP DDSs can be engineered in a variety of ways to avoid filtration through the 

kidney, interactions with serum proteins, and interactions with the MPS (which lead to 

subsequent clearance in the liver and spleen). These barriers have been overcome by 

changing the size, surface charge, stiffness, and surface coating of NP DDSs. NPs with a 

diameter <10 nm are cleared rapidly from the blood via filtration through the kidneys.137 

Similar filtration is seen with polymers below 32 kDa;138 in the case of polymer-based 

NPs, it is vital that even partial degradation is mitigated to prevent filtration of the NP 

prior to reaching its target. Alternatively, NPs that are too large (250 ï 500 nm) are 

rapidly targeted by the MPS and accumulate in the liver and spleen.7 This presents a 

narrow size range of ~30 to 200 nm to adequately avoid clearance by both the MPS and 

kidneys while in circulation.  

Designing an NP in this range may not fully prevent its clearance through either of 

these systems. Proteins and lipids abundant in serum may adsorb to the NP surface to 

increase its size above 200 ï 250 nm by forming a protein corona around the NP surface, 

resulting in the same fate as NPs initially designed above the phagocytic threshold. NP 

DDSs with positive surface charges have shown proportionally higher binding to corona-

forming serum proteins (most notably albumin, immunoglobulins, lipoproteins, and MPS 

factors such as opsonins) than those with neutral or slightly negative charges, consistent 

with the typically net anionic overall surface charge of the abundant serum proteins.7 

However, NPs with negative surface charges also have drawbacks. Negative charges have 

still been shown to non-specifically bind to cationic domains of serum proteins and thus 
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prevent adequate delivery of NP DDSs to target sites; for example, <30 nm gold 

nanoparticles with either positive or negative surface charges can bind fibrinogen to illicit 

an inflammatory response.139 Neutral particles are thus most promising for evading 

circulatory barriers and are most commonly made by functionalizing poly(ethylene 

glycol) (PEG) to the surface of the nanoparticle.140 PEG further prevents serum protein 

adsorption by creating a thick hydration layer on the surface of the NP that is 

thermodynamically unfavourable for the binding of serum proteins.141 The commercial 

availability, tunable chain lengths, and varying chemical derivatives (for ease of 

conjugation to NPs) has made PEG the most widely used ñstealthò coating for 

systemically administered NP DDSs. In recent decades, however, increasing concerns 

have been raised around growing immunogenicity to PEG that can cause adverse 

reactions. While many commercial NPs still use PEG coatings, alternative neutral and 

highly water-binding coatings (including coatings based on branched PEG (i.e. 

POEGMA) which creates neutral hydration shells while avoiding binding to anti-PEG 

antibodies)142 are increasingly of interest.  

Finally, nanoparticle stiffness and shape has shown change in interactions with 

serum and the MPS. For example, stiffer (harder) NPs are more rapidly cleared in the 

liver/spleen by the MPS than softer NPs, suggesting that flexible nanogels are likely more 

beneficial for evasion. Spherical NPs also show significantly less uptake and clearance by 

phagocytic cells (and subsequent inflammation) compared to higher aspect ratio particles 

such as rods or triangular NPs.143 Although the strategies presented here can work to 

reduce the interactions that circulating NPs face, it is challenging to design one single 
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phase NP system that can overcome the many clearance mechanisms during systemic 

administration of drug-loaded nanoparticles. 

1.4.2.2 Overcoming Barriers to Localization and Extravasation  

NP DDSs that have overcome the many systemic barriers using the strategies in 

the previous section must then localize around the target tissue and extravasate out of the 

bloodstream and into the target tissue. There are few generalizable guidelines around NP 

design to increase localization and extravasation, as every tissue has a unique 

physiological makeup that alters how it can interact with a circulating nanoparticle. This 

heterogeneity is exacerbated by each disease state of a tissue, not to mention the personal 

differences that are present within each patient of a particular subsection of a disease. As 

such, specific examples that enhance extravasation and localization will be provided to 

illustrate how this barrier has been addressed in specific applications that may or may not 

be extrapolated to other diseased tissues.  

NP size is most commonly discussed when treating cancer due to both its 

prevalence as a disease as well as the ready availability of small animal models for 

validation testing. Initial research in this field assumed that the vasculature in and around 

tumor tissue contains larger-than-normal junctions between endothelial cells due to 

unique and rapid angiogenesis mechanisms that occur in cancer, allowing NPs with a 50 ï 

150 nm diameter to easily extravasate into tumor tissue;7 this effect is often known as the 

enhanced penetration and retention (EPR) effect. However, the validity of this mechanism 

has recently come into question given that <1% of NP-based DDSs in the last 20 years 

successfully reached tumor microenvironments.144 Additionally, fenestrations in tumor 
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blood vessels were found to be up to 2000 nm in diameter, indicating that it is not likely 

that smaller NP size increased the transport of NPs into tumor tissue passively.145 The 

Chan lab, however, recently demonstrated that NPs use trans-endothelial active transport 

mechanisms to extravasate into tumor tissue, resulting in up to 97% of the administered 

nanoparticles being taken up actively rather than passively.146 Although they found that 

uptake of 100 nm NPs was 22% higher than that of 50 nm NPs, no specific receptor 

mechanism have yet to be reported that enable this active transport, now dubbed the 

active transport and retention (ATR) principle. Regardless, nanoparticle size plays a key 

role in increasing localization and extravasation into tumor environments.  

Particle size also plays a key role in nanoparticle transport for treating other target 

tissues. Systemically delivered NP DDS are well known to be poor for treating conditions 

in the brain due to the high selectivity the blood-brain barrier (BBB); however, the BBB 

can be bypassed by NP DDS through IN administration.147 The nose contains numerous 

mechanisms that increase NP transport over either free drug injections through the nose or 

administering NPs intravenously. Specifically, at least two nerve pathways are present 

that enable direct transport of NPs into brain tissue; coupled with the high vascularization 

present in the nasal epithelium as well as around brain tissue, these pathways can enhance 

brain delivery of NPs.148ï150 Such transport pathways have been reported to be effective 

for nanoparticles between 20 ï 200 nm in diameter depending on the transport 

mechanism being used,151ï153 highlighting how nanoscale size can improve localization 

inside of certain tissues. It should be noted that even though the BBB does not need to be 

addressed during IN administration, other biological barriers in the nose must be 
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overcome by NP DDS, which will be addressed in later sections.  Finally, NPs have 

shown improved localization in the GI tract after oral administration. The two most 

common colon cells that must be bypassed to enter the lumen are enterocytes and M cells, 

which promote extravasation of NPs of 20 ï 100 nm and 100 ï 500 nm diameter, 

respectively;154 in contrast, MP DDS only increase extravasation in specific cases of 

colitis.  

NP shape may also promote extravasation. Higher aspect ratio NPs (i.e. nanorods) 

move through circulation by ñtumblingò along the walls of vasculature rather than 

through the bulk of flowing blood as seen with spheroidal particles.155 Rod-like shapes 

thus have higher probability of colliding with the vascular wall and thus enter through the 

endothelial gaps around tissues, resulting in enhanced overall uptake (specifically in 

cancer or in epithelial cells in the colon).144,156 However, using shape as a method to 

enhance extravasation must be balanced with the increased MPS activation and toxicity of 

many anisotropic NP DDS as discussed in section 1.4.2.1. Alternate routes of 

administration should be considered for nanorod DDS that have low efficacy due to MPS 

activation and clearance.  

NP surface charge also generally increases extravasation but in ways that 

contradict trends around NP toxicity and clearance previously discussed; specifically, 

while positively charged particles show increased interactions with negatively charged 

membranes on a wide range of cell types to promote entry into diseased tissues, their 

increased interactions with various serum proteins make them generally ineffective as a 

systemically circulating DDS.157,158 As such, it is better to conjugate a disease-specific 
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targeting moiety to the NP surface than to rely on surface charges to localize and 

extravasate NP DDSs into target tissues. For example, numerous cancers show increased 

expression of CD44 and folate receptors; correspondingly, NPs based on hyaluronic acid 

(HA), a known binder to CD44, were surface conjugated with folate to increase its 

targeting and internalization in cervical cancer models in vivo.159 Folate provided 

targeting for extravasation while HA provided intracellular localization once the NP had 

entered into tumor tissue. Other receptors commonly targeted for extravasation in cancer 

drug delivery (typically by conjugating specific peptides for that tissue onto NP surfaces) 

include G protein coupled receptors, integrins, transferrin receptors, epithelial and/or 

fibroblast growth factors, and more.160 It should be noted that the receptor being 

overexpressed varies greatly by the individual, such that thorough diagnostics should be 

done to ensure each patientôs disease can be targeted by a specific desired moiety.  

Other examples of active targeting have been reported in non-cancer 

environments. For example, PLGA-based NPs conjugated with a collagen type II binding 

motif has been used to treat osteoarthritis.161 Interestingly, some of these targets are cross-

functional; transferrin is often overexpressed on endothelial cells lining the BBB as well 

as many cancers, enabling such targets to show in vivo efficacy for delivery to the central 

nervous system (CNS).162 CD44-HA interactions are also well-documented in treating 

arthritis in the knee.163 This multiplicity of targeting, while enabling the selection of 

rational targeting ligands for a host of diseases, can also decrease the specificity of a 

particular targeting strategy. Successful targeting requires individual diagnoses and finely 

tuned NP engineering for creating a successful drug delivery system.   
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1.4.2.3 Overcoming Barriers Within Tissue Microenvironments 

Once localized inside the desired tissue, NP DDSs must move through the dense 

tissue matrix to eventually reach target cells. As with most drug delivery-related 

problems, each matrix is not only individualized for each tissue but also each disease, 

because different conditions alter the extracellular matrix (ECM) with unique phenotypes. 

Cancer and mucosal matrices are most well-studied given that NP DDSs are commonly 

used to treat cancers and mucus-lined environments such as the GI, pulmonary, cervical, 

and nasal tract. In particular, cancer has numerous biochemical markers that differ 

compared to healthy tissue; although the specifics vary greatly depending on the type of 

cancer, tumor ECMs typically become thicker and stiffer relative to healthy tissue in order 

to promote cell growth, migration, and differentiation.164 This may create unique mesh 

sizes in cancer ECMs that can increase NP retention in cancerous tissues, previously 

determined to be ~50 ï 150 nm as an ideal retentive size range. However, the Chan lab 

recently elucidated that size plays a great role in NP travel through and within cancer 

ECMs.165 The EPR effect previously stated that NPs within 50 ï 150 nm could be 

retained in cancer tissue due to collapsed lymphatic vessels. Further investigation has 

now shown that lymph vessel collapse was negligible between healthy tumor vessels; 

rather, NPs use different lymphatic vessel pathways to temporarily escape solid tumors 

and re-enter the bloodstream to be available for subsequent and rapid re-extravasation 

into tumor tissue in a size-dependent mechanism. Notably, 15 nm NPs would exit 

primarily through peritumoral (i.e. on the surface of tumor tissue) lymphatic vessels while 

50 ï 100 nm NPs primarily travel through intratumoral lymphatic vessels (i.e. inside 



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

50 

  

tumor tissue) to be recirculated as deemed by the ATR principle. This 2023 publication 

has yet to inspire specifically engineered NPs for these purposes, although future work to 

target these mechanisms for enhanced tumor uptake and mobility would be of interest.  

Aside from these newly discovered mechanisms, other unique tumor physiologies 

have been exploited for drug delivery purposes including more acidic local pHs and 

enhanced redox potentials (among other mechanisms) that can be used to reduce NP size 

and/or to stimulate drug release: such mechanisms (and their subsequent NP designs) will 

be discussed in future sections.   

Traversing through mucus is a common challenge for many NP DDSs that are 

travelling through the GI, pulmonary, cervicovaginal or nasal tracts. Mesh sizes and 

barrier thicknesses vary significantly depending on the type of mucous and the type of 

disease being treated. While mucosal mesh sizes typically range from 10 to 1000 nm, it is 

generally understood that GI mucus is more viscous and adherent than either nasal or 

pulmonary mucus.166 There is also contradictory research on whether emphasis should be 

placed on an NP DDS to be mucoadhesive (i.e. designing the NP to ñstickò to the mucus 

to be able to increase its residence time in the mucus-rich media) or mucopenetrative (i.e. 

designing the NP to quickly move through the mucus to increase its chance of being taken 

up by epithelial cells adjacent to the mucus layer prior to clearance mechanisms);167,168 

both have some advantages and have been used in different ways to promote NP-mucus 

interactions. PEG coatings, thiol moieties, dense anionic or cationic charges, and/or 

hydrophobic domains have all been reported to make NPs mucoadhesive and/or 

mucopenetrative depending on how they interact with high concentrations of mucin 
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glycoproteins and, in the case of PEG, the length and density of PEG on the NP 

surface.167 Mucus-rich organs such as the nasopharyngeal, pulmonary, GI, and 

cervicovaginal tracts are complex targets that may require unique NP morphologies and 

surface properties to maximize drug transport. 

After a NP DDS successfully traverses through a tissueôs ECM, for the treatment 

of many diseases it must enter into specific diseased cells. The most efficient way of 

targeting desired cells is to add ligands to NP surfaces, similar to the approach described 

in section 1.4.2.2. Nonetheless, receptor-free mediated interactions may also lead to 

internalization into cells. There are four general mechanisms NPs can use to enter cells: 

caveolin-mediated endocytosis, clathrin-mediated endocytosis, pinocytosis, and 

phagocytosis (Figure 1.11).122 Caveolin- and clathrin-mediated endocytosis are often 

considered active transport, while pino- and phagocytosis are more passive and less-

specific mechanisms. Caveolin-mediated endocytosis occurs most commonly with 

negatively charged, <60 nm nanoparticles, specifically those with a rod-like 

morphology.169 Clathrin-mediated endocytosis occurs with targeted NPs in which specific 

receptors are bound or on spherical NPs with hydrophobic or electrostatic interactions 

with cells.170 These two differ mostly in vesicle morphology as one is stabilized by 

caveolin proteins while the other is stabilized by clathrin. It should be noted that not all 

receptor-mediated endocytosis is clathrin-dependent, although clathrin-mediated vessels 

are most common in humans. Phagocytosis (ñcell eatingò) requires the cell membrane to 

pinch around and subsequently engulf the NP and only occurs on certain cell types (such 

as macrophages and monocytes) for particles 250 ï 500 nm, while pinocytosis (ñcell 
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drinkingò) more directly absorbs some of the cell membrane to create a vesicle around 

smaller nanoparticles (10 ï 500 nm) and is initiated by the need of cells for fluid 

uptake.171 In most cases, NPs are transported to the cytosol through a combination of all 

four of these mechanisms in a manner that is often dependent on the relative 

concentration of proteins that mediate each process. As such, although numerous methods 

can lead to cell internalization, NP DDS surfaces can be engineered to improve targeting 

for a specific cell type within a diseased tissue and favour one internalization mechanism 

if desired. 

 

Figure 1.11: Endocytosis mechanisms for NP DDSs. Caveolin-mediated and clathrin-

mediated endocytosis are active methods of transport, while pinocytosis (and 

phagocytosis, not shown) are passive. Figure modified with permission from Mitchell et 

al., 2020 (Springer Nature).122 

 

1.4.2.4 Size- and Surface-Switching NPs to Better Overcome Complex Systemic 

Barriers  

While the above sections have outlined many nanoparticle design strategies for 

overcoming barriers along the drug delivery pathway, they also made clear that the 
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strategies for overcoming these barriers are complex and often contradictory. For 

example, utilizing a single surface charge (either anionic or cationic) could not effectively 

avoid systemic clearance while efficiently binding to cell surfaces since opposite charges 

are required in each case. As such, much research has recently been devoted to creating 

NP DDSs that switch their physicochemical properties to match the desired environment, 

typically leveraging temporary or permanent breakable bonds, core-shell and/or ñTrojan 

horseò structures that are sequentially presented along the transport pathway, and/or 

environmentally-adaptable nanoparticle properties upon exposure to defined stimuli.172 

Most steps in the drug delivery pathway have unique stimuli that can trigger switching of 

the desired property, allowing drug delivery researchers to leverage biological knowledge 

in their NP design. Our colleagues have thoroughly reviewed such nanoparticles;172 the 

text below will provide a brief summary of the key takeaways and design criteria needed 

to create switchable NPs. Emphasis will be placed on the design of NP DDSs for cancer 

given that these are the most highly studied systems currently in the literature.   

The stimuli available to switch NP properties depend on the target tissue, the 

method of administration, and the specific barriers needed to be overcome and can either 

be triggered by endogenous or exogenous stimuli. The most common endogenous stimuli 

include changes in pH (i.e. more acidic tumor microenvironments due to the Warburg 

effect),173 disease-specific enzymes (i.e. enzymes upregulated to increase the density and 

metastatic nature of tumor ECM),174 or temperature (i.e. increased temperature of up to 

~3°C in the tumor microenvironments due to increased cell metabolism coupled with 

heat-generating, tumor-specific immune cells).175,176 These stimuli can be used to trigger 
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stimuli-sensitive degradation of NP crosslinks (for nanogels and crosslinked NPs) or 

triggered exposure or cleavage of surface ligands. pH-sensitive bonds can be cleavable in 

environments with increased acidity (i.e. imines are cleaved pH ~6.5 while more stable 

hydrazones are cleaved at pH ~6.0);177 alternately, protonation can change the 

hydrophilicity of a nanoparticle to change transport and/or cell-NP interactions (i.e. 

zwitterionic carboxybetaines are protonated at pH ~5.5 while acylsulfonamides require 

pH ~4.5 to be protonated).178,179 Upregulated enzymes are documented in many diseases 

but are most commonly found in cancer and include MMPs (that can degrade specific 

peptide sequences)180 and hyaluronidase (HAase that can degrade HA and contributes to 

tumor metastasis).181 Similarly, peptides such as cysteine/cystine (primarily extracellular) 

or glutathione and its associated transfer enzymes (primarily intracellular) can cleave 

disulfide bonds within NP DDSs.182 Elevated local temperature can reverse 

supramolecular interactions between CD and its guests and/or trigger lower critical 

solution temperature transitions (and subsequent swelling or deswelling) of POEGMA 

and PNIPAM-based NPs.83,102,183 Exogenous stimuli are also commonly used.  High 

intensity focused ultrasound (HIFU) has been shown to artificially induce temperature 

changes similar to those seen in endogenous tumors by a more direct water-heating 

mechanism,184 while material-specific stimuli such as near infrared radiation (NIR, which 

can heat AuNPs and other surface plasmon resonance-active materials),185 UV light 

(which can size switch spiropyran-conjugated PEG NPs),186 or alternating magnetic fields 

(which can induce heat specifically around SPIONs) can also drive local responses.187 

The choice of exogenous stimulus is dictated not only by which chemistries are used but 
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also where the diseased tissue is relative to the stimulus. For example, UV and NIR have 

very shallow penetration depths and can only work on surface or near-surface 

lesions,188,189 while most ultrasounds cannot adequately penetrate through bone (although 

additional ultrasound inducers can be added for more complex penetration patterns in 

vivo).190  

Many structures have been created to try and size-switch NPs in the presence of a 

desired stimulus. Three main classes have been identified in the literature thus far.172 

First, core-shell NPs in which one ï typically polymeric ï phase is distinctly on the 

outside (shell) of a separate, inner (core) nanoparticle phase can be used. The bonds 

connecting the shell to the core are often targeted to induce size switching. For example, 

PAMAM dendrimer cores were linked to HA shells by an MMP-2-targetable peptide 

sequence; in MMP-rich cancer environments, shedding the HA core switched the NP size 

from 200 nm to 10 nm to increase penetration through the tumor ECM.191 Second, 

ñraspberry clusterò NPs contain numerous small nanoparticles on the surface of a larger 

nanoparticle (simulating the morphology of raspberry seeds bundled on the outside of the 

berry). For example, 5 nm PAMAM dendrimers were covalently linked to the outside of a 

100 nm PCL-based nanoparticle via acid-responsive dimethyl maleic anhydride (DMMA)  

linkages; size switching from 100 to 5 nm occurred rapidly in tumor environments to 

release cisplatin-loaded dendrimers.192 Third, Trojan horse structures are similar to 

raspberry clusters in that they contain smaller nanoparticles bundled with a larger 

nanocarrier; however, with Trojan horse materials, the smaller NPs are found in the bulk 

rather than distinctly on the surface of the larger NPs. For example, chondroitin sulfate 



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

56 

  

(CS)-based nanoparticle prodrugs (~40 nm) loaded with dual anti-cancer therapies were 

disulfide crosslinked into a larger CS nanogel (~120 nm) and released drugs with 

increased concentrations of glutathione (GSH).193 More synthesis strategies, 

morphologies, and properties of size-switching nanocomposite (i.e. dual phase) NPs will 

be described in more detail in section 1.5. 

 Altering surface charge and/or exposing targeting ligands to the NP surface can 

also provide flexibility in addressing the contrasting surface requirements needed for 

circulation (neutral or slightly negative) compared to cellular internalization (positive). 

For example, DMMA is cleaved in acidic environments to remove a negative charge; as 

such, DMMA is incorporated in co-polymers containing positively charged quaternary 

amine chains, an overall positive NP charge can be formed in an acidic microenvironment 

to promote cellular internalization.194 Cleavable bonds can also be governed by physical 

electrostatic interactions. For example, liposomes have been reported that contain both 

glutamyl and histidyl moieties that shift from neutral to moderately positive charge (as 

histidyl carboxyl groups protonate) to highly positive (as histidine groups dissociate 

entirely and expose glutamate surface groups) in varying acidic environments.195 Both 

these examples can reduce MPS activation/protein corona formation during circulation 

without impeding subsequent cellular localization.  

In other designs, specific binding moieties are attached to the NP surface to 

control the steric hindrance around the binding moiety. For example, long chain PEG 

linked to the NP surface by an MMP-degradable peptide sequence can be cleaved from 

the NP surface to expose cell-internalizing folate in the presence of MMPs.196 
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Alternatively, steric hindrance can be altered without removing PEG from the surface of 

the NP but rather by altering its hydrophilicity. For example, poly(ɓ-amino ester) (PAE) 

has been incorporated into the PEG-based shell of a micelle; acidic tumor environments 

protonated amine groups on PAE to induce a positive charge, thus increasing the 

interaction with surface-bound water and removing steric hindrance from the cellular 

binding peptide for improved in vivo efficacy.197 

Combining both surface and size switching in a single NP DDS provides even 

more power in addressing the constraints within the drug delivery pathway. Numerous 

examples exist for such designs. For example, a pH sensitive shell (using DMMA) and 

reduction-sensitive core (using disulfide-crosslinked PEG block co-polymers) was 

previously made to switch a NP from 145 to 40 nm in size and from slightly negative to 

slightly positive in charge.198 Extravasation and tumor killing were greatly increased in 

this system compared to free drug and non-layered NP controls, highlighting the benefits 

of a multi-switching system. Similar in vivo improvements were observed when 

positively charged copper-doped nanosheets (50 nm) were encapsulated into slightly 

negatively charged liposomes (200 nm) in a Trojan horse structure that was sensitive to 

reactive oxygen species and ultrasound, enabling on-demand, exogenously stimulated 

drug release.199  

1.4.3 Drug Loading and Delivery with NP DDS  

Considerations for drug loading in NP DDSs closely resemble those described in 

section 1.3 for MP DDSs. Specifically, loading drugs into NP DDSs can be enhanced by 

introducing physical and covalent interactions specific to the drug-NP combination to 
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maximize the amount of drug loaded into the bulk of the nanoparticle. However, the 

purif ication of drug-loaded NPs can be more complex, particularly in the context of 

minimizing the amount of drug lost in the isolation process. One notable difference 

between NP and MP drug loading is the difference in surface area to volume ratio: since 

NPs have a higher surface area with smaller internal cavities, there is increased likelihood 

of drug diffusing out of the NP and into the surrounding solvent, often resulting in lower 

encapsulation efficiencies compared to micro-scaled particles made of the same 

material.90 Smaller sizes and increased surface area also increases the difficulty in certain 

processing methods, such as requiring faster centrifugation speeds and more specific pore 

sizes in filtration devices to ensure adequate NP/small molecule separation. Despite this 

challenge, >90% EE and >50% LC can often be achieved with properly designed NP-

drug combinations. Drug release is also similar to MP DDS in that increased interactions 

between the NP and drug slows the release rate; however, the much smaller diameter of 

NP compared to DDS on the micro and bulk scale typically result in faster release given 

that drug has a shorter diffusional path length to travel to be released into target tissue.90 

Combined with the many stimuli that can destabilize NPs in desired tissue/cellular 

compartments previously discussed (i.e. pH, temperature, enzymes/peptides, etc), NPs 

typically show an initial burst release followed by a slower sustained release phase, both 

of which can be tailored by NP composition.200 It is important to note that targeting 

ligands on NPs may also interact with loaded drug, requiring extra optimization to fine 

tune release profiles and targeting efficacy compared to nascent NPs. Additionally, drug 

release profiles may be altered significantly in multi-particulate systems as the drug may 
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have unique release profiles and/or partitioning interactions with each nanoparticle or 

bulk phase used in the system.  

Despite the promising designs from switchable and non-switchable NP DDSs for 

systemic delivery, there has still been very poor translation of such designs into human 

patients. This is likely due to the differences in physiology between humans and small 

animal models that fail to be captured with current NP designs as well as a lack of NP 

diversity to match the diversity of diseases in stratified patient groups.122 Further, more 

complex designs (such as architectures demonstrated in size-switchable NP DDSs) 

require more complex synthetic methods, which may inhibit scale-up, manufacturing, and 

regulatory approval for commercially available products. Improved NP designs and 

synthetic strategies that better account for the local biology while at the same time being 

as synthetically simple as possible are thus required to develop more commercially 

available and efficacious solutions.  

1.5 Nanocomposite and Nanoparticle Network Hydrogels for Drug Delivery  

Nanocomposite hydrogels ï similar to those discussed in section 1.4.2.4 ï provide 

unique morphologies that may help to address the challenges with translation into clinical 

success. Nanocomposite hydrogels are hydrogels on any scale (bulk, micro, or nano) that 

contain multiple components, of which at least one component is on the nano scale. The 

term ñnanocompositesò typically refers to materials in which nanoparticles are physically 

entrapped in the bulk of the hydrogel matrix; when nanoparticles actively participate in 

crosslinking, the term ñnanoparticle network hydrogelsò is more typically used. Both 

classes of hydrogels can enable the fabrication of DDS with unique networking strategies, 
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morphologies, and physical properties depending on the choice of NP/hydrogel and the 

interaction(s) between the gel and the embedded nanoparticles.  

Below is an excerpt from our published review, ñA Review of Design and 

Fabrication Methods for Nanoparticle Network Hydrogels for Biomedical, 

Environmental, and Industrial Applicationsò.35 While the review extensively covers how 

NNHs are designed for use in various applications including as energy storage, sensing, 

agricultural, and tissue engineering applications), the excerpt will only include the 

introduction (section 1 of the original publication), properties (section 2), and drug 

delivery applications (section 3.7) sections. The following sections highlight more unique 

architectures that incorporate NPs in order to overcome complex biological barriers 

associated with drug delivery. Specifically, emphasis is placed on the contribution of the 

physical and mechanical properties of hydrogels on the design of the overall DDS and 

how their interaction with NPs can provide additional benefits not discussed with size- 

and surface-switching NP DDS (section 1.4.2.4). 

1.5.1 Introductio n to Nanocomposite and Nanoparticle Network Hydrogels 

Hydrogel networks, 3D arrangements of crosslinked polymer chains that can swell 

in the presence of water,201 have attracted considerable interest due to their utility across a 

range of industrial, environmental, agricultural, and biomedical applications. A plethora 

of hydrogels has been reported in the literature, leveraging the diverse options available 

for forming the hydrogel networks using both different types of building blocks as well as 

different crosslinking mechanisms/architectures to link those building blocks together. A 

particularly popular type of hydrogel morphology is a nanocomposite (NC) 
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hydrogel,202,203 in which nanoparticles (conventionally defined as particles with a size in 

at least one dimension of <100 nm)204 are incorporated within the hydrogel network.  The 

majority of examples of such hydrogels in the literature involve the physical 

encapsulation of nanoparticles, leveraging the small pore size of a hydrogel to trap the 

nanoparticle inside the continuous hydrogel network.  The inherent flexibility around 

what type of nanoparticle can be incorporated into the hydrogel phase can unlock diverse 

applications in which the properties of the hydrogel phase (e.g. hydrophilicity, pore size, 

etc.) can be efficiently combined with the properties of the nanoparticles (e.g. high 

surface area, crosslinking density, chemical composition) to create new functional 

materials.   

Further possibilities are unlocked in cases in which the nanoparticles actively 

participate in crosslinking as one of, or as the sole, building block(s) of the bulk gel 

network, in which case the nanocomposite hydrogel is referred to as a nanoparticle 

network hydrogel (NNH) (Figure 1.12).  Such structures directly integrate the functional 

nanoparticle phase into the bulk gel phase and thus can lead to a series of mechanical and 

functional benefits in various applications. In particular, by linking nanoparticles directly 

into the network, the available diversity of nanoparticles in terms of size (i.e. altering 

crosslinking density with large vs small nanoparticles205), shape (e.g. regulating 

nanocomposite conductivity based on using spherical206, tubular207, or sheet-like208 

nanoparticles), and functionality (e.g. conductive,206 antibacterial,209 magnetic,210 etc.) can 

be more effectively leveraged to dictate the morphology and corresponding functions of 

the NNH.  It should be emphasized that, while all nanoparticles will exhibit some level of 
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weak physical interaction with the gel network, NNHs represent structures in which the 

nanoparticles are directly involved in forming the network; that is, the removal of the 

nanoparticle would result in a significant alteration of the network structure of the 

material and/or (in many cases) the loss of gel-like properties entirely. 

 
Figure 1.12: Comparison of conventional nanocomposite hydrogels (NC) and 

nanoparticle network hydrogels (NNH). In NCs, nanoparticles (grey spheres) are 

physically encapsulated into a polymeric hydrogel network (black lines); in NNHs, NPs 

directly participate in the crosslinking of the network. 

 

In this paper, we comprehensively review recent progress in the design and use of 

nanoparticle network hydrogels in a solid or semi-solid (hydrated) form, with solid form 

aerogels considered only if such materials can be re-hydrated to form hydrogels when re-

exposed to an aqueous environment (i.e. organogels or xerogels are not considered).  

Specifically, we review the gel morphologies/architectures that can be achieved with 

NNHs (section 1.5.2.1), the typical crosslinking approaches used to fabricate NNHs 

(section 1.5.2.2), the fundamental properties and functional benefits of NNHs governed 

by their unique morphologies (section 1.5.2.3), and the reported applications of NNHs 

(section 1.5.3), emphasizing how the NNH structure is applied to improve the 

performance of the hydrogel in each application.   
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1.5.2 Properties of Nanoparticle Network Hydrogels  

1.5.2.1 Architecture/Morphology of NNHs 

Multiple types of NNH hydrogels can be formed depending on how NPs are 

incorporated within the hydrogel phase and the types of NPs used to form the hydrogels.  

NNH morphologies can be classified into three key morphologies (Figure 1.13), with 

each morphology (and the polymer-NP interactions that govern them) described in more 

detail below.  

 

Figure 1.13: Ar chitectures and morphologies of NNHs.  

 

 

1.5.2.1.1 Polymer-Nanoparticle NNHs 

The ñplum puddingò morphology is named based on the plum pudding model first 

proposed by J. J. Thompson in 1904 after the discovery of the electron and is used to 

describe nanocomposite hydrogels in which randomly dispersed nanoparticles (plums) are 
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used as the crosslinkers to form an otherwise conventional hydrogel network.211,212 As 

such, the polymer matrix is denoted as the ñpuddingò since it encompasses the bulk of the 

volume of the overall system.  NP concentrations have been shown to be as low as 0.05 

w/v% in some systems.213  Note that the same term is often used to refer to systems in 

which the nanoparticles are physically entrapped, rather than chemically attached, to the 

gel network; in this context, we will discuss only structures in which the nanoparticle acts 

as at least one of the crosslinkers for forming the plum pudding network.  Crosslinking 

may occur via any of the chemical or physical interactions discussed in section 1.5.2.2. 

1.5.2.1.2 Polymer-Nanoparticle-Polymer NNHs 

Polymer-nanoparticle-polymer network hydrogels are similar to plum pudding 

hydrogels in that they consist of nanoparticles whose network interactions are mediated 

by polymers.  However, instead of the polymer network forming due to the direct 

incorporation of a crosslinking nanoparticle during the hydrogel fabrication process, in 

this case well-defined polymers are grafted or crosslinked to the nanoparticles to create 

the 3D network structure.  

Polymer-bridged NNHs: In the polymer-bridged NNH morphology,214 a bi- (or 

multi-) functional polymer terminated with specific functional groups form direct bridge-

like connections between nanoparticles. In this case, each end of the polymer is used to 

bridge between two nanoparticles, creating a spacing between the nanoparticles that is 

defined precisely by the molecular weight of the linking polymer.  In this context, both 

the nanoparticle and bridge polymer concentrations as well as the molecular weight of the 

bridges can tune the morphology, ranging from colloidal ñraspberry clustersò using a low 
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concentration ratio of linkers and/or very short linkers to bulk gels with properties similar 

to plum pudding hydrogels using a high concentration ratio of linkers and/or higher 

molecular weight polymeric linkers.215   

Interlocked hairy nanoparticle NNHs: Alternately, if bridging polymer is grafted 

only by one end on the surface of a nanoparticle to create ñhairyò nanoparticles, the 

subsequent interactions between the ñhairsò can drive network formation.  Interactions 

may be driven by self-crosslinking between grafted polymers on the surface of other 

nanoparticles and/or physical interactions (e.g. depletion interactions or steric 

interactions) between the grafted polymers that promote the assembly of the nanoparticles 

in a specific array upon self-assembly at sufficiently high concentrations. Hairy NPs can 

be created by either ñgrafting fromò the NP for more anisotropic surface coverage,216 in 

which the NP serves as a macroinitiator to promote polymer chain elongation directly on 

the NP surface,217 or ñgrafting toò the NP for more isotropic surface coverage,216 in which 

the polymer chains are fully formed first and then subsequently tethered to the NP surface 

by coupling with surface-bound functional groups218,219.  

Although visually similar to colloidal NNHs, the crosslinking occurs based on the 

interactions between the grafted polymers and not between the nanoparticles directly. 

Terms such as polymer-nanoparticle (PNP) hydrogels,218,219 ñinterlockedò nanogels,220 

physical gels,221 and polymer-spaced crystalline colloid arrays (CCAs)217 have also been 

used to describe this type of morphology. 
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1.5.2.1.3 Nanoparticle-Nanoparticle NNHs 

NNHs (both on the bulk and micro-scale) can also be created using direct 

nanoparticle-nanoparticle interactions in the absence of any connecting polymer.  Though 

the concentrations and types of forces connecting NPs together dictate the shape and size 

of the NNH, two main subclasses of direct NP-NP NNHs have been described based on 

the shape and organization of NP utilized in the macrostructure. 

Colloidal NNHs: Colloidal hydrogels are NNHs formed by the direct crosslinking 

and/or interactions between nanoparticles to form a network.222,223 This morphology can 

be imagined as a childrenôs ball pit in which the nanoparticles are tightly packed but there 

is high porosity between spherical building blocks based on their curvature, with the 

porosity tunable based on the size of the colloidal building block. Using two similarly 

sized particles will increase the interparticle spacing, while using one large and one small 

particle (the latter of which can pack within the free volume between the large NPs) 

results in significantly lower porosity; as such, customization of the colloidal building 

block can engineer the resulting NNH porosity. Alternately, colloidal hydrogels made 

linking rod-like NPs (or combinations of spherical and rod-like NPs) exhibit a more 

random and amorphous matrix of interlocked NPs.  In either case, the combination of the 

high inherent porosity of such networks with the often weaker physical forces used to 

hold nanoparticles together typically results in an overall weak gel with a high 

nanoparticle content by weight. It should be emphasized that, unlike the previously 

described morphologies in which any nanoparticle could be used provided the polymeric 

components of the NNH can drive hydrogel formation given the simultaneous presence of 
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a water-soluble polymer that can drive hydrogel formation, in order to form a colloidal 

NNH hydrophilic and/or hygroscopic nanoparticles (e.g. nanogels) need to be used as the 

colloidal building blocks.   The most common type of colloidal NNH is produced by 

manipulating the charge of nanogel building blocks.  If oppositely charged nanogels are 

used, electrostatic interactions drive assembly into a hydrogel;222  alternately, if like 

charged nanogels (or a single species of nanogels are used), electrostatic repulsion 

between the nanogels can also create NNHs at sufficiently high nanoparticle 

concentrations.224  

Meat lasagna NNHs: Many NNHs used in the electronics field in particular use 

NPs (the meat) as physical stabilizers and crosslinking agents between flat nanosheets 

(the lasagna noodles) to form a hydrogel. Proper and even separation of these nanosheets 

with nanoparticle separators are vital to hydrogel formation as nanosheets are prone to 

aggregation in the absence of a separator, in which case a solid-like thin film instead of a 

hydrogel would be produced.225 These ñmeat lasagnaò hydrogels are distinguishable from 

conventional colloid hydrogels based on the order of the nanoparticles, with the 

nanoparticles in ñmeat lasagnaò hydrogels being more ordered and layered with respect to 

the 2D colloidal building block. 

1.5.2.2 Networking Strategies 

To assemble the above architectures/morphologies of NNHs and keep them intact 

in the desired environment over the targeted period of time relevant to a specific NNH 

application, the type of crosslink(s) used to assemble NNH hydrogels must be rationally 

selected.  It should be emphasized that any of the networking strategies discussed herein 
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can be implemented on their own or in any combination deemed necessary to create the 

final NNH hydrogel morphologies discussed in section 1.5.2.1; the only exception is the 

interlocking hairy nanoparticle morphology (section 1.5.2.1.2) in which polymer chains 

must be ñgrafted toò or ñgrafted fromò the nanoparticle first before intraparticle 

crosslinking (via the mechanisms described below) or mechanical chain interlocking may 

occur. 

1.5.2.2.1 Covalent Crosslinking 

Small molecule crosslinking agents: One of the simplest ways to create an NNH is 

to use a crosslinking agent that reacts with the pre-existing chemistry of the NP to 

effectively crosslink neighbouring NPs together and/or NPs to a water-soluble polymer. 

NPs can be pre-functionalized with reactive moieties to initiate either covalent or non-

covalent bonding between neighbouring NPs and the surrounding polymer matrix.226,227 

Similar difunctional small molecule crosslinkers to those used in the literature for 

conventional hydrogel formation (with glutaraldehyde228 epichlorohydrin229 being the 

most common) can be used for this purpose, with the chemistry used to form the 

crosslinks dependent on both the crosslinker and the NP used. However, the direct use of 

such crosslinkers to form NNHs is limited in some applications by the toxicity of many 

residual small molecule crosslinking agents that may negatively impact downstream 

applications or scale-up procedures, at least in the absence of extensive purification 

protocols. 

Dynamic constitutional chemistry: Dynamic constitutional chemistry (DCC), the 

use of covalent bonds that can be dynamically broken and re-formed, can also be used to 
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crosslink NNHs.  In some cases, such dynamic responsiveness requires the application of 

additional stimuli or additives such as temperature or pH;223 in other cases, dynamic 

network formation occurs spontaneously independent of such external stimuli.230 The 

polymers and NPs are usually pre-functionalized with a particular chemistry, most 

typically by functionalizing one component with a nucleophile (e.g. thiol, hydrazide, 

amine, cis-diols, or cyanide) and the other component with an electrophile (e.g. activated 

carboxylic acid, aldehyde, ketone, ɓ-unsaturated carbonyl, maleimide, vinyl sulfone, 

(meth)acrylate, or boronic acid231ï233); the resulting formation of hydrazone, imine, Diels-

Alder, Michael, or boronate ester adducts can be reversed under different conditions as 

per the application needs of the NNH.  Alternately, supramolecular host-guest complexes 

by which a specific ligand (ñguestò) is physically stabilized in a hydrophobic cavity 

(ñhostò) can be designed to be reversible in response to numerous stimuli such as pH, 

redox conditions, light, and temperature.234 These bonds are typically mediated by 

cyclodextrin, a 1,4-linked glucopyranoside containing a hydrophobic cavity.  NNHs have 

been created in which small molecules (e.g. adamantane),235 and/or polymers (e.g. 

poly(ethylene glycol), PEG)236,237 grafted to various NPs are complexed with polymer-

grafted CDs; alternately, CDs can be anchored on the NP to complex with polymers 

functionalized with the same groups. Dynamic bonds can also in some cases facilitate 

self-healing238 or selective degradation,239 although the mechanics of such networks are 

typically limited relative to other types of covalent crosslinking techniques.238 

Free radical polymerization: Free radical polymerization (FRP), in which radicals 

initiated on unsaturated monomers and/or grafted functional groups are used to form C-C 
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bonds, is broadly used to create both conventional and NNH hydrogels.  Radicals are 

most commonly generated via the temperature-driven degradation of a thermal free 

radical initiator (most commonly a persulfate, peroxide, or azide-containing molecule240), 

with gelation often accelerated by catalysts and/or accelerators such as TEMED to enable 

gelation at room temperature without the need for additional energy input.241  

Alternatively, high-energy UV light,242,243 oxidation,244,245 microwave irradiation 

(particularly useful in vivo since prolonged exposure to UV can induce tissue necrosis),246 

and gamma radiation247 have been used to induce radical generation, often at room 

temperature or without the need for explicitly added initiating species whose residuals 

following gelation can pose issues in some applications. However, some of these methods 

(microwave, UV, gamma) require specific equipment that can pose safety risks during the 

gelation process. While forming conventional hydrogels typically requires the addition of 

a crosslinker with more than one polymerizable functional group, the nanoparticle phase 

of the NNH can itself act as the multi-functional crosslinker to enable gel formation; 

small molecule crosslinkers (e.g. the inclusion of bis[2-(methacryloyloxy)ethyl] 

phosphate in the fabrication of collagen-g-p(AA-co-NVP)/Fe3O4@SiO2 NNHs248) can be 

used to further enhance NNH mechanics.  Chain transfer can also be used to abstract 

protons from the nanoparticles to link them into the network in the absence of a 

conventional polymerizable group; the nanoparticle itself can serve as both a redox-based 

initiator and a crosslinker in some cases to promote participation of the nanoparticle in the 

surrounding hydrogel network.249 
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1.5.2.2.3 Physical Interactions 

A variety of non-covalent bonds can be used to crosslink the precursor polymers 

into a hydrogel by introducing entirely new interactions between the NPs and the 

polymers (or the NPs themselves) and/or supplementing existing (often weak) 

intermolecular forces/interactions.250 Relative to covalently-crosslinked NNHs, 

physically-crosslinked NNHs offer a multitude of benefits including the potential for self-

healing and formability; however, physical crosslinks often lead to weaker hydrogel 

mechanics.238   

Weak physical interactions: Weak intermolecular forces such as hydrogen 

bonding, van der Waals forces, and pi-pi stacking251 can be used to assemble NNHs.  

Hydrogen bonding is particularly commonly applied, leading to NNH formation via 

interactions between peptide sequences,252,253 polysaccharides,214,230 and synthetic polyols 

such as poly(vinyl alcohol) (PVA).254ï256  For example, Zhang et al. demonstrated the 

formation of NNHs via hydrogen bonding between the immense number of surface 

carboxyl groups on polystyrene (PS) NPs and PAA, with the strong interactions observed 

enabled by the high surface area of the NPs.257 

Electrostatic interactions: Electrostatic forces can be used in several ways to form 

NNHs. Oppositely-charged nanoparticles or nanogels have been used extensively to form 

colloidal gels with NNH-like properties; for example, many publications from the 

Berkland group have combined positively charged chitosan or polyvinyl amine-based 

nanoparticles with negatively charged alginate or poly(ethylene-co-maleic acid)-coated 

poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles to form NNHs based on 
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electrostatic attraction.258,259 Alternately, electrostatic repulsion between like-charged 

particles at sufficiently high particle concentrations within a confined volume can create a 

bulk hydrogel stabilized by the mutual repulsion between the NP building blocks,260,261  

often resulting in crystalline NNH structures if the starting NPs are sufficiently 

monodisperse and attractive forces (hydrophobic aggregation or hydrogen bonding) are 

balanced with the repulsion-driven volume exclusion.224,262  

Ionic coordination: Chelation between (typically multivalent) cationic species and 

species with lone pairs of electrons can be used to drive crosslinking, with the interaction 

between multivalent metal ions and polyelectrolytes (e.g. the tridentate coordination with 

Fe3+ and poly(acrylic acid) (PAA)263) most commonly used for crosslinking in 

conventional hydrogels.  The use of charged nanoparticles rather than small molecule ions 

can similarly be used for fabricating NNHs.205,264 For example, both polyoxotungstate 

metal clusters and silica NPs (SiNPs) have been demonstrated to stabilize gelatin in a 

similar triple helix state, allowing the addition of only a low NP content to create stable-

yet-flexible hydrogels based on chelation interactions.205 

Hydrophobic interactions: Hydrophobic interactions have also been used to 

crosslink NNHs, although hydrophobic interactions are more commonly applied in 

combination with some other crosslinking mechanism in NNH formation (i.e. using 

hydrophobic interactions to enhance the strength of or accelerate the formation of the 

network); for example, the interaction between a hydrophobic nanoparticle and the 

hydrophobic blocks of a di/tri-block copolymer and/or hydrophobic domains in natural 

polymers can form anchoring points in the network.  Representative examples include the 
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use of hydrophobic domains in silk b-sheet polymer to crosslink silk nanoparticles,214 

octyl-functionalized cellulose nanocrystals to crosslink long alkyl (hexyl/dodecyl) chain 

hydroxypropyl methylcellulose,265 or the generation of a ñhairyò interlocked NNH based 

on hydrophobic interactions between polystyrene NPs and poly(ethylene glycol)-block-

poly(lactic acid) copolymers.219  

In situ adsorption: For NNHs prepared by the in situ formation of the 

nanoparticles in the presence of other networking components, multi-modal physical 

interactions via the adsorption of polymers and/or other nanoparticles to the in situ-grown 

nanoparticles can drive network formation.  Such interactions are particularly important 

in the fabrication of ñmeat lasagnaò NNHs, for which nanoparticles are often grown in 

situ on sheet-like nanoparticles via precipitation or hydrothermal reduction reactions.  In 

this latter case, anionic charges on a precursor material are used to adsorb metal cations 

that are subsequently reduced using a reducing agent or heated to high temperature, 

yielding spontaneous formation of NPs that subsequently serve as bridging sites for 

hydrogel formation.257,266,267  The degree of adsorption-driven crosslinking achieved can 

be tuned based on the compositions of both the polymer and NPs, the NP concentration, 

the NP size, and/or the polymer chain length(s) used,257,268ï270 ] all of which can regulate 

the balance of physical interactions that form the NNH.   

1.5.2.3 Fundamental Properties of NNHs 

The introduction of crosslinkable NPs into hydrogel matrices provides unique 

properties and thus benefits compared to other NC hydrogels. In particular, the diversity 

of variables that can be used to regulate the chemistry of an NNH, including crosslinking 
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density, NP size, NP-NP (ñinter-NPò) and/or NP-polymer (ñinter-networkò) crosslinking 

chemistry, NP and/or polymer concentration, and the length scale of the NNH (i.e. bulk 

hydrogel, micro/nanogel, thin film gel, etc.), creates a highly flexible platform for the 

rational manipulation of NNH properties for improved application performance. 

1.5.2.3.1 Mechanics  

NPs have been physically encapsulated into NCs for decades to improve the 

mechanical strength of a hydrogel, as typically characterized via a Youngôs modulus, 

compressive modulus, elastic modulus, and/or shear storage/loss modulus.250,271  Using 

crosslinkable nanoparticles adds further benefits in this context. The increased surface 

area and number of subsequent bonding sites on NPs allows for increased local 

crosslinking density relative to the small molecule crosslinkers used in traditional NC 

hydrogels,272 typically resulting in the formation of stiffer hydrogels.  The often higher 

moduli of many nanoparticle additives (in particular solid nanoparticles) relative to 

hydrogels increases the stiffness of the NNH relative to the hydrogel alone while also 

providing functional anti-fracture benefits (e.g. self-healing and/or improved crack 

pinning).273,274 Furthermore, crosslinking with NPs enforces a more even distribution of 

NPs in the polymer matrix, minimizing or preventing NP aggregation that is typically 

detrimental to the mechanical performance of conventional NC hydrogels.213,275 In 

particular, NP aggregation in NC hydrogels often limits the maximum NP concentration 

that can be used to form such a hydrogel and thus the degree to which the mechanical 

properties of a hydrogel can be effectively improved by NC formation,213,276 a problem 

avoided if the NPs are covalently or physically immobilized within an NNH.  NP size has 
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been shown to also affect the degree of NP aggregation (and thus mechanical strength) of 

NNHs; although smaller NPs (typically <20 nm) have a higher theoretical crosslinking 

density due to their increased surface area, they also have a higher propensity to 

aggregate relative to larger NPs.205 It is important to optimize the NP and polymer 

concentrations, crosslinking densities, and NP sizes within an NNH since each 

NP/polymer combination has unique interactions that determine the mechanical 

properties. While NP concentrations most typically range from 0.5 ï 5 w/v% for 

mechanical enhancement, some studies demonstrate that up to 50 v/v% nanoparticle 

content can be used to achieve desired mechanical properties while also introducing other 

properties into the NNH.271 Table 1.1 summarizes key papers that describe NNHs 

primarily designed for enhanced mechanics. 
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Table 1.1: Summary of papers describing NNHs designed to impart improved 

mechanical properties over conventional hydrogels. Dashes represent info that was not 

cited in the paper. 

NP Material NP Size 
NP 

Concentration 
Polymer Material 

Crosslinkin
g Method 

NNH 
Morphology 

Control Gel 
Mechanics 

NNH Mechanics Ref. 

Barium 
titanate 

(BaTiO3
+) 

15 - 60 nm 50 v/v% 
Polyacrylic acid 

(PAA) 
Electrostatic 
interactions 

Colloidal 
Elastic modulus 

= 0.3 kPa 
Elastic modulus = 

100 kPa 
271 

Oleic acid-
stabilized 

Fe3O4 NPs 
4 - 12 nm 0.1 - 5 µg/mL 

Methacrylated 
gelatin (Gel-MA) + 
di-carboxylated, 
nitro-dopamine 

functionalized PEG 

Ionic 
coordination; 

covalent 
bonding; 
hydrogen 

bonding 

Plum 
pudding 

G' = 100 kPa; 
compressive 

modulus = 2 kPa; 
ultimate stress = 

10 kPa;  
toughness = 20 

kJ/m3 

G' = 200 kPa; 
compressive 

modulus = 35 kPa; 
ultimate stress = 

300 kPa;  
toughness = 300 

kJ/m3 

277 

Silica NPs  
(Si NPs) 

28 nm 0 - 3 wt% 

Poly(acrylamide) 
(PAAm) + 

poly(dimethacrylami
de) (PDMA) 

Hydrogen 
bonding; 
covalent 
bonding 

Plum 
pudding 

G' = 1.5 - 3 Pa;  
G" = 0.3 - 8 Pa 

G' = 6 - 25 Pa;  
G" = 1 - 30 Pa 

268 

TiO2 NPs; 3-
methacryloxy-

propyltri-
methoxysilane 

(MPS)-
functionalized 

TiO2 NPs 

25 nm 0.05 - 1 wt% 
Poly(2-

hydroxyethylmeth-
acrylate) (pHEMA) 

Covalent 
bonding; 

dipole-dipole 
interactions 

Plum 
pudding 

G' = 6800 Pa;  G' = 8700 Pa;  213 

Si NPs 100 nm 0 - 20 v/v% 
Poly(acrylamide) 

(PAAm) 

Hydrogen 
bonding; 
covalent 
bonding 

Plum 
pudding 

G' = 250 Pa;  
G" = 200 Pa 

G' = 2750 Pa;  
G" = 800 Pa 

278 

Si NPs 9 - 30 nm 
0..05 - 0.75 g 
SiNP/g AAm 

monomer 

Poly(acrylamide) 
(PAAm) 

Hydrogen 
bonding; 
covalent 
bonding 

Plum 
pudding 

G' = 690 Pa;  
G" = 73 Pa 

G' = 6500 Pa;  
G" = 280 Pa 

269 

Aldehyde- 
functionalized 

cellulose 
nanocrystals 
(CNC-CHO) 

~ 130 nm 
long, 5 nm 

wide 
0.05 - 1 wt% 

Dextran-CHO 
(DEX-CHO) and 

hydrazide 
functionalized 
carboxymethyl 

cellulose (CMC-
NHNH2) 

Covalent 
bonding; 
hydrogen 
bonding 

Plum 
pudding 

G' = 4000 Pa;  
G" = 400 Pa;  

G' = 7000 Pa;  
G" = 750 Pa;   

279 

Vinyl-grafted  
Si NPs 

25 nm 6 - 24 wt% 
1,3,5,7-

tetramethycyclotetr
a-siloxane (D4H) 

Covalent 
bonding 

Plum 
pudding 

Young's modulus 
= 1.46 GPa 

Young's modulus = 
3.37 GPa 

276 

CNC-grafted 
poly(acryl-

amide) (CNC-
g-PAAm) 

--- 
0 - 3 w/w% of 
AA monomer 

Poly(acrylic acid) 
PAA 

Ionic 
coordination; 

hydrogen 
bonding 

Interlocked 
hairy 

nanoparticle
s  

Elastic modulus 
= 30 kPa; tensile 

strength = 60 
kPa;  

Elastic modulus = 
60 kPa; tensile 
strength = 250 

kPa;  

263 

Cellulose 
nanocrystals 

(CNCs) 
--- 0 - 10 wt% Alginate 

Hydrogen 
bonding; 

electrostatic 
interactions 

Plum 
pudding 

G' = 400 Pa; G" 
= 100 Pa 

G' = 4000 Pa;  
G" = 200 Pa 

280 

CNCs --- 0 - 5 wt% 
Poly(oligoethylene 

glycol methacrylate) 
(POEGMA) 

Covalent 
bonding; 
hydrogen 
bonding; 

dipole-dipole 
interactions 

Plum 
pudding 

G' = 1 kPa G' = 40 kPa 270 

Methacrylated 
starch 

nanoparticles 
(SNPs) 

20 - 290 nm 10 - 35 wt% --- 

Covalent 
bonding; 
hydrogen 
bonding 

Colloidal 
G' = 1200 Pa;  
G" < 100 Pa 

G' = 6500 Pa;  
G" = 1000 Pa 

281 

SiO2 NPs 65 nm 0 - 5 w/v% Gelatin/alginate 

Hydrogen 
bonding; 

dipole-dipole 
interactions 

Plum 
pudding 

Compressive 
modulus = 32 

MPa; viscosity = 
2.28 Pa*s;  

Compressive 
modulus = 49 

MPa; viscosity = 
14 Pa*s 

282 

Graphene 
oxide (GO); 

carbon 
nanotubes 

(CNT) 

GO = 
unreported; 
CNT = 10 - 

20 nm 
diameter, 10 

0 - 50 mg NP/g 
monomer 

Poly(N-
isopropylacrylamide

) (PNIPAM) 

Hydrogen 
bonding; 
covalent 
bonding; 
physical 

Plum 
pudding 

Elastic modulus 
= 3 kPa;  

fracture stress = 
5 kPa 

Elastic modulus = 
10 kPa;  

fracture stress = 
35 kPa 

283  
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- 30 um 
length 

interactions 

Dopamine-
functionalized 

iron oxide 
(Fe3O4) NPs 

10 ï 60 nm 3 wt% 
Poly(vinyl alcohol) 

(PVA) 

Pi-pi 
stacking; 
physical 

interactions 

Plum 
pudding 

Gô = 0.1 ï 0.3 
kPa; 

Gò = 0.1 ï 0.6 
kPa 

Gô = 10 ï 90 kPa; 
Gò = 1 ï 8 kPa 

284 

 

1.5.2.3.2 Mass Transfer 

 

The pore size (also known as the ñmesh sizeò) in a conventional hydrogel is often 

manipulated to allow for efficient and tunable mass transfer of compounds ranging from 

water to small molecule pharmaceuticals to proteins through the hydrogel phase.  The use 

of an NP building block in the context of forming NNHs adds significant additional 

control over size and/or concentration-dependent porosity in hydrogels. For example, 

electrostatic repulsion between the embedded nanoparticles, which are typically stiffer 

than the surrounding hydrogel phase, can prevent the bulk collapse of a thermoresponsive 

hydrogel phase and thus promote enhanced porosity.260,285,286  Creating different pore 

numbers and sizes in the NNH by changing the NP size can also allow for selective mass 

transfer of particular compounds, such as gases in thin film filtration systems (e.g. where 

NPs <100 nm were noted to improve gas adsorption)287 or pharmaceutical compounds in 

aqueous environments (e.g. in which >150 nm particles significantly increased the release 

of large payloads in one example).260,286,288 The porosity within the NPs themselves can 

also be modified to further moderate mass transport; for example, the use of mesoporous 

rather than solid SiO2 NPs as the NP phase in an NNH has been demonstrated to facilitate 

significantly increased ion transport through the NNH.289 The concentration of both the 

NPs and polymers within the NNH can also be used to engineer mass transfer rates, with 
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increasing concentrations of either component leading to a decrease in overall network 

porosity and thus the diffusion of target compounds through the NNH.286  

1.5.2.3.3 Swelling 

The swelling ratio of a conventional or NC hydrogel is governed by the solvent 

affinity of the polymer comprising the hydrogel, the crosslinker density (i.e. the number 

of available crosslinking sites), and (for NC hydrogels) the embedded NP concentration. 

Although increasing the crosslinking density and NP concentration typically increases the 

strength of a nanocomposite hydrogel (at least up to a point specific to the particular NP-

polymer combination used), it can greatly decrease the amount of swelling that occurs in 

the gel since more tightly-bound polymers and the more volume taken up by (typically 

non-swellable) NPs slows the diffusion of water into the gel; in contrast, at lower NP 

concentrations, NP induced-porosity can drive increased swelling in hydrogels.288 

Changing the NP size affects the swelling of NNHs analogous to the trends described for 

mass transport in section 1.5.2.3.2, by which smaller NPs typically lead to increased 

porosity and thus faster diffusion of water into the network.286,287 Alternately, by using 

swellable NP crosslinkers (such as nanogels) to prepare NNHs, further increases in 

overall NNH swelling can be achieved driven by the swelling of the NPs themselves 

without altering the total density of crosslinks within the bulk gel network.  In these ways, 

the incorporation of nanoparticles can break some of the traditional correlations observed 

between swelling and crosslink density, opening new opportunities in application-specific 

hydrogel design. 

1.5.2.3.4 Degradation 
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The degradation rate of NNHs crosslinked with degradable linkages and/or based 

on degradable polymers and/or NPs can also be governed based on the mass transfer 

properties of the hydrogel (section 1.5.2.3.2).  As either the number of NP crosslinks or 

the concentration of polymer increases, the time required to degrade the hydrogel will 

also generally increase due to reduced diffusability of the degradation-inducing agents 

into the hydrogel;272,288 such effects are particularly pronounced when larger molecules 

(e.g. enzymes) are responsible for degrading the network.290  As such, any of the 

mechanisms highlighted in the swelling section in which crosslinked NPs can manipulate 

hydrogel swelling can also be used to manipulate hydrogel degradation.  For example, 

NNHs prepared with NPs that increase hydrogel porosity due to charge repulsion 

typically degrade faster than their conventional hydrogel counterparts due to the increased 

swelling promoted by such NPs.275   

1.5.2.3.4 Stimuli Responsivity 

NNHs allow for a multitude of different chemistries and materials to be 

incorporated into a single material that can respond to different stimuli, with the 

nanoparticle structure of the crosslinker effectively confining the particular 

responsiveness of the nanoparticle material to a discrete phase within the hydrogel.  For 

example, crosslinking thermoresponsive microgels inside a non-thermoresponsive in situ-

gelling bulk gel phase enables local deswelling (and increased local hydrophobicity) in 

the microgel phase without significantly altering the properties of the non-responsive bulk 

phase, thereby altering both diffusion and affinity within only the nanoparticle domains to 

tune drug release kinetics.291  Alternately, the choice of the nanoparticle can be used 
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directly to promote triggered responses within the NNH. If NPs that have inherent 

responsiveness to different stimuli such as magnetism, heat, pH, light, etc. are used as the 

NP crosslinkers for an NNH, the NP crosslinker can also directly actuate the properties of 

the NNH upon the application of the appropriate stimulus. For example, if iron oxide-

based NPs that generate heat in the presence of an oscillating magnetic field are used as 

the NNH crosslinker for a thermoresponsive hydrogel, the heat generated by the NPs can 

induce a phase transition in a thermoresponsive hydrogel to induce gel deswelling.292,293 

NNHs can additionally offer the advantage of incorporating separate crosslinks between 

or within NPs, allowing different aspects of the network to be affected by different 

stimuli. For example, intra-NP crosslinks may be stable in the presence of pH changes 

that can break NP-polymer crosslinks,217,260 resulting in the triggered release of 

nanoparticles over time from the NNH.294 

1.5.3 NNHs for Drug Delivery 

Hydrogels are ideal materials for drug delivery due to their controllable porosity 

and hydrated interface that maximizes cargo uptake and minimizes protein adsorption, the 

latter of which also minimizes the potential for inflammatory responses. NNHs allow for 

further customization of hydrogel properties, in particular the ability of NNHs to tune 

local network crosslink densities and thus customize diffusion and release profiles, add 

physiologically relevant degradation responsivity, and/or increase hydrogel drug affinity 

and efficacy.239  Table 1.2 summarizes different strategies to use NNHs for drug delivery, 

categorizing the utility of the NNH in each case based at least one of five key factors. 
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(1) Engineering diffusional release profiles:  Modifying the density of 

crosslinkers or nanoparticle anchors within the NNH will change the porosity and 

swelling of the hydrogel, ultimately regulating diffusion via ñanomalous transportò effects 

through the NNH.295,296 As such, the absorption of water into the material plays a 

significant role in the passive loading and subsequent entrapment of water-soluble drugs 

within hydrogels. A highly crosslinked network leads to lower encapsulation 

efficiency/drug loading as the water soluble drug has limited space to diffuse into the gel; 

however, due to the smaller pore size, slower drug release is observed.239  The locally 

variable crosslinking densities within NNHs in this context offer potential for enabling 

both higher drug loading (by engineering the pore structure of the hydrogel) as well as 

sustained drug delivery profiles (by manipulating nanoparticle-drug interactions and/or 

tuning drug partitioning between the nanoparticle and bulk gel phases), the latter 

particularly relevant to reducing the burst release typically observed with hydrogels.290 As 

an example of pore structure engineering, high drug loading efficiencies were obtained 

with hybrid polyaptamer graphene oxide hydrogels (PA-GO) developed by Kim et al., 

which exhibited a ñbirds nestò-like internal morphology in which the GO aligned the 

polyaptamer chains.  The resulting decrease in the tortuosity of the network increased the 

water uptake by ~700% by enabling pore-mediated permeation, simultaneously 

increasing drug (Kanamycin) access to the specific polyaptamer binding sequence and 

ultimately drug loading and retention of the NNH.252 As an example of engineering drug 

partitioning, Naga et. al, demonstrated the use of a two-stage drug release system based 

on NNH formation between silk microfibrils and silk nanoparticles wherein the inclusion 
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of the nanoparticle phase achieved a secondary significantly sustained release period 

compared to that achieved with the silk fiber phase alone (Figure 1.14).214  In Table 1.2, 

examples labeled as ñNetwork Entrapmentò represent cases in which drugs are loaded 

non-specifically into the NNH network polymer/nanoparticle while ñNanoparticle 

Entrapmentò represent cases in which drugs are loaded in or onto the nanoparticle phase 

of the NNH specifically. 

 

Figure 1.14 Silk nanoparticle-polymer NNHs can demonstrate two drug release 

profiles: one burst release of drug entrapped within the network itself and one 

controlled release based on drugs entrapped in the nanoparticle phase. Adapted 

from Numata et al., 2012 (ACS Publications).214 

 

The work of Hu et al. on optimizing the porosity and crosslinking density of an 

NNH fabricated based on thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) and 

polyacrylic acid IPN nanogel colloidal building blocks represents a good example of how 

diffusional profiles in NNHs can be manipulated via NNH fabrication.  Since this IPN 

nanogel design does not macroscopically collapse at the LCST (as a PNIPAM hydrogel 

would on its own), the temperature-independent NNH can maintain high porosity to 

promote higher cumulative drug release; almost 80% release of drug can be released over 
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~30 hours using the NNH, whereas bulk gels based on PNIPAM that undergo thermal 

collapse could only release ~20% of the total loaded drug over the same period.285,286,297 

By decreasing the size of the large pores between the spherical PNIPAM nanogel building 

blocks (by mixing nanoparticle sizes that are better able to pack) or decreasing the 

number interparticle spaces (by tight packing with a higher wt% of nanogels and/or 

smaller nanogels), the same NNH could extend its release to over ~80 hours while still 

not undergoing a significant bulk collapse event at physiological temperature.286  

(2) Introducing chemical affinity groups to control release:  Nanoparticle 

morphology or functionalization can be used to introduce chemical or physical affinity 

groups for drugs to NNHs without substantially altering the structure (and thus diffusion 

properties) of the bulk hydrogel phase. Drug-specific interactions with the nanoparticle 

phase can both increase loading efficiency as well as fine-tune the drug release rate. This 

strategy is particularly useful for loading hydrophobic drugs into a porous nanoparticle, as 

NPs can offer a high-affinity  region for hydrophobic drugs to bind within an otherwise 

highly aqueous environment.295 For example, hydrophobic co-polymer nanoparticles 

within microgels developed by Matos Fonseca et. al were able to enhance the loading and 

slow the release of ketoprofen, a hydrophobic drug; however, reduced drug uptake was 

achieved when hydrophilic comonomers were introduced within the nanoparticle phase or 

when fewer nanoparticles were incorporated into the microgel network.298 Both the 

nanoparticle phase and the bulk gel phase separating the networked nanoparticles from 

the outside environment can also reduce drug exposure to oxidative or enzymatic 

degradation to maintain drugs in their biologically active form for a longer period of time, 
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typically either via the formation of a dynamic bond between the drug and the 

nanoparticle and/or via physical encapsulation of the drug within the nanoparticle used to 

form the NNH.239,250,299 Key papers in which chemical affinity is applied for enhancing 

NNH-based drug delivery are denoted in Table 1.2 as ñNanoparticle Entrapmentò (if 

drugs are primarily loaded inside the nanoparticle) or ñNanoparticle Surface Affinityò (if 

drugs are primary loaded on the surface of nanoparticles). 

The work of Akiyoshi et al. in designing drug delivery nanogels based on the self-

assembly of ~1% cholesterol functionalized pullulan represents an excellent example of 

the potential to tune drug release by engineering nanoparticle-drug affinity. The nanogels 

on their own can work as hydrophobic drug carriers based on their internal hydrophobic 

domains generated by cholesterol self-assembly.300 However, in solutions with high 

protein concentrations (e.g. blood), proteins will penetrate and exchange with the drug 

cargo, resulting in triggered release and ultimately degradation of the nanogel. By 

functionalizing the nanogels with acryloyl groups and crosslinking them together via 

Michael addition with thiol functionalized PEG, a direct polymer bridged ñraspberry 

clusterò NNH was formed that was demonstrated to prevent such protein exchange, 

thereby increasing nanogel half-life 15 fold and thus substantially prolonging the release 

of loaded IL-12 (Figure 1.15). Delivery over an extended period from a protective NNH 

prevents rapid IL-12 release in vivo and thus suppresses the associated side effects of high 

IL -12 levels in the blood.215,301ï303 
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Figure 1.15: A ñraspberry clusterò direct polymer-bridged NNH in which the 

PEGSH terminal groups bond neighboring CHPANG microgels together to form 

an NNH-based drug delivery vehicle. Figure adapted from Hasegawa et al., 2019 

(Elsevier).301 

 

Charge affinity domains can also be used to engineer release profiles.  For 

example, we have demonstrated that hydrazide-functionalized acrylic acid-NIPAM 

copolymer nanogels covalently crosslinked within an injectable hydrogel formed by 

mixing hydrazide-functionalized carboxymethyl cellulose and aldehyde-functionalized 

dextran enable substantial prolongation of the release of the cationic drug bupivacaine 

compared to the hydrogel network alone or physically entrapped nanogels of the same 

composition, the latter of which could undergo thermal collapse upon heating to increase 

local free volume within the network and thus promote diffusion-based drug release.304  

(3) Enabling triggered degradation and/or drug release:  The potential to 

incorporate different ñsmartò components into drug delivery vehicles that respond to 

different physiological microenvironments or external stimuli via NNH design is also 

beneficial for drug delivery.296,299 NNH structures can enable the incorporation of 

responsive elements into the hydrogel without altering other favorable components of a 

hydrogel for drug delivery, helping to prevent off-target release of drugs while promoting 

degradation and release in targeted environments such as tumors. Multi-responsive 

nanoparticles can also be incorporated for their benefits in controlling drug release while 
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avoiding some of the drawbacks of using the nanoparticles alone (e.g. uncontrolled 

aggregation following triggering).  For example, Zha et al. reported the fabrication of a 

colloidal NNH based on the electrostatic attraction between oppositely charged 

amphoteric gelatin and anionic polydopamine nanoparticles that enable triple responsive 

properties.223  Upon injection, the acidic microenvironment of a tumour induces charge 

switching in the gelatin nanoparticles from anionic (pH >9) to cationic (pH <9), 

introducing charge interactions with the negatively polydopamine nanoparticles to form a 

colloid hydrogel depot for doxorubicin (DOX) release at the tumour site. As the 

environment become more acidic (from pH 7.4 to 5), more positive charges are generated 

within the gelatin NP that can compete with the electrostatic interactions between the 

anionic polydopamine nanoparticles and the cationic DOX drug, promoting its triggered 

release out of the NNH depot (from ~25% to 60% over 100 hours); concurrently, the 

higher localized MMP concentration in tumour microenvironments induces enzymatic 

breakdown of the gelatin nanoparticles to further increase total DOX release (from ~30% 

to ~70% over 7 days) by promoting degradation of the gelatin NPs.  The gelatin 

nanoparticles also are thermoresponsive and can be triggered via externally delivered near 

infrared (NIR) radiation in a series of six short sessions to ñmeltò and thus again promote 

faster DOX release (from ~20% to ~60% over 25 h).   

The ability of different parts of the NNH to encapsulate different types of payloads 

can also be exploited to enable feedback-controlled triggered release.  For example, by 

encapsulating glucose oxidase (GOx) in the hydrogel phase to catalyze glucose 

conversion to gluconic acid, the local pH inside an NNH can be reduced to induce 
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hydrolysis of an ethoxypropene-modified dextran NP core and subsequent release of the 

insulin loaded in the nanogels for enabling feedback-regulated diabetes therapy.260 Such 

feedback systems can ensure drug release only when necessary while preventing burst 

release of potentially toxic drugs.293 Various triggers for on-demand drug release from 

NNHs are listed in Table 1.2.  

(4) Promoting long-term biological penetration and size switching:  Timed 

degradation of the NNH can further be engineered using dynamic bonds within the 

network,238 offering potential for a secondary drug release profile and/or size-switching 

targeting upon the release of the nanoparticle component.239 Biomedical applications such 

as drug delivery to the brain or into tumors can benefit from size switching materials that 

are delivered in NNH form (taking advantage of the favorable anti-fouling properties of 

hydrogels) but then degrade to release the nanoparticle component whose small size can 

better penetrate into tissues. For example, we have recently demonstrated the use of 

starch nanoparticle (SNP)/carboxymethyl chitosan (CMCh) NNHs formed via dynamic 

Schiff base crosslinking for enhancing nose-to-brain drug delivery using such size-

switching properties.294 Starch-based nanomaterials have previously been seen as a 

promising delivery system given the well-established cytocompatibility of starch. 

However, native starch is challenging to scalably and consistently process into 

nanoparticles due to its granular crystalline structure that makes it difficult to chemically 

functionalize and/or incorporate into a multi-scale delivery system (such as an NC or 

NNH gel). However, SNPs formed through a high-temperature extrusion process 

overcome these limitations, resulting in primarily amorphous starch (for more facile 
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functionalization) that have the potential to penetrate through dense biological matrices 

due to their high compressibility and small size (20-50 nm).314,315 In these contexts, the in 

situ gelling bulk CMCh/SNP enables good retention and mucoadhesion upon spraying 

into the nose. As the material degraded via hydrolysis, the small, <50 nm SNPs were 

released, transported through the nasal epithelium, and ultimately to the brain via the 

trigeminal and olfactory nerves, thus facilitating local delivery of antipsychotic drugs 

over longer time periods following a single intranasal spray (3 - 5 days) with fewer 

systemic side effects (Figure 1.16).294 Improved efficacy is due to the multi-scale system 

design and favorable physicochemical properties of nanoparticulate starch.   

 

Figure 1.16: An internasal plum pudding NNH spray based on carboxymethyl 

chitosan and oxidized starch nanoparticles (SNPs) (<20 nm) crosslinked via Schiff 

bases.  The SNPs were loaded with the antipsychotic peptide PAOPA and were released 

over time as the Schiff base degraded in the moist nasal cavity, enabling delivery of 

PAOPA to the brain to sustain therapeutic efficacy over at least 3 days following a single 

spray.  Figure adapted from Majcher et al., 2020 (Elsevier).294 

In any of these cases, it should be noted that the requirement to avoid cytotoxicity 

places restrictions on the types of polymers and (in particular) nanoparticles applicable 
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for NNH design250 as well as the types of crosslinking methods that can be used239,296,305 

relative to other applications previously discussed. 
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Table 1.2:  Summary of papers describing drug delivery applications of NNHs. Dashes represent information that was not 

provided in the paper. 

NP Material NP Size 
NP 

Concentration 
Polymer or 

Crosslinker Material 
Crosslinking 

Method 
NNH 

Morphology 
Gel Delivery 

Swelling 
Ratio 

Drug 
Delivered 

Drug Loading 
Release 
Profile/ 

Stimulus 
Ref. 

Cholesterol- bearing 
pullulan (CHP) 

functionalized with acryloyl 
groups (~28%) (CHPOA) 

~28nm 
and 

~43nm 
0.5-4 w/v%  PEGDA Photopolymerization  

Polymer-
bridged NPs 

Nanogels 
(~47-107nm) 
or Macrogels  

--- FITC-Insulin 
Network and 
Nanoparticle 
Entrapment 

Controlled 300 

Pullulan with ~1.4% 
cholesteryl groups 

functionalized with acryloyls 
(CHPOA) or acrylates 

(CHPANG) 

~10-15nm 
0.8 w/v% 

CHPOA, 2w/v% 
CHPANG 

 Four arm thiol- 
functionalized PEG 

(PEGSH) 

Michael addition of 
CHPOA to PEGSH  

Polymer-
bridged NPs  

ñRaspberry 
Clusterò 

Nanogels 
(~50-150nm) 
or Bulk gel 

--- 
Rhodamine-
labeled IL-

12 

Network and 
Nanoparticle 
Entrapment 

Controlled 215,301 

Polydopamine (PDA) ~124nm 1.5 wt% 
Thiol-functionalized 

hyaluronic acid 
Michael-type addition 

reaction 
Plum pudding Bulk gel ~25-35x  

Dimethyl-
oxalglycine 

Nanoparticle 
Entrapment 

Controlled 306 

Amine- functionalized 
graphene oxide (GO) 

nanosheets embedded with 
various metal NPs 

--- ~ 0.001 w/v% 

Polysuccinimide(PSI) / 
Polyaspartic acid and 
poly(acrylamide-co-

acrylic acid) IPN, NMBA 
crosslinker 

Amide bond between 
GO-NH2 and PSI 

chains 
Plum pudding 

Porous (~200-
500nm) bulk 

gel 

~0.1-1.5x , 
pH 

dependent 
Curcumin 

Network 
Entrapment and 

Nanoparticle 
Surface Affinity 

Controlled, 
Responsive 

(pH) 

275 

Aldehyde- functionalized 
starch NP 

~20-50nm 5-35 w/v% 
O-Carboxymethyl 

chitosan 
Schiff Base between 
aldehyde and amine 

Plum pudding Bulk gel ~0.5-6x 
PAOPA 
peptide 

Network 
Entrapment and 

Nanoparticle 
Surface Affinity 

Controlled 294 

Amino- functionalized 
CoFe2O3 and Fe3O4 

magnetic NPs or titanium 
oxide 

~60-80nm, 
~20nm 

~0.375-0.75 
wt% 

Carboxymethylcellulose 
or Hyaluronic acid 

Amide bond between 
NP-NH2 and HA or 

CMC 
Plum pudding Bulk gel ~10-25x 

Doxorubicin, 
toluidine 

Network 
Entrapment 

Controlled, 
Responsive 
(Magnetic) 

231,292,307 

Hydrazide-functionalized 
poly(N-

isopropylacrylamide)-
coated superparamagnetic 

iron oxide NP (SPION) 

~10-20nm ~12 w/v% 
Aldehyde-functionalized 

dextran 

Hydrazone 
crosslinking between 

aldehyde and 
hydrazide 

Plum pudding Bulk gel 
~0.8-1.1x, 

time 
dependent 

Bupivacaine 
Network 

Entrapment 

Controlled, 
Responsive 
(Magnetic) 

293 

Hydrazide-functionalized 
acrylic acid/PNIPAM 

microgels 

~85-
460nm 

4 w/v% 

Hydrazide-functionalized 
carboxymethyl cellulose 

and aldehyde-
functionalized dextran 

Hydrazone 
crosslinking between 

aldehyde and 
hydrazide 

Plum pudding 
Bulk gel 

containing 
Microgels 

~0.3-1x  Bupivacaine 
Nanoparticle 
Entrapment 

Controlled 291 

Polystyrene or PEG-b-PLA 
core-shell NP 

~50-
500nm, 
~100nm 

10 wt% 

Hydrophobically 
modified hydroxypropyl-

methylcellulose 
(HPMC), hyaluronic acid 

and 
carboxymethylcellulose 

Hydrophobic 
interactions and NP 

surface-selective 
adsorption 

 Interlocked 
hairy 

nanoparticles 
Bulk gel --- 

Bovine 
serum 

albumin, Oil 
Red 

Network and 
Nanoparticle 
Entrapment 

Dual Profile, 
Short and 
Controlled 

218,219 

Zein NPs  
~80-

120nm 
0.5 w/v% Pectin 

Low pH-induced 
hydrophobic 
interactions  

Plum pudding 
Nanogels 

(~100-300nm) 
--- Doxorubicin 

Nanoparticle 
Entrapment 

Controlled, 
Responsive 

(pH) 

308 

Graphene oxide (GO) 
nanosheets 

~90nm 
 ~0.008-0.032 

w/v% 
ssDNA polyaptamer 

Oligo A sequence H 
and pi-pi bonding 
with GO surface 

Polymer-
bridged 

nanoparticles 
Bulk gel ~6.5x 

F-
Kanamycin 

and F-
Gentamicin 

Network 
Entrapment and 

Nanoparticle 
Surface Affinity 

Controlled 252 
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Silk NPs ~175nm  0.01% w/v% Silk Solution 
Hydrophobic 

interactions between 
regions of silk sheets  

Plum pudding 
Porous Bulk 

gel 
--- 

Rhodamine 
B, Texas 

Red, 
Fluorescein 

Network and 
Nanoparticle 
Entrapment 

Dual Profile, 
Controlled and 

Burst 

214 

Triblock polymer of tBA-
pNIPAM-tBA (PNAx) 

~0.8-1 mm  4-10 wt% None 

Temperature- 
induced hydrophobic 

bridging of NIPAM 
blocks 

Interlocked 
hairy 

nanoparticles 

ñPlum 
Blossomò bulk 
gel made of 
NP clusters 

(~0.8-1mm) 

--- Doxorubicin 
Network and 
Nanoparticle 
Entrapment 

Controlled, 
Responsive 

(Temp.) 

309 

Polyacrylic acid (PAAc) and 
poly-N-isopropylacrylamide 

(PNIPAM) IPN 

~110-
155nm  

2.5-8 wt% PAA 

Physical crosslinking 
via reversable 
temperature-
dependent 
interparticle 
 potential  

Colloidal 
Bulk gel made 
of NP clusters  

--- 

Labeled 
dextran 
(40k-2M 

MW), and 
BSA 

Network 
Entrapment 

Controlled, 
Responsive 

(Temp.) 

286,297 

Poly-N-
isopropylacrylamide-co-
allylamine (PNIPAM-co-
allylamine) or -co-acrylic 
acid  (PNIPAM-co-acrylic 

acid) IPNs 

~76-
186nm 

and ~210-
320nm  

10 wt% 

Glutaric dialdehyde (for 
allylamine), apidic acid 
dihydrazide (for acrylic 

acid) 

Covalent crosslinking 
via difunctional 

molecule 

Polymer-
bridged 

nanoparticles 

Bulk gel made 
of nanogels 

~5-17x 
Labeled 

dextran (3k-
70k MW) 

Network 
Entrapment 

Controlled, 
Responsive 

(Temp.) 

285 

Poly (N-
isopropylacylamide-co-2-

hydroxyethylacrylate) 
(P(NIPAm-HEAc)) nanogels 

--- 3-7 wt% Divinyl sulfone (DVS) 
Covalent crosslinking 

with DVS 

Polymer-
bridged 

nanoparticles 
Bulk gel 

~0.2-1.6x, 
temperature 

and pH 
dependent 

5-
Fluorouracil 

Network 
Entrapment 

Controlled, 
Responsive 
(pH, Temp.) 

310 

Polyphenylboronic acid 
(pPBA) nanogels with St, 

DMAEA and MBAAm 
~194nm 4.2 wt% MBAAm and AAm 

Free radial 
polymerization of 
polymers from NP 

seeds 

Polymer-
bridged 

nanoparticles 

ñHoneycomb-
likeò Porous 
Crystalline 
Macrogel 

~10-310x, 
glucose 

dependent 
Insulin 

Network 
Entrapment 

Controlled, 
Responsive 
(Glucose) 

217 

Alginate and chitosan-
coated NPs 

 ~340nm 
and  

~293nm 

20 w/v%, 1:1 
NP ratio 

--- 
NP electrostatic 

attraction 
Colloidal Bulk gel --- Insulin 

Network and 
Nanoparticle 
Entrapment 

Controlled, 
Responsive 
(Glucose) 

260 

CaCO3 porous microparticle ~4-6mm ~2.5 w/v% Alginate 
Calcium- enriched 
release of NP for 
ionic crosslinking  

Plum pudding Bulk gel --- Ibuprofen 
Nanoparticle 
Entrapment 

Controlled 311 

PLGA-PVAm 
(polyvinylamine) and 

PLGA-
PEMA(poly(thyelene-co-

maleic acid)) NPs 

~144nm 
and 

181nm  

10-30 wt%, 3:7 
to 7:3 

cationic:anionic 
NP ratio  

None 
NP electrostatic 

attraction 
Colloidal 

Bulk gel made 
of NPs 

--- 
Dexamethas
one (DEX) 

Nanoparticle 
Entrapment 

Controlled 261 

Gelatin and polydopamine 
NPs 

~113nm,  
~96nm 

5-15 wt% --- 
NP electrostatic 

attraction (induced 
by pH) 

Colloidal Bulk gel --- Doxorubicin 

Network 
Entrapment and 

Nanoparticle 
Surface Affinity 

Controlled, 
Responsive 

(pH, Enzyme, 
NIR) 

223 

Mesoporous silica (MSN) 
and polyamidoamine 
dendrimers (G3) and 

dendrimer- templated Ag 
NPs (G3-Ag) 

~417nm 
MSN, 

~146nm 
G3-Ag 

5-20 wt% G3 
Poly(ethylene glycol) 
diglycidyl ether (PEG-

DGE) 

Amine-epoxy click 
chemistry between 
NPs and PEG-DGE 

ends 

Polymer-
bridged 

nanoparticles 
Bulk gel ~0.35-0.5x 

Isoniazid 
and 

Rifampicin 

Network and 
Nanoparticle 
Entrapment 

Dual Profile, 
Controlled and 

Burst 

312  

Silica 
  

~12-
218nm 

5-20 wt% 

Poly[N-
isopropylacrylamide) or 
vinylpyrrolidone -co-(3-

methacryloxypropyltrime
thoxysilane)] 

Siloxane bonds and 
hydrogen bonding 

Plum pudding 
Porous bulk 

gel 
~18-42x Caffeine 

Network 
Entrapment 

Controlled, 
Responsive 

(Temp.) 

272,288 

Iron oxide (Fe3O4) (MNPs), 
Nap-GFYE peptide 

nanofibers 
~52nm 0.5-3.5 wt% --- 

C terminus of 
peptide binding 

affinity towards MNP 
Colloidal Bulk gel --- 

Labeled 
dextran (10k 

MW) 

Network 
Entrapment 

Controlled, 
Responsive 
(Magnetic) 

313 
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1.6 Thesis Objectives 

 Creating new and more intricate but still scalable architectures of nanoparticle-

based drug delivery systems creates more opportunities to deal with the complex nature 

of treating diseases in the personalized medicine landscape. New architectures can 

creatively be synthesized by combining our knowledge of size- and surface-switching 

nanoparticles (and what nanoparticle properties are most appropriate at different points 

along the delivery pathway) with nanocomposite/nanoparticle network hydrogels. This 

thesis is focused on the synthesis, structure, and function of ñnanoassembliesò in which 

small nanogels are used as building blocks to form a larger nanogel crosslinked via 

dynamic bonds to trigger both nanoparticle and drug release in a variety of environments. 

Depending on the design, inner (smaller) nanogels will either be encapsulated in the 

larger nanogel matrix (nanocomposite) or directly participate in the crosslinking of the 

overall network (nanoparticle network). The small nanogels used herein are starch 

nanoparticles (SNPs) provided by EcoSynthetix Inc, leveraging their favorable size (20-

50 nm major size fraction), amorphous structure enabling effective chemical 

functionalization, and significant water content.  Each SNP-based nanoassembly 

described in chapters 2 ï 4 was rationally designed for a particular disease target with a 

defined release trigger and mechanism, with each non-SNP precursor polymer and 

crosslinking chemistry carefully selected to emphasize the biological barriers that each 

nanoassembly design aims to overcome and the improvements that the nanoassemblies 

have over SNP-only and free drug controls. Improvements will be validated both in vitro 
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and in vivo, where applicable. Each chapter in this thesis is devoted to a different 

nanoassembly design. 

Chapter 2 highlights an NNH-based nanoassembly designed to deliver anti-

psychotic drugs to the brain after IN administration. The nose is a promising route of 

administration as it avoids the low-permeability  blood brain barrier by targeting nerves 

located at the back of the nose that provide a direct pathway to the brain. However, the IN 

route introduces new biological barriers such as the nasal mucosa and the respiratory and 

olfactory epithelia that must be traversed. Specifically, this nanoassembly was designed to 

deliver haloperidol (HP), an anti-schizophrenic drug that is poorly water soluble and thus 

exhibits poor bioavailability when delivered systemically (despite its ability to bypass the 

BBB). These nanoassemblies were initially designed to be mucoadhesive (i.e. to increase 

residence time in the nose by sticking to the nasal mucosa), mucopenetrative (i.e. to 

improve penetration through the dense mucus layer to eventually reach the nasal 

epithelia), and traverse the nasal epithelium (i.e. entry to the brain via endocytosis into 

nerves at the posterior of the olfactory epithelia). Carboxymethyl chitosan (CMCh) has 

been previously reported as mucoadhesive; amines on CMCh could crosslink with 

aldehydes on SNPs hydrophobized with octenyl succinic anhydride (SNP-OSA-CHO) to 

form a nanoparticle network hydrogel that could adhere to mucus to increase residence 

time in the nose. Nanoassemblies were made as SNPs and CMCh were crosslinking 

within a water-in-oil (W/O) emulsion to ensure a gel within a defined droplet size. 

Dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), and transmission 

electron microscopy (TEM) was used to probe the nanoassembly size as well as 
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investigate the effect of nanogel formation in the droplet compared to emulsified, non-

gelled SNPs. The release rate of haloperidol from imine-crosslinked nanoassemblies was 

tracked in the acidic environment of the nose in vitro, while the pharmacokinetics and 

pharmacodynamics of HP in vivo was tracked by the locomotion of rats over time after 

intranasal injection of free HP, SNP-encapsulated HP, or HP loaded into nanoassemblies. 

Nanoassemblies improved HP efficacy for more than 4 h compared to control, whereas 

non-assembled SNP-OSA-CHO showed no difference after 1 h. Further, nanoassemblies 

had greater mucopenetration as determined by fluorescent biodistribution studies, 

suggesting their improved PK and PD profiles in vivo compared to non-assembled SNPs.  

Chapter 3 describes the formation of a NC-style nanoassembly designed to 

address the conflicting size and surface chemistry requirements for the systemic delivery 

of anti-cancer therapeutics to solid tumors. Specifically, a nanoassembly is designed that 

has a relatively large size (100 ï 200 nm) for improved circulation that selectively 

switches to a smaller size (<50 nm) in the cancer microenvironment for improved 

traversal through the dense ECM. Tumor-targeting chondroitin sulfate (CS) was 

functionalized with thiol groups to form disulfide-crosslinked nanogels that could 

physically encapsulate SNPs in the presence of a gelator templated within a similar W/O 

emulsion used in Chapter 2. DLS, NTA, and TEM thoroughly characterized the size and 

surface properties of nanoassemblies to ensure that proper sizes could be achieved under 

different biological conditions as necessary for systemic drug delivery. After loading 

doxorubicin (DOX) ï a well-documented anti-cancer therapeutic ï the release rate of 

DOX-loaded nanoassemblies was tracked over time in the presence of glutathione (GSH), 
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a disulfide-reducing peptide that is overexpressed in many solid tumors. In vitro toxicity 

experiments screened the potential efficacy of DOX-loaded nanoassemblies in both colon 

carcinoma (cancerous) and human fibroblast (non-cancerous) cells. Finally, in vivo 

efficacy was tested in tumor-bearing mice by measuring tumor size over time, with the 

drug-loaded nanoassembly showing reduced tumor growth compared to drug-loaded, 

non-assembled SNPs. Histology was used to assess the pharmacokinetic profile/off-target 

toxicity of DOX-loaded nanoassemblies, confirming increased tumor toxicity compared 

to non-encapsulated SNPs and reduced off-target cardiotoxicity compared with free 

DOX..  

Chapter 4 describes a nanoassembly aiming to combine the size- and surface-

switching benefits of nanoassemblies outlined in Chapter 3 with the benefits that on-

demand release systems have in maintaining the therapeutic window in vivo. Specifically, 

nanoassemblies with NC architectures were designed via dynamic crosslinking that could 

ensure the large (100 ï 200 nm) nanoassembly size for improved circulation before 

transiently inducing size-switching by de-crosslinking in the presence of an exogenous 

stimulus. Poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) was 

crosslinked with Ŭ-cyclodextrin (CD) via supramolecular host-guest interactions that can 

be selectively de-crosslinked at increased temperatures induced from external sources 

such as high intensity focused ultrasound (HIFU). Nanocomposite nanoassemblies were 

formed similarly to the W/O emulsion described in previous chapters but with POEGMA 

and CD as the nanogel matrix physically encapsulating the SNPs. The sizes of a small 

library of nanoassemblies (n = 16) were characterized with DLS, NTA, TEM, and a 
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fluorescence-based assay at different temperatures (25°C, room temperature; 37°C, 

internal (normal) body temperature, and 42°C, heated ultrasound + thermal ablation in 

tumor temperature) to assess the thermoresponsivity of each formulation. The loading and 

release profiles of DOX from the four most promising formulations were then tested in a 

variety of HIFU environments, notably when HIFU was applied through a phantom that 

mimics the acoustic properties of soft tissues. Confocal microscopy on 2D and 3D (i.e. 

tumor-like morphology) colon carcinoma cell cultures showed the penetration capacity 

and efficacy of nanoassemblies either in the presence or absence of HIFU, with HIFU-

applied nanoassemblies penetrating through and killing tumor mimics more effectively 

than in the absence of HIFU due to the increased release of penetrative, ultrasmall SNPs. 

Chapter 5 summarizes and concludes the research findings of each of the previous 

chapters and their implications on the broader field of size- and surface-switching 

nanoparticle drug delivery systems. 
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Chapter 2: Starch Nanoparticle/Carboxymethyl Chitosan Nanoassemblies for 

Intranasal Delivery of Anti -psychotic Drugs to the Brain 

 

Submittable Manuscript:  
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Todd Hoare1. Expected submission: ACS Applied Nano Materials, January 2024  

 

Objectives: 

To design and characterize a nanoassembly (150 ï 200 nm) crosslinked between 

carboxymethyl chitosan and hydrophobic, aldehyde-functionalized starch nanoparticles 

for delivering hydrophobic anti-psychotic drugs through the nose. To outline how 

crosslinking and emulsification affects the size, distribution, morphology, and 

hydrophobicity of nanoassemblies. To test the efficacy and distribution of drug-loaded 

nanoassemblies in vivo. 
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Abstract:  

Delivering anti-psychotic drugs intranasally (IN) shows promising benefits over 

systemic delivery by avoiding complications associated with crossing the blood-brain 

barrier (BBB), increasing the bioavailability of the drug and improving its efficacy while 

reducing off-target toxicity. To effectively use this pathway for prolonged drug delivery, 

vehicles are required that can initially  adhere to the nasal mucosa but then transport 

through the mucosa, the nasal epithelium, and ultimately to the brain. Herein, we describe 

a nanogel-based nanoassembly with the capacity to switch its size from 150 nm to 20 nm 

under intranasal conditions to deliver a model anti-psychotic drug (haloperidol, HP) to the 

brain. The nanoassembly was fabricated by imine crosslinking between carboxymethyl 

chitosan (CMCh) and hydrophobized aldehyde-functionalized starch nanoparticles (SNP-
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OSA-CHO) within a water-in-oil emulsion. Nanoassemblies could efficiently load HP (up 

to 80% encapsulation efficiency), release up to 55% of the drug in nasal epithelium-

simulated conditions over 5 days, and showed good cytocompatibility with striatal and 

nasal epithelial cells. In vivo, HP-loaded nanoassemblies suppressed rat locomotion for 4 

h relative to normal rat behavior, longer than SNP-OSA-CHO-loaded HP (2 h) or free HP 

(3 h) dosed at the same drug concentration. Biodistribution results suggest that 

nanoassemblies are mucopenetrative while free SNP-OSA-CHO are primarily 

mucoadhesive, correlating with the improved catalepsy duration achieved with the 

nanoassemblies. These results, coupled with flexibility of the small nanoparticle 

component of the nanoassembly for delivering diverse drug payloads, suggest the 

potential utility of mucoadhesive nanoassemblies for IN drug delivery. 

Keywords: nanogel assembly, intranasal, anti-psychotic drug delivery, mucoadhesion, 

mucopenetration 

2.1 Introductio n 

 The treatment of psychiatric disorders such as depression, bipolar disorder, or 

schizophrenia, neurodegenerative diseases such as Alzheimerôs or Parkinsonôs disease, or 

other central nervous system (CNS)-related diseases (e.g. brain cancer) is challenging 

based on the role of the blood brain barrier (BBB) limiting the diffusion of relevant drugs 

into the brain. The BBB is a selectively permeable membrane containing many tight 

junctions and few pinocytotic vesicles, resulting in low non-specific cellular uptake);1,2 < 

2% of small molecules and < 1% of macromolecules are thus able to cross the 

BBB.3,4Administering drugs intranasally (IN) has recently been explored as a non-
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invasive way to avoid the BBB and improve drug efficacy in 4 major ways:5 (1) the nasal 

epithelium contains olfactory and trigeminal nerve pathways that serve as a direct, BBB-

uninhibited route to the CNS, ultimately increasing the bioavailability of CNS drugs 

while decreasing potential off-target effects;6,7 (2) the nasal epithelium has high 

absorption rates due to its high vascularization and permeability via leaky intercellular 

junctions;8 (3) the nasal epithelium has a high mucus content that can bind drugs and/or 

drug-nanoparticle complexes and thus retain them in the nose rather than having them 

clear via circulation;9 and (4) IN delivery avoids other circulatory complications of drug 

delivery such as phagocytotic degradation, hepatic drug metabolism, filt ration through 

kidneys, and gastrointestinal degradation.10 Despite these advantages, IN delivery of CNS 

drugs requires overcoming other biological barriers in the nose including the thick, 

hydrogel-like mucus layer (in which drugs must first be retained in prior to penetrating 

through to reach downstream targets), the basal epithelial layer (the structural surface of 

the nasal tissue), and, ultimately, nasal-associated neurons and the olfactory bulb to 

eventually transport into the brain.5 

 While moderately hydrophobic small molecule drugs can transport through these 

barriers, nanoparticle drug delivery systems (NP DDSs) are increasingly being 

investigated in this context. NP-based drug delivery systems can be engineered with 

different size and surface chemistries to navigate through the numerous barriers in the 

nose without altering the structure or function of the loaded therapeutic.5 To promote high 

retention, mucoadhesive delivery vehicles that can interact with glycoproteins in the 

mucus are preferred; however, the size and surface chemistry requirements for 
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mucoadhesion are highly complex and often contradictory, as reviewed by Schattling et 

al.9 In general, charged polymers (either anionic or cationic), neutral but highly flexible 

polyethylene glycol (PEG) coatings of lower density/longer PEG chain lengths, and thiol-

bearing compounds that can form disulfide covalent bonds with mucin proteins have been 

shown to increase adhesion to mucin glycoproteins. However, once bound, the vehicle 

must penetrate through the mucus to be transported to/through nasal epithelial cells. In 

this context, PEG coatings with shorter denser PEG layers,11 methods to increase surface 

hydrophilicity, switching surface charges (often from cationic to anionic/neutral),12 or 

breaking inter-mucin disulfide bonds with thiols have all been identified as preferred 

strategies.13,14 Given that mucociliary clearance (MCC) ï the primary innate defence 

mechanism in the nasal/respiratory tract by which particulates trapped in the nasal/upper 

respiratory mucosa are shuttled to the gastrointestinal tract for degradation15,16 ï occurs 

every 15 minutes in humans, a rapid mucoadhesion + penetration mechanism must be 

established to increase the retention and thus bioavailability of IN-delivered drugs.  

Additional contradictory size and surface chemistry-related barriers also exist 

beyond the mucus layer to facilitate the transport of an IN delivery vehicle from the nasal 

epithelium to the brain (Figure 2.1). For example, particles sizes of 20 ï 100 nm are ideal 

for transporting through the tight junctions between epithelial cells and axons of the 

olfactory sensory neurons that serve as a near-direct path from nose to brain,17 although 

larger particles (100 ï 200 nm) can transport through these tight junctions via paracellular 

transport mechanisms.18,19 Hydrophobic surface groups have also been shown to greatly 

increase the rate of transcellular transport (i.e. uptake and subsequent intercellular 
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trafficking) in the nasal mucosa;20 while hydrophilic groups typically have higher 

paracellular transport rates.21 As such, the optimization of nanoparticle properties for IN 

delivery faces several contradictory design objectives that make the design of such 

vehicles challenging. 

Multiple reviews that discuss different size and surface chemistry strategies for 

improving IN delivery with NPs have been pursued, including those by our group5 and 

others;22,23 Xu et al. and Rabiee et al., particularly emphasized clinical trials with NP-

loaded antidepressants in their reviews. The overall trend is to emphasize mucoadhesion 

as the most important challenge to overcome for IN-delivered NP DDSs. For example, 

PEG-PLGA self-assembled nanoparticles delivered via the IN route were shown to 

significantly enhance the delivery of haloperidol (HP) to the brain relative to 

intraperitoneal injection, a result attributed to the increased mucosal interactions enabled 

by the PEG coating layer.24 Nanogels fabricated from mucoadhesive poly(vinyl 

pyrrolidone) (PVP) covalently-linked to insulin enabled a doubling of downstream insulin 

target proteins in the brain compared to free insulin delivered IN, again attributed to the 

mucoadhesive properties of PVP.25 Chitosan-based nanomaterials have also been broadly 

used for their inherent mucoadhesive properties due to charge interactions with mucin 

glycoproteins that can be further enhanced by glycolating chitosan NPs.26 However, 

mucopenetration has been less widely studied despite its importance for facilitating 

effective drug transport to the brain. It was originally reported that small NPs (< 50 nm) 

mucopenetrate better than larger NPs as they could move through the small mucus mesh 

size more easily.27,28 However, Maisel et al. demonstrated this was not always the case, 
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with PEG-grafted carboxylated polystyrene bead (PEG-PS-COOH) NPs in the size range 

of 200-500 nm showing significantly improved mucopenetration in rat colons relative to 

mucoadhesive PS-COOH NPs at all sizes tested (40 ï 500 nm)29; this result was attributed 

to the hydration layer around the PEGylated particles facilitating size-independent 

mucopenetration. Mucolytic NPs that can actively decrease the viscosity of the mucus 

layer have also been explored as an alternative to breaking size-surface charge 

dependencies around mucosal transport, sometimes using non-intuitive strategies. For 

example, Rohrer et al. conjugated cysteine onto poly(acrylic acid) (PAA) NPs to break 

apart disulfide bonds between mucin glycoproteins to increase penetration,30 while di 

Cola et al. co-delivered chitosan (typically thought to be mucoadhesive) with mucoinert 

nanoemulsions to enhance nanoemulsion penetration by leveraging chitosan-mucin 

interactions that temporarily altered mucus density and pore size.31 As such, the interplay 

between mucoadhesion and mucopenetration is very complex, with the same components 

capable of showing mucoadhesive or mucopenetrative properties depending on how they 

are presented.  

Our group has recently addressed these issues by designing multi-scale IN 

delivery vehicles based on sprayable hydrogels that combine in situ-gelling hydrogels 

with ultra-small nanoparticles with high penetration capacity.  Carboxymethyl chitosan 

(CMCh) was used to crosslink aldehyde-functionalized starch nanoparticles (SNPs, 20 ï 

50 nm major size fraction32,33) to fabricate in situ-gelling nanoparticle network hydrogels 

(NNH) that release the penetrative SNPs via hydrolysis of the Schiff base-crosslinked 

network in the nasal cavity. Fluorescently-labeled SNPs are shown to primarily localize in 
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the nose based on the fast-gelling mucoadhesive hydrogel but, upon release, could 

efficiently transport to various parts of the brain thanks to the small size and neutral 

charge of the SNPs, extending the activity time of a anti-psychotic peptide from 1 h when 

delivered without the vehicle IN to > 72 h with the delivery vehicle.34 Hydrophobic 

functionalization of the SNPs further enables the delivery of hydrophobic anti-psychotic 

drugs (e.g. olanzapine) IN that increase the duration of anti-mania treatment efficacy by 

~4× relative to IN or IP drug-only administration.35 However, a drawback of this 

approach is the relatively high viscosity of the bulk NNH vehicle, making it harder to 

administer via spray in general and particularly by patients experiencing issues with fine-

motor control. As such, the formulation of a delivery vehicle that can exploit the same 

basic NNH design but be delivered in a much less viscous formulation would offer 

benefits in terms of improving ease of spray and thus more likely patient compliance. 

Although other multi-scaled, size- and surface-switching nanomaterials have been 

reported previously (most commonly for anti-cancer applications18), few examples have 

been reported for intranasal delivery; indeed, the only such example of which we are 

aware is the work of Sawada et al. in coating exosomes (150 nm) with cationic pullalan 

nanogels (30 nm) to initiate size-switching for IN vaccine delivery,36 although this 

approach has yet to be tested in vivo.   

Herein, we describe the design and efficacy of an NNH-based drug delivery 

system in which gelation is confined within a nanodroplet to create nanoassemblies of the 

ultra-small SNPs that enable effective IN drug delivery. We have previous reported the 

benefits of nanoassemblies based on SNPs for enhancing the penetration of 
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chemotherapeutic drugs to treat tumors, designing the nanoassembly size to enable 

effective circulation and tumor targeting and the SNP size/chemistry to enable effective 

intratumoral doxorubicin delivery.37 In this paper, we apply a parallel design concept to 

create mucoadhesive nanoassemblies (~160 nm) for the delivery of haloperidol to the 

brain by gelling carboxymethyl chitosan (CMCh) with hydrophobized aldehyde-

functionalized starch nanoparticles (SNP-OSA-CHO) via imine crosslinks inside a water-

in-oil emulsion (Figure 2.1). Such a design aims to target four separate IN transport 

phenomena: (1) mucoadhesion enabled by the CMCh component of the nanoassemblies; 

(2) paracellular transport promoted by the 150 nm size of the nanoassemblies; (3) in situ 

release of the SNPs via cleavage of the acid-labile imine crosslinks between CMCh and 

SNP-OSA-CHO in the acidic nasal cavity;5,34,38
 and (4) increased transcellular and axonal 

transport via olfactory sensory neurons based on the small (< 30 nm) SNP-OSA-CHO 

nanoparticles released from the nanoassemblies. The size and hydrophobicity of the 

nanoassemblies was extensively characterized and compared with non-gelled and 

nanoparticle-only controls to determine the effectiveness of the nanoassemblies in 

addressing the size and drug loading constraints associated with the IN delivery of 

hydrophobic anti-psychotic drugs like haloperidol. In vivo delivery of haloperidol showed 

that the nanoassemblies enabled prolonged locomotion suppression compared to drug-

only or SNP-OSA-CHO-only IN administration while promoting increased nanoparticle 

transport to the forebrain.  
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Figure 2.1: CMCh@SNP-OSA-CHO nanoassembly design in the context of the nose-

to-brain (N2B) pathway. Three main transport pathways allow nanoparticle-based drug 

delivery systems to target the brain through the nasal epithelium: paracellular (i.e. around 

tight junctions in epithelial cells lining posterior nasal tissue), intraneuronal (i.e. directly 

through the axons of olfactory nerves and into the brain), and transcellular (i.e. 

endocytosed by epithelial cells and shuttled to the interstitial space through intracellular 

vesicles). Nanoassemblies have been engineered to target multiple pathways to maximize 

delivery to the brain. Adapted from Lofts et al., 2022 (Springer Nature).   

 

2.2 Materials and Methods 

2.2.1 Materials  

Experimental grade starch nanoparticles (SNPs) were supplied by EcoSynthetix 

Inc. (Burlington, ON, Canada).  8-anilino-1-naphthalenesulfonic acid ammonium salt 
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(1,8-ANS, Ó 97%), dimethyl sulfoxide (DMSO, reagent grade, Ó 99%), 2-octen-1-

ylsuccinic anhydride (OSA, mixture of cis and trans, 97%), sodium carbonate salt 

(NaCO3,ACS reagent, Ó 99.5%), sodium periodate (NaIO4, 99%), hydroxylamine 

hydrochloride (HHCl, ACS reagent, 98%), sodium hydroxide (NaOH, 1 M), Span® 80 

(viscosity 1000-2000 mPa.s (20 °C)), haloperidol (HP, pharmaceutical secondary 

standard), Hoecsht 33342 (Ó 98%), and fluorescein-5-thiosemicarbazide (FTSC, suitable 

for fluorescence, ~80% (HPCE)) were all obtained from Sigma-Aldrich (Oakville, ON, 

Canada). Polyglycerol polyricinoleate 4175 (PGPR, Palsgaard), fractionated coconut 

100% medium chain triglyceride (MCT) oil (Voyageur Soap & Candle Co.), acetone 

(reagent grade, Caledon Laboratories), and o-carboxymethyl chitosan (CMCh, Ó80% DS, 

10ï1000 mpa*s viscosity, Bonding Chemical, Katy, TX, USA) were also used as 

received. Mill i-Q grade distilled deionized water was used for all experiments.  

2.2.2 Synthesis of Octenyl Succinic Anhydride-functionalized SNPs (SNP-OSA)  

     A ring-opening esterification reaction was used to graft octenyl succinic anhydride 

(OSA) groups to SNPs (Figure 2.2A). 1.5 g of dry SNPs was dissolved in 60 mL of a 1:1 

buffer consisting of 0.2 M sodium carbonate and DMSO. The pH was corrected to 8 

using 0.1 M NaOH as necessary. For a desired DS of 0.1 (i.e. (10 mol% of anhydrous 

glucose units (AGU) functionalized with an OSA group), 0.194 mL of OSA was added 

dropwise to the SNP solution; for a desired DS of 0.2 (i.e. 20 mol% of AGU 

functionalized with an OSA group), 0.389 mL of OSA was added dropwise. The reaction 

vessels were capped and stirred at room temperature for 24 hours. Following, the reaction 
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was neutralized to pH 7 and the product was dialyzed (3.5 molecular weight cut-off 

(MWCO)) for 6 x 6 h cycles, lyophilized, and stored as a dry powder.  

2.2.3 Synthesis and Characterization of OSA-aldehyde-functionalized SNPs (SNP-

OSA-CHO) 

2.2.3.1. Synthesis.1 g of SNP-OSA was dispersed in 40 mL of water while either 

0.33 g NaIO4 (for a targeted DS of 0.25) or 0.66 g NaIO4 (for a targeted DS of 0.5) was 

dissolved in 10 mL of water. The two solutions were then mixed via slow addition of the 

NaIO4 solution to the SNP-OSA suspension (Figure 2.2A) and reacted for 4 hours at pH 

5 covered with foil to exclude light.39 Following, the reaction was terminated with the 

addition of ethylene glycol and the product was dialyzed (3.5 MWCO) for 6 x 6 h cycles, 

lyophilized, and stored as a dry powder.  

2.2.3.2. Characterization. To assess the DS of OSA grafting, base-into-acid 

titrations were performed to quantify the number of pendant COOH groups added to the 

SNPs upon the anhydride ring-opening OSA grafting reaction; the -COOH content 

directly corresponds to the amount of OSA grafted. 50 mg of SNP-OSA or SNP-OSA-

CHO was suspended in 50 mL of water and titrated against 0.1 M NaOH using an 

autotitrator (Mandel Scientific). The conductance versus volume curve was analyzed to 

quantify the DS of the OSA grafting reaction (Equation 2.1): 

                                        [2.1] 

where DS = degree of substitution; MAGU = molecular weight of anhydrous glucose unit 

(AGU) = 162 g/mol; V2 = the right bound of the horizontal part of the conductometric 

titration curve (L); V1 = the left bound of the horizontal part of the conductometric 
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titration curve (L); CNaOH = the molarity of NaOH (mol/L), and mSNP-OSA = the mass of 

SNP-OSA (g). 

      To assess the DS of the oxidation reaction, a hydroxylamine hydrochloride 

(HHCl) titration was used.11 A 0.25 M solution of HHCl was prepared by dissolving 

0.875 g HHCl in 50 mL of water and adjusting the pH to 4 with 0.1 M HCl. 50 mg of 

dried SNP-OSA-CHO were dispersed in the HHCl solution, with HHCl reacting with 

COH groups in the SNPs via oxime formation to produce HCl. The amount of titrated 0.1 

M NaOH needed to neutralize the produced HCl (i.e. return the suspension back to its 

initial pH of 4) was measured via conductometric titration and the DS was calculated 

based on Equation 2.2:  

                                       [2.2] 

where nSNP-OSA is the moles of SNP-OSA (i.e. prior to OSA functionalization) and nSNP-

OSA-CHO is the moles of aldehyde-functionalized SNP-OSA calculated from titration, 

where both moles are calculated as number of AGU within the SNP.  The functionalized 

SNPs were coded as SNP-OSAyy-CHOxx, where yy is the DS of OSA and xx is the DS of 

CHO.  

2.2.4 Synthesis and Purification  of Starch Nanoparticle and Carboxymethyl 

Chitosan (CMCh@SNP-OSAyy-CHOxx) Nanoassemblies  

      Nanoassembly nanogels were fabricated by imine crosslinking within an oil-in-

water emulsion as summarized in Figure 2.2B. The oil phase medium was prepared in a 

50 mL Falcon tube by combining 25 mL of fractionated coconut oil, 1 mL of Span80, and 

0.25 mL PGPR. Two aqueous phases consisting of a 3 w/v% suspension of SNP-OSA-
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CHO in water and a 2 w/v% solution of CMCh solution in water were then prepared, with 

500 ɛL of each aqueous precursor loaded into separate barrels of a double barrel syringe. 

The aqueous precursors were then added dropwise following co-extrusion through a static 

mixer at the end of the double barrel syringe into the oil phase under homogenization 

(T25 Digital Ultra Turrax IKA, Staufen, Germany) at 12,000 RPM with the homogenizer 

tip ¾ into the Falcon tube. Once precursors were fully added, the suspension was 

homogenized for an additional 1 minute and then left on benchtop overnight to ensure 

equilibrium gelation. For ñcontrolò emulsions, the above process was used but the CMCh 

solution was replaced with water (i.e. no crosslinking was performed). Nanoassemblies 

were redispersed in an aqueous continuous phase by a series of centrifugations in which 2 

mL of emulsion was aliquoted to Eppendorf tubes and centrifuged at 20,000 RPM for 10 

minutes. The oil supernatant was discarded, 2 mL of acetone was added, and the 

centrifugation was repeated. This acetone wash procedure was completed twice; after 

which the nanoassemblies were allowed to dry at room temperature overnight and then 

redispersed in water for further use. 
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Figure 2.2: Fabrication of nanoassemblies and nanoassembly precursors: (A) 

Synthesis of SNP-OSA-CHO ï SNPs are functionalized with OSA groups via a ring-

opening anhydride esterification and then oxidized to produce dual 

hydrophobized/aldehyde-functionalized SNPs; (B) Fabrication of nanoassemblies ï 

CMCh and SNP-OSA-CHO were loaded into separate barrels of a double barrel syringe 

and added dropwise into an oil + surfactant mixture to form a water-in-oil emulsion via 

homogenization that confines the Schiff base crosslinking reaction. Nanoassemblies were 

dispersed into water via repeated centrifugation and syringe filtering steps to remove the 

oil phase. Inset shows a schematic and the mechanism of imine crosslinking during the 

emulsion to form a stable nanoparticle network hydrogel-based nanoassembly.  

2.2.5. Characterizing CMCh@SNP-OSA-CHO Nanoassemblies 

2.2.5.1 DLS. Nanoassemblies were dispersed in a 10 mM NaCl solution at a 

concentration of 1 mg/mL and filtered with a 1 ɛm polyethersulfone (PES) syringe filter to 

remove any larger aggregates or dust present. Filtered nanoassemblies were added to a 

clear polypropylene cuvette and analyzed using a NanoBrook 90Plus dynamic light 
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scattering instrument (Brookhaven, Long Island, NY, USA; temperature = 25°C, 

refractive index = 1.34).  

2.2.5.2 Electrophoretic mobility. The same nanoassembly suspensions prepared 

for DLS were added to a clear polypropylene cuvette and measured on a NanoBrook 

90Plus instrument (Brookhaven, Long Island, NY, USA; temperature = 25°C) operating 

in phase analysis light scattering mode. 

  2.2.5.3 Nanoparticle tracking analysis (NTA). 0.5 mL of the nanoassembly 

suspension prepared for DLS was used to measure particle size using a LM10 HS 

NanoSight microscope (Malvern Panalytical, Worcester, UK; 100 to 200 particles per 

frame). Data were plotted as a % of particles with sizes in each size bin relative to the 

total number of particles counted by the software.     

2.2.5.4 Transmission electron microscopy (TEM). Nanoassemblies were dispersed 

in water at a concentration of 0.5 mg/mL and syringe filtered through a 1 µm PES syringe 

filter to remove any larger aggregates or dust present. A 0.1 w/v% concentration of a ~150 

nm poly(methyl methacrylate) (PMMA) latex was added to the nanoassemblies to prevent 

SNP aggregation and film formation during drying. The combined suspension was 

dispensed onto a Cu TEM grid and air dried for 30 minutes. Nanoassemblies were imaged 

on a JEOL 1200EX TEMSCAN transmission electron microscope, with the particle size 

of the imaged particles analyzed using ImageJ.  

 2.2.5.5 Hydrophobic domain characterization. The fluorescence of 1-anilino-8-

naphthalenesulfonic acid ammonium salt (1,8-ANS), a molecular probe that fluoresces in 

hydrophobic environments but is quenched in hydrophilic environments,40 was used to 
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assess the local hydrophobicity of each nanomaterial. 200 mL of a 1 mg/mL nanoassembly 

or SNP suspension was added to a 96 black-bottom well plate. Following, 10 mL of a 3 

mM 1,8-ANS stock solution (0.1 mM final concentration) prepared in 10 mM PBS was 

added to each well and incubated at room temperature for 1 h. Fluorescence was then 

measured using a BioTek Synergy HTX Multi-Mode Reader plate reader operating at an 

excitation wavelength of 375 nm and emission wavelength of 475 nm (both emission and 

excitation bandwidths = 10 nm). 

2.2.6 HP Loading into Nanoassemblies  

 CMCh@SNP-OSA0.1-CHO0.5 nanoassemblies were dispersed in water at a 

concentration of 1 mg/mL by stirring overnight. 1 mg/mL of HP was separately dissolved 

in 0.1 M HCl overnight. Following, various volumes of HP stock solution (105 mL, 500 

mL, or 2 mL) were added directly to the nanoassembly suspension and stirred for 24 h to 

allow for diffusion-based HP uptake into the nanoassemblies. To measure HP drug 

loading, the resulting HP-loaded nanoassemblies (HP@Nanoassemblies) were 

centrifuged at 55,000 x g for 30 minutes and the supernatant was collected, diluted 5x in 

water, and measured on a Thermo Fisher NanoDropTM 2000 spectrophotometer to track 

HP absorbance at 245 nm. Loading capacity (LC) and encapsulation efficiency (EE) of 

HP was calculated according to Equations 2.3 and 2.4:  

                                         [2.3] 

                                          [2.4] 
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where mHP initial is the initial mass of HP added to the nanoassemblies, mHP supernatant is the 

mass of HP found in the supernatant based on a HP-in-water calibration curve, and 

mnanoassemblies is the mass of the nanoassemblies analyzed. All loading experiments were 

done in triplicate, with the results presented representing the average loading and the error 

bars representing the standard deviation. 

2.2.7 Sprayability of HP-loaded Nanoassemblies 

 To test the ability to spray the nanoassembly suspensions into the nose, a 

suspension of HP@Nanoassemblies or HP@SNP-OSA0.1-CHO0.5 (2 mg/mL HP; 1 

mg/mL nanomaterials) was prepared by dispersing nanomaterials in milliQ water and 

stirring overnight, then adding 2 mg of HP to SNP or nanoassembly solutions with 1 drop 

of 1 M HCl for 24 hours. 1 drop of 1 M NaOH was then added to correct back to pH 7.4 

as confirmed by litmus paper. 2 drops of blue food colouring were then added to the 

solutions to help visualize spray patterns on paper. 1 mL of the dyed suspension was then 

added to a 1 mL syringe fitted with an attached nasal mucosal atomization device (MAD) 

(Equipment Medical River Nord, Montreal, QC, Canada) and manually sprayed upwards 

onto a sheet of paper 10 cm away (n = 3 sprays) over 3 seconds. After air drying flat for 

24 h, photos were taken and analyzed on ImageJ by 1) converting the images to a binary 

8-bit mask, 2) removing background by coloring pixels black with the paintbrush tool, 

and 3) analyzing particles with sizes between 0.00005 pixels2 ï infinity  and a circularity 

of 0-1, including holes. Values are reported as the area of pixels covered per 10 cm x 10 

cm grid area. 
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2.2.8 HP Release from Nanoassemblies  

 The release of HP from HP-loaded nanoassemblies was tracked over a 5 day 

period in both neutral and acidic conditions. Simulated nasal fluid was prepared by 

adding 7.5 mg/mL of NaCl, 1.3 mg/mL KCl, and 0.3 mg/mL CaCl2 and correcting the pH 

to 6.2 to mimic the pH of the posterior of the nose.41 A separate solution of nasal fluid 

was adjusted to pH 7.4 to simulate the neutral physiological environment without 

introducing effects from different electrolyte concentrations. A 1 mg/mL suspension of 

the nanoassemblies was mixed with 0.5 mg/mL of HP in 0.1 M HCl for 24 h. A 400 µL 

aliquot of the resulting HP@Nanoassemblies was then placed in a 12-well transwell plate 

surrounded by 2 mL of either simulated nasal fluid or PBS. At defined intervals (1, 2, 4, 

8, 24, 48, 72, 96, and 120 h), 1 mL of release media was collected and replaced with a 

fresh 1 mL of media. Release samples were diluted 5x in water and the absorbance was 

measured at 245 nm using a Thermo Fisher NanoDropTM 2000 spectrophotometer, 

correlating the measured absorbance value to a released haloperidol mass based on a 

calibration curve. Release plates were prepared in triplicate, with the error bars 

representing the standard deviation of the replicate measurements. 

2.2.9 Fluorescent Labeling of SNP-OSA0.1-CHO0.5 and Nanoassemblies.  

Fluorescein-5-thiosemicarbazide (FTSC) was covalently conjugated to the 

aldehyde group of SNP-OSA0.1-CHO0.5 to track the transport of SNPs in vitro and in 

vivo.39 200 mg of SNP-OSA0.1-CHO0.5 was dispersed in 20 mL of 10 mM PBS (pH 7.4). 

Following, 5 mg of FTSC was added to the SNP dispersion and stirred in the dark for 2 h 

to perform the conjugation reaction. The resulting labeled SNPs were purified via 6 x 6 h 
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dialysis cycles against water in the dark and then lyopholyzed to yield F-SNP-OSA0.1-

CHO0.5. Fluorescent nanoassemblies (F-Nanoassemblies) were then synthesized 

following the same protocol as section 2.4 but replacing SNP-OSA0.1-CHO0.5 with F-

SNP-OSA0.1-CHO0.5. 

2.2.10 In vitro Viability and Localization in Nasal and Brain Cells  

 Human nasal epithelial cells (hNEpC; PromoCell, Burlington, ON) and mouse 

immortalized striatal STHdhQ7/Q7 cells42 (Cornel Institute, New York, NY) were used 

screen the cytocompatibility of the materials in both the nasal and brain environment. 

hNEpC cells were cultured in airway epithelial cell growth medium containing 0.5% 

penicillin /streptomycin (a concentration chosen to lower the potential for contamination 

without slowing growth). STHdhQ7/Q7 cells were cultured in Dulbeccoôs modified Eagle 

medium with 10% fetal bovine serum and 1% penicillin/streptomycin. All plated adherent 

cells were cultured in a humidity-controlled incubator at 37°C and 5% CO2 and recovered 

for use following treatment with trypsin when confluence reached between 65 ï 70 % for 

hNEpC and 85 ï 90% in STHdhQ7/Q7 cells.  

 2.2.10.1 Cell viability. Both STHdhQ7/Q7
 and hNEpC were seeded in all black 96 

well plates at a density of 5,000 cells/well (200 µL of a 2.5 x 104 cells/mL stock) and 

incubated overnight. Meanwhile, 1 mg/mL standards of SNP-OSA0.1-CHO0.5 and 

nanoassemblies were dispersed in water by stirring overnight followed by filtering with a 

1 µm PES filter. Different volumes of nanomaterial stock were then added to each well to 

obtain final concentrations of 0.01 mg/mL (2.02 µL), 0.05 mg/mL (10.5 µL), 0.1 mg/mL 

(22.2 µL) or 0.5 mg/mL (200 µL) of SNP in each well, with the resulting suspensions 
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incubated for 24 h before removing media and washing with PBS. Media containing 10 

µg/mL of resazurin was added to each well and incubated for 4 h. The fluorescence of the 

converted resazurin was measured using a BioTek Synergy HTX Multi-Mode Reader (ɚex 

= 560 +/- 10 nm, ɚem = 590 +/- 10 nm), with the percentage cell viability calculated 

relative to control cell wells (i.e. cells not treated with SNPs). All experiments were done 

in triplicate, with the reported results representing the mean ± standard deviation of the 

replicates. 

 2.2.10.2 Cell uptake. 2 mL of either 1 x 105 cells/mL STHdhQ7/Q7
 or 0.5 x 105 

cells/mL hNEpC (final densities = 2 x 105 cells/well or 1 x 105 cells/well, respectively) 

were seeded in adherent 6 well plates containing a glass cover slip and incubated 

overnight. In parallel, 1 mg/mL of F-SNP-OSA0.1-CHO0.5 and F-Nanoassemblies were 

dispersed in water overnight and then filtered through a 1 µm PES filter. Following, 222 

µL of the nanoparticle suspension (final concentration = 0.1 mg/mL) was added to each 

well and incubated for 1 h, after which the media was removed and the cells were washed 

3x in PBS. To stain the nucleus of the cells, 1 mL of a 10 µg/mL Hoecsht 33342 solution 

in sterile PBS solution was added to the cover slips and incubated for 10 mins, with 

excess stain washed off by rinsing in PBS. The cover slips were then transferred to a glass 

microscope slide and imaged on an Olympus FV1200 confocal microscope. 2D images 

were acquired using Fluoview FV10 software with the DAPI (Hoecsht stain) and FITC 

(fluorescently labeled SNPs/nanoassembly) filters active (brightness = 550, gain = 2, 

offset = 1 in both channels).  
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2.2.11 In vivo Locomotion and Biodistribution  

2.2.11.1 Animals. Male Sprague-Dawley rats (250 ï 300 g, Charles River, St. 

Constant, QC, Canada) were age-matched and received care complying with protocols 

approved by McMaster Universityôs Animal Research Ethics Board and the guidelines of 

the Canadian Council on Animal Care. Rats were individually housed in standard cages 

on a reverse 12 h light cycle in a room maintained at 22°C and 50% humidity, with access 

to food and water ad libitum. Animals were habituated for the first week upon arrival and 

handled for a further week prior to any experiments. 

2.2.11.2 In vivo locomotion testing. The efficacy of the nanoassemblies for 

delivering haloperidol to the brain following IN administration was tracked in vivo by 

measuring the characteristic decrease in locomotion of Sprague-Dawley rats following 

haloperidol treatment within a locomotion chamber.43,44 2 mg of HP and 1 mg of either 

nanoassemblies or SNP-OSA0.1-CHO0.5 were dispersed in 1 mL water overnight (2 

mg/mL HP, 1 mg/mL nanomaterials final concentrations). As a drug-only control, a 2 

mg/mL HP solution was prepared in 0.1 M HCl (to initially solubilize they drug) followed 

by pH correction to pH 7.4 using 0.1 M NaOH (to avoid irritation in rat nostrils) as 

clarified with litmus paper. All solutions were filtered with a 1 µm PES syringe filter prior 

to injection. To administer the formulations, animals were anesthetized in a chamber 

containing 5% isoflurane with oxygen (2 L/min flow rate) for approximately 3 mins and 

the test solutions/suspensions were administered IN by placing the animals on a table 

fully supinated (holding the rat in place to restrict movement and gently touching the ratôs 

nose to ensure full anesthetization and prevent sneezing) and administering ~100 µL 
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aliquots of each the treatment solution/suspension over 3 ï 5 seconds through a flexible 

gel-loading tip ~1 cm deep into the ratôs nostril. The concentrations of the precursor 

solutions/suspensions were adjusted with water as required based on mass of the rat to 

ensure a final HP dose of 0 µg/kg (drug-free control), 10 µg/kg, or 30 µg/kg in each case. 

Animals rested for 30 mins before being placed in a VersaMax Open Field Activity 

Monitoring infrared sensing locomotion chamber (AccuScan Instruments Inc., Columbus, 

OH). Movement was monitored every minute for 4 hours and plotted cumulatively over 

time. A total of n = 6 rats were tested per formulation, with the resulting metrics 

expressed as means ± standard deviations of those replicate measurements.   

2.2.11.3 Biodistribution of fluorescently labeled nanoassemblies. Fluorescently 

labeled F-SNP-OSA0.1-CHO0.5 and F-Nanoassemblies (see sections 2.4 and 2.9 for 

synthesis) were dispersed and injected intranasally as described in section 2.11.2. Animals 

were incubated for 4 h before being sacrificed with 5% isoflurane, overdose of ketamine 

via intraperitoneal injection, and heart puncture. Blood, liver, and spleen were collected 

immediately after puncture. Following, the rats were decapitated and de-skulled to collect 

nasal epithelial, olfactory bulb (OB), and forebrain (FB) tissues. 1x PBS was added as 

required to create tissue homogenate precursors at a concentration of 25 mg/100 µL, after 

which the resulting mixtures were manually homogenized in 2 mL Eppendorf tubes via 

repeated injection through an 18G needle. Following centrifugation at 4°C, blood was 

centrifuged at 1100 x g for 15 mins while all other tissues were centrifuged at 10,000 x g 

for 10 mins to separate larger cellular debris from transparent fluorescent suspension. 100 

µL of each supernatant was then added to a black, clear bottom 96 well plate in triplicate 
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and fluorescence was measured using a BioTek Synergy HTX Multi-Mode Reader (ɚex = 

490 ± 10 nm, ɚem = 520 ± 10 nm, gain = 80). Calibration curves for both F-SNP-OSA0.1-

CHO0.5 and F-Nanoassemblies were measured with the same parameters to normalize 

fluorescence to SNP content. Fluorescence in each organ was reported per unit mass of 

SNP-OSA0.1-CHO and relative to the total fluorescence in the animal (means ± standard 

deviations plotted, n = 3 animals per group). 

2.2.12 Statistical Analysis 

 All statistical analyses were conducted using GraphPad Prism 9.1.0. Studentôs t 

test was used for drug release and biodistribution experiments. A one-way ANOVA with 

Dunnettôs post-hoc test was used to compare significance between treatments and their 

respective controls for in vivo locomotion experiments. All other experiments used a one-

way ANOVA with Tukeyôs post-hoc test to represent statistical significance (Ŭ = 0.05).  

2.3 Results and Discussion 

2.3.1 Synthesis and Characterization of SNP-OSA-CHO 

Prior to making nanoassemblies, SNPs were functionalized with hydrophobic 

groups via OSA grafting (to enable interactions with hydrophobic drugs) and aldehydes 

via oxidation (to enable imine crosslinking with CMCh). OSA was added first through a 

SN2 reaction between primarily the C6 hydroxyl of SNPs and the succinic ring, followed 

by opening the SNP ring between C2 and C3 by NaIO4 oxidation (Figure 2.2A). OSA 

reactions yielded ~50% less functionalization than the target DS (Figure 2.3A); reactions 

targeting 10 mol% OSA (denoted by SNP-OSA0.1) resulted in 2 ï 5 mol% of AGUs being 

functionalized while reactions targeting 20 mol% OSA (denoted by SNP-OSA0.2) resulted 
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in 10 ï 12% of AGUs being functionalized. However, the overall trend of higher DS 

values upon increased OSA functionalization was consistently observed. The efficacy of 

the subsequent oxidation reaction to form aldehydes was dependent on the amount of 

OSA grafted to the SNPs (Figure 2.3B). Both SNP-OSA0.1 formulations showed nearly 

identical experimental DS values relative to their theoretical DS values, while SNP-

OSA0.2 formulations could only reach about half of their targeted DS value. This result is 

likely attributed to the increased hydrophobicity of the higher OSA-functionalized SNPs 

creating steric barriers to the effective oxidation of AGUs throughout the SNP or from 

reduced reactivity of NaIO4 in more hydrophobic environments. Based on this result, only 

SNP-OSA0.1 formulations were used for future experiments. 

 
Figure 2.3: Degree of substitution (DS) for OSA (A) and aldehyde (CHO; B) 

functionalizations to SNPs. (A) OSA was added to an SNP suspension and reacted for 

24 h at room temperature. DS was calculated with Equation 2.1 after base-in-acid 

titration. (B) CHO was subsequently functionalized by NaIO4 ring opening of SNPs and 

quantified with a HHCl titration as defined in Equation 2.2. Dotted lines represent the 

theoretical DS value based on the reaction recipe, while the red bars represent the 

experimentally measured DS values.    
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2.3.2 Synthesis and Characterization of SNP-OSA0.1-CHOxx Nanoassemblies 

     Following SNP-OSA-CHO formation, nanoassemblies of CMCh and SNP-OSA-CHO 

were formed by gelation within a water-in-oil emulsion via Schiff base formation (Figure 

2.2B). Intensity-weighted DLS measurements of SNP-OSA0.1-CHO0.25 (Figure 2.4A) and 

SNP-OSA0.1-CHO0.5 (Figure 2.4D) indicated that the large polydispersity of the SNPs 

alone (> 0.25, associated with the tendency of SNPs to form dynamic nanoaggregates in 

suspension34 and likely accelerated by the hydrophobization of the SNPs by OSA 

functionalization) is significantly reduced upon nanoassembly formation; nanoassemblies 

with average diameters between 178 ï 195 nm and a more unimodal size distribution 

(polydispersity <0.15; see Figure 2.4G for a summary of polydispersity values measured) 

were thus formed for both types of SNPs used to make the nanoassembly. Number-

averaged DLS size distributions (Figure 2.4B,E) and NTA measurements (Figure 

2.4C,F) of the same particles confirm the much narrower dispersity of the nanoassemblies 

while simultaneously suggesting that the free SNP-OSA0.1-CHOxx suspension consists 

primarily of very small (< 30 nm) nanoparticles. Together, these data indicate that the 

water-in-oil emulsion process enables the controlled assembly of SNPs into well-defined 

nanoparticles.  
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Figure 2.4: Characterization of SNP-OSA0.1-CHOxx and corresponding 

nanoassemblies. (A-C) Particle size of SNP-OSA0.1-CHO0.25 and CMCh@SNP-OSA0.1-

CHO0.25 nanoassemblies by (A) intensity-weighted DLS, (B) number-weighted DLS, and 

(C) NTA; (D-F) Particle size of SNP-OSA0.1-CHO0.5 and CMCh@SNP-OSA0.1-CHO0.5 

nanoassemblies by (D) intensity-weighted DLS, I number-weighted DLS, and (F) NTA; 

(G) Summary of polydispersities as measured by DLS for all SNP and nanoassembly 

formulations (n = 5, **** p < 0.0001). 

 

 To assess the effect of crosslinking on the properties of the nanoassemblies, SNP-

OSA0.1-CHO was subjected to the same emulsification process but in the absence of 

CMCh (i.e. no Schiff base crosslinking was possible); these nanoemulsions were labeled 

as SNP-OSA0.1-CHOxx Emulsion, the assembly process for which is shown schematically 

in Figure 2.5A. DLS results show that the different degrees of aldehyde functionalization 

on the precursor SNPs dictate the size and polydispersity trends observed (Figure 2.5B-
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E). Nanoassemblies made with SNPs prepared with a lower -CHO DS showed no 

significant difference in size between free SNP-OSA0.1-CHO0.25 or emulsified SNP-

OSA0.1-CHO0.25 (Figure 2.5B); however, emulsifying SNP-OSA0.1-CHO0.25 resulted in a 

decrease in polydispersity from 0.28 (free SNP-OSA0.1-CHO0.25) to 0.21 (SNP-OSA0.1-

CHO0.25 emulsion) while the addition of the CMCh crosslinker further reduced the 

polydispersity to 0.15 (CMCh@SNP-OSA0.1-CHO0.25), suggesting that both 

emulsification and crosslinking narrow the particle size distribution observed (Figure 

2.5C). Increasing the DS of CHO (SNP-OSA0.1-CHO0.5) allows for more potential imine 

crosslinks, resulting in a significant decrease in nanoassembly size upon CMCh 

crosslinking (~160 nm) relative to that observed with both free SNP-OSA0.1-CHO0.5 and 

emulsified SNPs (~210 nm) (Figure 2.5D); however, the same decreasing polydispersity 

trend was observed upon both emulsification and crosslinking as with the lower DS 

starting materials (Figure 2.5E). Of significance, each of free SNP-OSA0.1-CHO, 

emulsified SNP-OSA0.1-CHO, and CMCh@SNP-OSA0.1-CHO (at both aldehyde DS 

values) showed a similar slight negative electrophoretic mobility (Figure S2.1), 

consistent with the roughly neutral charge of the amphoteric CMCh and the anionic 

charge of the OSA-modified SNPs from the -COOH group produced upon anhydride ring 

opening. 
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Figure 2.5: Size and polydispersity comparisons of free SNP-OSA0.1-CHOxx, 

emulsified SNP-OSA0.1-CHOxx, and CMCh@SNP-OSA0.1-CHOxx nanoassemblies: 

(A) Schematic representing the fabrication strategy and final morphologies of the 

different nanomaterials being compared; (B-C) Intensity-weighted effective diameter (B) 

and polydispersity (C) from DLS for of nanomaterials prepared with SNP-OSA0.1-

CHO0.25; (D-E) Intensity-weighted effective diameter (D) and polydispersity (E) from 

DLS of nanomaterials prepared with SNP-OSA0.1-CHO0.5 (n = 5, *** p < 0.001, **** p < 

0.0001 via one-way ANOVA with Tukeyôs post-hoc test.  

TEM was used to compare the morphologies of free SNPs, SNP emulsions, and 

nanoassemblies (Figure 2.6), with the large transparent grey particles in the images 

corresponding to a PMMA latex added to prevent film formation commonly observed 

with free SNPs.37
 Free SNP-OSA0.1-CHOxx showed small spherical particles, consistent 

with the DLS and NTA results, while SNP-OSA0.1-CHOxx emulsions were also spherical 

and appeared to consist of denser aggregates of SNPs. In contrast, nanoassemblies 

displayed a unique, ovular, raspberry cluster-like morphology with increased apparent 

inter-SNP spacing, consistent with both the role of CMCh in bridging the SNPs together 
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as well as the amphiphilic nature of the OSA-functionalized nanoassemblies that 

promotes their assembly both within the nanoassembly as well as at the nanoassembly-

water interface; this result is also consistent with the identical slightly anionic 

electrophoretic mobilities observed for free SNP-OSA0.1-CHO and CMCh@SNP-OSA0.1-

CHO nanoassemblies (Figure S2.1).  Nanoassemblies are noticeably larger than SNP 

emulsions in TEM, whereas they were equal in size or smaller when measured on the 

DLS. We attribute this result to the breaking of the uncrosslinked SNP emulsion upon 

drying on the TEM grid such that the SNPs appear more dispersed; in contrast, the 

crosslinked nanoassemblies do not dissociate upon drying and thus maintain their larger 

apparent size. 
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Figure 2.6: Tr ansmission electron microscopy images of free SNP-OSA0.1-CHOxx (left 

column) emulsified SNP-OSA0.1-CHOxx (middle column) and CMCh@SNP-OSA0.1-

CHOxx nanoassemblies (right column). Top row: SNP-OSA0.1-CHO0.25; Bottom row: 

SNP-OSA0.1-CHO0.5. Orange arrows indicate PMMA latex separators; white arrows 

indicate nanomaterial of interest. The proposed morphology of each particle is 

represented in cartoon form below each respective column. 

2.3.3 Hydrophobicity of OSA-Functionalized SNPs and Nanoassemblies 

 To assess the degree to which OSA functionalization enhanced the hydrophobicity 

of the SNPs and their resulting nanoassemblies (key for delivering hydrophobic anti-

psychotic drugs), 1,8-ANS was used based on its property of selectively fluorescing in 

hydrophobic microenvironments (Figure 2.7).40 Relative to free SNP-OSA-CHO 

nanoparticles, emulsifying the SNPs resulted in a significant increase in ANS 
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fluorescence indicative of increased clustering of the SNPs as a result of emulsification; 

this result is also consistent with the increased contrast observed in the TEM images of 

the emulsified SNPs in Figure 2.6. Crosslinking to form CMCh@SNP-OSA0.1-CHO0.25 

maintained the fluorescence increase observed with the SNP-OSA0.1-CHO0.25 emulsion 

but did not further increase 1,8-ANS fluorescence; in contrast, the CMCh@SNP-OSA0.1-

CHO0.5 nanoassembly showed significantly increased fluorescence relative to its 

respective emulsion as well as 1.5× more fluorescence than the CMCh@SNP-OSA0.1-

CHO0.25 nanoassemblies. We attribute this result to the increased imine crosslinking 

density in nanoassemblies prepared with higher available aldehyde contents, allowing for 

closer packing of the OSA grafts and thus the generation of more/larger hydrophobic 

domains amenable to 1,8-ANS partitioning; this result is also consistent with the apparent 

condensation of the nanoassembly versus emulsion size observed with CMCh@SNP-

OSA0.1CHO0.5 but not with the lower DS sample (Figure 2.5D). Given the significantly 

higher hydrophobe binding capacity, smaller size, and improved monodispersity of 

CMCh@SNP-OSA0.1-CHO0.5 relative to CMCh@SNP-OSA0.1-CHO0.25, all subsequent 

drug loading and biological application data will use this nanoassembly (heretofore 

referred to simply as ñnanoassembliesò).  
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Figure 2.7: Hydrophobicity of free SNP-OSA0.1-CHOxx, emulsified SNP-OSA0.1-

CHOxx, and CMCh@SNP-OSA0.1-CHOxx nanoassemblies as measured via polarit y-

sensitive 1,8-ANS fluorescence: (A) SNP-OSA0.1-CHO0.25 and related emulsions and 

nanoassemblies; (B) SNP-OSA0.1-CHO0.5.and related emulsions and nanoassemblies. N = 

3, ** p < 0.01, **** p < 0.0001, ns = not significant. 

 

2.3.4 HP Loading and Release in Simulated Nasal Environments 

 2.3.4.1 Drug loading: To assess the capacity of the nanoassemblies for HP 

loading, HP was loaded into prefabricated nanoassemblies via passive diffusion over 24 h 

to create HP@Nanoassemblies, with the residual (non-bound) supernatant concentration 

of HP measured via UV/vis spectrophotometry (Figure 2.8A). All  concentrations of drug 

tested yielded encapsulation efficiencies (black) between 75 ï 80%, with drug loading 

capacities reaching as high as 80 w/w% at the highest HP concentration tested. This high 

drug loading capacity correlates directly to the significantly enhanced hydrophobic 

domain formation as a result of OSA functionalization observed in the 1,8-ANS assay.45,46  

2.3.4.2 Sprayability: To assess the practical sprayability of the 

HP@Nanoassemblies relevant to IN delivery, the nanoassembly suspension was sprayed 
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through a nasal mucosal atomization device and the spray area was assessed by image 

analysis. The HP@Nanoassemblies induced minimal changes in the viscosity of the 

aqueous dispersing medium, consistent with their high dispersion and nanoscale size; 

correspondingly, the spray area of the HP@Nanoassemblies suspension was not 

significantly different from a water-only control (Figure 2.8B; see individual spray 

images in Figure S2.2), consistent with observations around existing emulsion-based 

sprayable drug suspensions.47  This high sprayability is beneficial for ensuring high 

coverage of the nasal cavity (and thus potential efficacy) in clinical applications.  

 2.3.4.3 In vitro drug release: To assess drug release kinetics, 

HP@Nanoassemblies were subsequently dispersed in simulated nasal fluid at either pH 

6.2 (the average pH at the posterior of the nasal cavity38) or 7.4 (average physiological 

pH, including in cerebrospinal fluid48) to compare the release profiles in different 

environments (Figure 2.8C). Release at both pH values was similar, with both pH values 

showing a burst release of ~26% of loaded drug over the first 8 h and then sustained drug 

release over the following 5 days. However, after 24 hours, release at pH 6.2 was 

significantly higher than that at pH 7.4, with ~6% more release observed after 5 days in 

the weakly acidic intranasal conditions compared to neutral conditions consistent with the 

accelerated cleavage of Schiff base crosslinks in slightly acidic conditions.49 
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Figure 2.8: In  vitro characterization of the suitability of HP@Nanoassemblies for 

haloperidol delivery: (A) Encapsulation efficiency (EE, black, % of added drug) and 

drug loading capacity (LC, red, mass drug/mass nanoassembly) as a function of the initial 

HP concentration in the passive loading suspension; (B) Spray area coverage of a 

HP@Nanoassemblies suspension compared to water following extrusion through a 

mucosal atomizer device; (C) HP release kinetics from HP@Nanoassemblies through a 

transwell plate membrane in simulated nasal fluid buffer adjusted to pH 6.2 (nasal 

posterior) or 7.4 (neutral/cerebrospinal fluid); (D) Inset of Figure 2.8C focusing on the 

first 24 hours of release (n = 3 for all figures. * p < 0.05 compared to pH 7.4).   

2.3.5 In vitro Cell Viability and Cell Uptake 

 2.3.5.1 Cytocompatibility: The dose-dependent cytocompatibility of SNP-OSA0.1-

CHO0.5 and corresponding nanoassemblies was quantified using a resazurin assay against 

murine STHdhQ7/Q7 striatal (brain) cells and human nasal epithelial cells (hNEpC), both 

cell lines relevant to the nose-to-brain transport pathway (Figure 2.9). After 24 h of 

exposure, both cell lines maintain > 75% viability upon exposure of both SNP-OSA-

CHO0.5 and its corresponding nanoassemblies at concentrations up to 0.1 mg/mL, meeting 
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the threshold of cytocompatibility  as outlined by ISO 10993-5:2009.50 At 0.5 mg/mL, 

however, the cell viability of free SNP-OSA0.1-CHO0.5 drops just below this value (65% 

and 64% in STHdhQ7/Q7 and hNEpC, respectively); however, the corresponding 

nanoassemblies maintained viabilities of 78% and 74% respectively. As such, the 

formation of the nanoassembly reduces the even minor cytotoxicity observed at high 

concentrations with the hydrophobized SNPs, consistent with Schiff base formation 

reducing the free aldehyde content within the nanoassembly to avoid any potential 

aldehyde-related ROS-induced toxicity.51 Coupling these data with the observation that 

mucociliary clearance turnover in humans occurs every ~15 mins15,16 (making it li kely 

that the practical concentrations of nanoparticles/nanoassemblies exposed to cells at any 

given time in vivo are far below those measured in vitro), the nanoassemblies and their 

degradation products show sufficiently high cytocompatibility for in vivo application. 

 
Figure 2.9: In vitro cell viability  based on the resazurin assay of SNP-OSA0.1-CHO0.5 

and their corresponding nanoassemblies to STHdhQ7/Q7 and hNEpC cells after 24 h 

of material exposure: (A) STHdhQ7/Q7 cells and (B) hNEpC cells. Dotted black lines 

indicate 100% viability; dotted red lines indicate the 75% viability threshold for 

classifying the material as cytocompatible according to ISO 10993-5:2009. 

 2.3.5.2 Cell uptake: Fluorescently labeled SNPs and nanoassemblies were then 

used to assess their capacity for uptake into STHdhQ7/Q7 and hNEpC cells. FTSC-labeled 
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nanoparticles (F-SNP-OSA0.1-CHO0.5) were used to create FTSC-labeled nanoassemblies 

(F-Nanoassemblies), with 0.1 mg/mL of each nanoparticle (a concentration well below 

the cytotoxic range as identified in Figure 2.9) added to hNEpC and STHdhQ7/Q7 cells and 

imaged after 1 h of co-incubation using confocal laser scanning microscopy (Figure 

2.10). Both SNP-OSA0.1-CHO0.5 and its corresponding nanoassembly could enter both 

cell lines, with the consistent co-localization of the nuclear Hoecsht nuclear stain and the 

green F-SNP-OSA0.1-CHO0.5 signal suggesting that both free SNPs and SNPs 

encapsulated into nanoassemblies can enter the cytosol and localize around the nuclear 

membrane; excess green fluorescence is consistently observed around the nucleus, and 

the merged channels show a large fraction of teal pixels (i.e. overlap of green + blue 

channels). It is likely that both SNP-OSA0.1-CHO0.5 and its nanoassembly are taken up by 

cells non-specifically through a combination of pinocytosis and clathrin-mediated 

endocytosis, a consistent with the transport of most spherical nanoparticles of size < 200 

nm (Figure 2.5).52  
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Figure 2.10: Cell uptake of SNP-OSA0.1-CHO0.5 and its corresponding nanoassembly 

in STHdhQ7/Q7 (A) and hNEpC (B) measured via confocal laser scanning microscopy. 

Green = FTSC-labeled SNP-OSA0.1-CHO0.5 with or without nanoassembly-based 

encapsulation; blue = Hoecsht 33342 nuclear stain. 

 

2.3.6 In vivo Locomotion and Biodistribution  

 2.3.6.1 Locomotion model: To assess the capacity of the nanoassemblies to 

transport drug to the brain, HP@SNP-OSA0.1-CHO0.5 and HP@Nanoassemblies were 

made via passive diffusion loading of pre-fabricated nanoparticles using 3 different HP 

concentrations (0, 0.01, and 0.03 mg/kg HP) and administered IN, using a free HP 

injection in water as a drug-only control. Drug delivery efficacy was assessed by tracking 

the HP-induced reduction in locomotion using a computerized locomotion tracking 

chamber, with the total movement of the rat measured every minute over a total 4 hour 

observation time following an initial 30 min induction period after IN administration 
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(Figure 2.11A; see Supporting Information, Figure S3 for raw data).24,34 Notably, neither 

free drug nor SNP-loaded nor nanoassembly-loaded HP at 0.01 mg/kg significantly 

reduced locomotion compared to baseline, suggesting that 0.03 mg/kg is the minimum 

effective dose in these contexts (Figure 2.11B-E). Surprisingly, HP@SNP-OSA0.1-

CHO0.5 did not show a significant decrease in locomotion relative to the 0 mg/kg HP 

control at either HP dose or any of the time points tested, suggesting that the SNPs alone 

may inhibit the transport of HP into the brain compared to the free drug alone.  In 

contrast, at the higher 0.03 mg/kg HP concentration for which the controlled release 

potential of the nanoassemblies could most effectively deliver a biologically-effective HP 

dose into the brain over an extended period of time, HP@Nanoassemblies showed 

significantly lower locomotion relative to the nanoassembly-only control at each time 

point tested; furthermore, HP@Nanoassemblies administration resulted in the lowest 

locomotion among all three test groups over each 30 min interval after the initial 30 

minute induction period (Figure S2.3).  The contrast in the apparent HP bioavailability 

between HP@Nanoassemblies and HP@SNP-OSA0.1-CHO0.5 following IN administration 

clearly shows the importance of the nanoassembly in achieving mucosal capture upon 

administration and/or promoting mucosal transport to enhance HP bioavailability 

following IN administration.  Administration of free HP maintains a significant effect for 

3 hours post-administration at the 0.03 mg/kg dose but returns to baseline at the 4 h time 

point, showing the advantage of the controlled release capacity of the nanoassembly 

(Figure 2.8C) relative to the drug solution that is more rapidly cleared. As such, the 

nanoassemblies can prolong the efficacy of HP biological effects over a longer period of 
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time than free drug while maintaining improved brain transport properties than the free 

SNPs. 

 
Figure 2.11: Locomotion of Sprague-Dawley rats after incubation with free HP, 

HP@SNP-OSA0.1-CHO0.5, or HP@Nanoassemblies. (A) Schematic showing the 

protocol used for the locomotion experiments. (B-E) Cumulative locomotion upon 

administration of either 0.01 mg/kg or 0.03 mg/kg HP in solution (using water only as the 

control) or loaded into HP@SNP-OSA0.1-CHO0.5 or HP@Nanoassemblies after (B) 1 h, 

(C) 2 h, (D) 3 h, and (E) 4 h of locomotion tracking (n = 6 rats, * p < 0.05, ** p < 0.01, 

***  p < 0.001). 
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 2.3.6.2 Biodistribution: To assess the transport of SNP-OSA0.1-CHO0.5 and its 

corresponding nanoassemblies when administered IN, the biodistribution of F-SNP-

OSA0.1-CHO0.5 and F-Nanoassemblies fabricated from F-SNP-OSA0.1-CHO0.5 were 

assessed by tissue homogenization following sacrifice 4 h after administration (matching 

the locomotion timepoints) of the nasal epithelium (NE), the olfactory bulb (OB), the 

forebrain (FB), the spleen, and the liver, in addition to collected blood (Figure 2.12A). 

When the fluorescence values were normalized to the same SNP content to enable direct 

comparisons between the nanoassemblies and the free SNPs (Figure 2.12B,C), the large 

majority of F-SNP-OSA0.1-CHO0.5 were localized in the nasal epithelium regardless of 

whether or not they were delivered in a nanoassembly. This result is consistent with both 

the free and nanoassembled F-SNP-OSA0.1-CHO0.5 nanoparticles being mucoadhesive. 

However, SNPs initially encapsulated into nanoassemblies appear to more effectively 

move out of the nasal epithelium; significantly more F-SNP-OSA0.1-CHO0.5 was observed 

in the liver (a common site of localization for nanoparticles with sizes >100 nm if they 

can access systemic circulation)53 and (more relevantly) the forebrain when they were 

delivered as a nanoassembly as opposed to free nanoparticles. When the fluorescence 

values were further normalized relative to the total fluorescence measured across all 

collected organs within each group (Figure 2.12D,E), the retention of free F-SNP-

OSA0.1-CHO0.5 in the nasal epithelium was significantly higher than that of the 

corresponding nanoassembly. Coupling this result with the low observed in vivo efficacy 

of free HP@SNP-OSA0.1-CHO0.5 in reducing locomotion (Figure 2.11), we hypothesize 

that free SNPs are too mucoadhesive and thus get trapped in the nasal mucosa instead of 



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

164 

  

being able to effectively transport drug to the brain; in contrast, nanoassemblies can 

control the rate of SNP release and/or themselves facilitate mucopenetration prior to 

disassembly to transport more SNPs closer to the nasal epithelium and thus promote more 

effective nose-to-brain transport. In the latter case, the potential of the gel phase of the 

nanoassembly enhancing the hydration shell around the nanoassembly relative to the 

hydrophobized SNPs alone may decrease the interactions with hydrophobic mucin 

domains and thus increase mucopenetration despite the larger size of the nanoassemblies 

relative to the free SNPs.27,54 Chitosan-based nanoemulsions have also been reported to 

interact with mucin and thus reduce its viscosity to increase the penetration of a 

mucoinert emulsion droplet;31 the CMCh gelling agent used to form the nanoassembly 

here may be interacting in the same manner to promote higher mucopenetration, 

particularly as the Schiff base crosslinks within the nanoassembly are hydrolyzed and the 

CMCh is released. This interpretation is consistent with the increased concentrations of F-

SNP-OSA0.1-CHO0.5 observed in the liver, spleen, blood, and forebrain with the 

nanoassembly delivery vehicles, suggesting that the nanoassemblies can penetrate to the 

highly vascularized regions of the respiratory epithelium that transport nanoparticles 

systemically; the free SNPs remain trapped in the nose and thus cannot access this 

vasculature, showing reduced systemic and brain transport despite their inherently smaller 

size.15  
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Figure 2.12: Biodistribution of F-SNP-OSA0.1-CHO0.5 and F-Nanoassemblies in 

Sprague-Dawley rats following IN administration . (A) Schematic outlining the 

experimental protocol used for the biodistribution studies. Both free SNPs and 

nanoassemblies prepared with F-SNP-OSA0.1-CHO0.5 were administered IN and allowed 

to transport for 4 h. Tissues were collected, homogenized, and solubilized prior to 

measuring the resulting fluorescence on a spectrophotometer. (B,C) Fluorescence signal 

in each tissue normalized per mg of SNP; (C) is an expanded image of (B) excluding the 

high signal from the nasal epithelium (NE); (D,E) Fluorescence signal normalized to the 

total fluorescence observed among all tissues within each individual animal; (E) is an 

expanded image of (D) excluding the high signal from the nasal epithelium. NE = nasal 

epithelium; OB = olfactory bulb; FB = forebrain. N = 3 animals per group, * p < 0.05, ** 

p < 0.01, *** p < 0.001  
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 Combining the above in vivo data with the previous characterization data 

highlights several key improvements enabled by our nanoassembly approach relative to 

previously reported sprayable IN delivery systems. Most systems that use nanoparticulate 

systems on multiple length scales (such as those that our group has previously created34) 

are successful at keeping drug-loaded nanoparticles in the nasal space, but can be limited 

by their high viscosities, representing a particular challenge for older patients in terms of 

facilitating administration. Systems that are entirely nanoparticulate ï such as those 

developed by Akiyoshiôs group36 ï offer promising in vitro results but limi ted in vivo data 

to demonstrate their efficacy in complex biological systems, with the IN environment 

representing a particularly complex system given the multiple mucosal, epithelial, and 

nerve transport barriers that must be considered. Although initial in vivo data suggests that 

the improved nanoassembly efficacy is linked primarily by its capacity to better balance 

the often competing requirements for mucopenetration (nose-to-brain transport) relative 

to mucoadhesion (retention), further mechanistic testing may be required in complex 

mucus environments to confirm this hypothesis. In particular, the apparent role of CMCh 

in enhancing mucoadhesion when complexed in a nanoassembly but enhancing 

mucopenetration upon nanoassembly degradation may offer design guidance on how to 

balance mucoadhesive versus mucopenetrative effects for not only IN transport but also 

other drug delivery challenges in which transport across mucous layers is required (e.g. 

oral or vaginal drug delivery).  
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2.4 Conclusions 

 A size- and surface chemistry-switchable nanoassembly comprised of Schiff base-

crosslinked carboxymethyl chitosan and dual oxidized/hydrophobized starch 

nanoparticles enabled effective uptake and prolonged delivery of the small hydrophobic 

anti-psychotic drug haloperidol. The nanoassembly is ~160 nm in diameter (suitable for 

penetrating across paracellular tight junctions) and crosslinked through acid-labile bonds 

that can break in the acidic posterior regions of the nasal epithelia; upon de-crosslinking, 

hydrophobic SNP-OSA-CHO of < 30 nm diameter (suitable for transport through 

epithelia and axons to the brain) were released. Correspondingly, the nanoassemblies 

could effectively deliver haloperidol to the brain, enabling prolonged observation of 

suppressed locomotion following intranasal administration relative to drug-only or SNP-

OSA-CHO-only controls. Biodistribution tracking of fluorescently labeled SNPs showed 

that SNPs crosslinked into nanoassemblies were significantly more penetrative than free 

SNP-OSA-CHO, resulting in enhanced starch nanoparticle concentration in the forebrain 

consistent with the prolonged locomotion suppression observed. We anticipate this 

approach can be adapted to deliver a range of small hydrophobic drugs relevant to 

treating psychosis or other brain-related disorders with improved efficacy through the 

intranasal route.  

2.5 Supplementary Information Declaration 

Full characterization of gel precursor materials, screening of bulk gel 

formation/thermoresponsivity to inform nanoassembly design, fluorescent calibration 
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curves for Cy5-SNP-CHO before and after nanoassembly encapsulation, and stability of 

the lead nanoassembly over time.  
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S2 Supporting Information 

 

Figure S2.1: Electrophoretic mobilities of (A) SNP-OSA0.1-CHO0.25 and (B) SNP-

OSA0.1-CHO0.5 nanomaterials. N = 5 for each nanomaterial.  
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Figure S2.2: Binary mask images of spray data following injection of water and 

HP@Nanoassemblies (1 mg/mL nanoassemblies) through a mucosal atomization device 

(vertical spray, 10 cm spray distance). 

 

 

Figure S2.3: Locomotion over time of Sprague-Dawley rats with free HP, HP@SNP-

OSA-CHO, or HP@Nanoassemblies following IN administration. Locomotion was 

binned cumulatively over each 30 minute interval after injecting rats with (A) 0, (B) 0.01, 

or (C) 0.03 mg/kg of HP. 
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Chapter 3: Disulfide-Crosslinked Nanogel-Based Nanoassemblies for 

Chemotherapeutic Drug Delivery 

 

 

Published Manuscr ipt:  

 

Matthew A. Campea, Andrew Lofts, Fei Xu, Mina Yeganeh, Meghan Kostashuk, and 

Todd Hoare. ACS Applied Materials & Interfaces 2023, 15 (21), 25324 ï 25338. 

 

Objectives: 

To design and characterize a nanoassembly (150 ï 200 nm) comprised of physically 

entrapped starch nanoparticles (20 ï 50 nm) for the delivery of doxorubicin 

hydrochloride, with increased release over time in glutathione-rich environments. To test 

the improved efficacy in vitro (2D and 3D cell cultures) and efficacy + pharmacokinetic 

profile in vivo. 

 

Author Contributions:  

Polymer synthesis, nanoassembly synthesis and characterization, drug loading, release, 

2D and 3D in vitro studies, and in vivo work was completed by Matthew Campea. In vivo 

studies were led by Andrew Lofts and aided by Meghan Kostashuk. Spheroid penetration 

images were gathered by Fei Xu during COVID restrictions. Mina Yeganeh aided with 

2D in vitro viability studies.  
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Disulfide-Crosslinked Nanogel-Based Nanoassemblies for Chemotherapeutic Drug 

Delivery 

 

Matthew A. Campea, Andrew Lofts, Fei Xu, Mina Yeganeh, Meghan Kostashuk, and 

Todd Hoare* 

Department of Chemical Engineering, McMaster University, 1280 Main St. W., Hamilton, 

Ontario, Canada  L8S 4L7 

* To whom correspondence should be addressed: hoaretr@mcmaster.ca 

 

Abstract:  

Although nanoparticle-based chemotherapeutic strategies have gained in 

popularity, the efficacy of such therapies is still limited in part due to the different 

nanoparticle sizes needed to best accommodate different parts of the drug delivery 

pathway. Herein, we describe a nanogel-based nanoassembly based on the entrapment of 

ultra-small starch nanoparticles (size 10-40 nm) within disulfide-crosslinked chondroitin 

sulfate-based nanogels (size 150 ï 250 nm) to address this challenge. Upon exposure of 

the nanoassembly to the reductive tumor microenvironment, the chondroitin sulfate-based 

nanogel can degrade to release the doxorubicin-loaded starch nanoparticles in the tumor 

to facilitate improved intratumoral penetration. CT26 colon carcinoma spheroids could be 

efficiently penetrated by the nanoassembly (resulting in one order of magnitude higher 

DOX-derived fluorescence inside the spheroid relative to free DOX), while in vivo 

experiments showed that doxorubicin-loaded nanoassemblies reduced tumor sizes by 6× 

relative to saline controls and 2× relative to free DOX after 21 days. Together, these data 

mailto:hoaretr@mcmaster.ca
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suggest that nanogel-based nanoassemblies are a viable option for improving the efficacy 

and safety of nanoparticle-based drug delivery vehicles treating cancer.  

Keywords: nanoassembly, nanogel-of-nanogels, nanocomposite hydrogel, water-in-oil 

emulsion, drug delivery, starch nanoparticle, chondroitin sulfate  

3.1 Introduction  

Despite decades of research, treating cancer remains a major global challenge. 

While the challenge of treating cancer is highly multi-faceted, ensuring that administered 

anti-cancer drugs reach tumors remains a key barrier to effective therapy. Although the 

use of nanoparticle-based chemotherapeutic delivery was hoped to overcome this 

challenge, a meta-analysis of various nanoparticle (NP)-based drug delivery vehicles 

tested over a 20 year period showed that, on average, just <0.7% of administered drug 

actually reaches tumors.1  Although the reasons for such limited efficacy remain a topic of 

debate, the difficulty of conventional NPs to satisfy the differing size and surface 

chemistry requirements to circulate, target, and penetrate a tumor is one potential 

explanation.  Drug-loaded NPs best evade immune clearance during circulation if they are 

in the 100-250 nm size range and have a neutral/protein-repellent surface;2,3,4 in contrast, 

uptake by tumor cells works best with NPs in the 50-150 nm size range and with a surface 

chemistry that specifically targets tumor cell receptors and/or non-specifically interacts 

with cell membranes.3,5 Furthermore, while NPs with a size of <40 nm can penetrate deep 

into poorly vascularized areas of tumors to deliver drug (and thus reduce the probability 

of tumor recurrence), nanoparticles on this length scale are typically rapidly cleared from 

circulation prior to reaching their target.3,5,6  On this basis, developing a drug delivery 
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vehicle that can switch its size from ~100-250 nm diameter (to enable effective 

circulation) to ~5-50 nm diameter locally at the tumor (to increase intratumoral 

penetration) is hypothesized to improve the efficacy of drug delivery to tumors.7  

Most reported size-switching nanoparticles aim to localize the size change 

specifically once in the target tumor microenvironment, typically using cancer-specific 

mechanisms. Suitable triggers include the characteristically more acidic pH,8ï11 increased 

local enzyme concentration (e.g. MMP-2 or hyaluronidase),12ï15 or increased reducing 

agent concentration (e.g. glutathione, GSH)16ï18 often observed in tumors, particularly 

those of more rapid-growing cancers. Such stimuli-responsive nanoparticles are typically 

fabricated as core-shell structures in which the shell is shed in the tumor,19,20 ñraspberry 

clusterò structures in which surface-adsorbed or bound nanoparticles are released from a 

carrier nanoparticle,21,22 or ñTrojan horseò structures in which degradation of the bulk 

nanoparticle releases smaller nanoparticles encapsulated inside;23,24 the breadth of 

published examples of each type of size-switching nanoparticle are summarized in a 

recently published review.7 However, while positive pre-clinical data has been published 

using each of these approaches, challenges in designing triggers that enable breakdown 

only (or at least primarily) in the tumor and accessing sufficiently penetrative 

nanoparticles that are likely to achieve regulatory approval limit the practical utility of 

many of the published strategies.  

Starch is a promising delivery vehicle for anti-cancer drugs given its well-

established cytocompatibility and biodegradability.25,26 However, native starch is 

generally an ineffective drug delivery vehicle due to its granular crystalline structure that 
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makes it difficult to render into a tunable nanoscale size and/or functionalize to enable its 

fabrication into a multi-scale delivery vehicle.27 Starch nanoparticles (SNPs) formed 

through a high-temperature extrusion process overcome these limitations in that they 

consist of entirely amorphous starch with easily modifiable surfaces that can be 

engineered for tumor targeting; furthermore, the 20-50 nm dominant size fraction of SNPs 

coupled with their high compressibility (due to their high water content) suggests their 

potential to penetrate deep into poorly vascularized tumor cores.28,29 Our group has 

previously modified SNPs with numerous functional groups, including using oxidized 

(aldehyde-functionalized) SNPs together with carboxymethyl chitosan to form a 

sprayable imine-crosslinked hydrogel enabling enhanced nose-to-brain drug delivery.30 

However, to effectively treat cancer, the fabrication of a stable SNP nanoassembly on the 

100-250 nm size range (enabling longer-term circulation) crosslinked with a chemistry 

more stable outside of the tumor microenvironment but highly labile within the tumor 

microenvironment is anticipated to enhance the therapeutic potential of SNPs for anti-

cancer therapy. 

In this work we report a size-switchable nanogel-of-nanoparticles ï herein referred 

to as a nanoassembly ï based on starch nanoparticles (SNPs) for tumor targeting 

applications (Scheme 3.1). SNPs (20-50 nm diameter) were physically entrapped in 

disulfide-crosslinked thiolated chondroitin sulfate-based nanogels (CS-SH) templated 

using a water-in-oil emulsion and passively loaded with the anti-cancer therapeutic 

doxorubicin hydrochloride (DOX). Such a process resulted in a nanogel containing 

controllably aggregated nanoparticles in the desired size range for evading phagocytosis 
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and minimizing entry into healthy, off-target cells (100-250 nm diameter) while also 

exploiting the reported clathrin tumor-specific targeting of chondroitin sulfate to promote 

nanoparticle uptake into the tumor.  Upon exposure to the more reductive tumor 

microenvironment based on the higher local concentration of disulfide-reducing peptides 

in tumors,31 the nanoassembly could be degraded to release highly penetrative small, 

compressible, and neutral-charged DOX-SNPs. Such DOX-loaded NAs are demonstrated 

to significantly enhance intratumoral DOX transport in 3D cancer cell spheroids as well 

as enhance tumor suppression in vivo compared to DOX-SNPs alone and free DOX.  

 
Scheme 3.1: Overview of the formation and application of nanoassemblies for 

chemotherapeutic drug delivery 

3.2 Materials and Methods 

3.2.1 Materials 

Chondroitin sulfate A sodium salt from bovine trachea (CS), cystamine 

dihydrochloride (CysHCl, 96%), PBS tablets (10 mM phosphate buffer, 140 mM NaCl, 3 

mM KCl, pH 7.4 in 200 mL water) sodium periodate (NaIO4, 99%), L-glutathione 
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oxidized (GSSG, 98%), L-glutathione reduced (GSH, 98%), Span® 80, 

ethylenediaminetetraacetic acid (EDTA, 99%), 5,5ô-dithio-bis-(2-nitrobenzoic acid) 

(DTNB, Ó 98%), sodium phosphate dibasic (Na2HPO4), doxorubicin hydrochloride 

(DOX, pharmaceutical secondary standard), and resazurin sodium salt were all acquired 

from Sigma-Aldrich and used as received. 1ǋ-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC, Carbosynth, commercial grade), dithiothreitol (DTT, 1M in H2O, 

BioUltra), polyglycerol polyricinoleate 4175 (PGPR, Palsgaard), fractionated coconut oil 

(100% MCT oil, Voyageur Soap & Candle Co.), and acetone (Caledon Laboratories, 

reagent grade) were also used as received. SNPs (EcoSynthetix, experimental grade) were 

dialyzed against distilled deionized water for a minimum of 6 (6+ hour) cycles before use. 

Milli -Q grade water was used for all experiments. CorningTM MatrigelTM basement 

membrane matrix was supplied by Fisher Scientific and stored at -20°C until use. Cell 

media contents including Dulbecco's Modified Eagle Medium-high glucose (DMEM), 

fetal bovine serum (FBS), penicillin streptomycin (PS), and trypsin-EDTA were 

purchased from Invitrogen Canada (Burlington, ON). 

3.2.2 Synthesis and Characterization of Thiol -Functionalized Chondroitin Sulfate 

(CS-SH)  

4 g CS (20 ï 25 kDa molecular weight) was mixed in 125 mL of water and bath 

sonicated for 1 hr to fully dissolve. Following, 2.62 g of CysHCl (2× molar excess 

relative to monomeric CS units) and 2.68 g of EDC (2x mol excess relative to monomeric 

CS units) were added to CS and the pH was adjusted to 4.75 (Scheme 3.2, top).  The pH 

was subsequently maintained between 4.5 and 5 by dropwise addition of 1 M HCl over 6 
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hrs. The resulting solution was dialyzed against H2O for a minimum of 6 (6+ hr) cycles 

using 12 ï 14 kDa MWCO dialysis tubing.  Subsequently, the purified polymer was 

removed from dialysis, the pH was adjusted and maintained between 8 and 8.5 with 1 M 

NaOH solution, and 3.2 mL of DTT (21.6 mmol, 2.5x mol excess relative to monomeric 

CS units) was added and allowed to react for 6 hrs. Following, the reaction was adjusted 

to pH 3.5 to prevent disulfide recrosslinking and the product was dialyzed at pH 3.5 for 4 

(6+ hr) cycles using 12 ï 14 kDa MWCO Spectra-Por® 3 RC dialysis membranes 

followed by lyophilization to yield purified CS-SH.  

The degree of substitution (DS) of CS-SS was quantified using conductometric 

base-into-acid titration (0.1 M NaOH as a titrant), while the DS of free thiols after DTT 

reduction was determined using an Ellmanôs assay. In detail, a calibration standard of 

GSH in a concentration of 1 mg/mL in dibasic sodium phosphate buffer (0.01 mM 

sodium phosphate dibasic, 0.001 M EDTA, pH 8.5) was made and serially diluted 2× to 

make the calibration standards; CS and CS-SH solutions were made at the same 

concentration using the same protocol. Calibration standards and unknowns were further 

diluted by adding 250 µL of sample to 1 mL of pH 8.5 buffer. 50 µL of a 4 mg/mL 

solution of dithionitrobenzoic acid (DTNB) in pH 8.5 buffer was then added to the newly 

diluted standards and the absorbance was measured at 405 nm using a Tecan Infinite 

M200 Pro plate reader. The thiol DS of CS-SH was calculated by comparing to a 

calibration curve and dividing by the known number of moles of CS monomeric repeat 

units.   



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

184 

  

 

Scheme 3.2: Synthesis of polysaccharide precursors and resulting hydrogels. 

Reaction schemes for the thiolation of chondroitin sulfate (CS, top) and the oxidation of 

SNPs (SNP-CHO, bottom) and the resulting bulk hydrogels formed upon mixing the two 

precursor polymers (10 w/v% CS-SH, varying concentrations of SNP-CHO). 

3.2.3 Synthesis and Characterization of Aldehyde-Functionalized SNPs (SNP-CHO)  

Starch nanoparticles (SNPs) were dialyzed against water for a minimum of 6 (6+ 

hour) cycles before use. Following, 1 g of dry SNP was dispersed in 20 mL of water and 

0.33 g of sodium periodate (0.25 eq of anhydrous glucose units in starch) was added 

slowly to the SNP suspension (Scheme 3.2, bottom). The pH was manually adjusted to 

pH 5, and the reaction was allowed to proceed at room temperature for 4 hours. The 

reaction vessel containing the SNPs and sodium periodate was covered with aluminum 

foil to exclude light for better reaction efficiency. The reaction was terminated by adding 

425 µL of ethylene glycol (5× theoretical molar excess of aldehydes), after which the 

product was dialyzed (6 × 6 h cycles, 3.5 kDa molecular weight cut-off membrane), 

lyophilized, and stored as a dry powder at -20°C. SNP-CHO were prepared fresh every 3 

months to ensure proper dispersal in aqueous media (as confirmed with qualitative 

observations) and minimize any potential of slow hemiacetal formation on the 

crosslinking potential of the SNP-CHOs.  
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The DS of SNP-CHO functionalization was determined by reacting free aldehydes 

with hydroxylamine salt and analyzing the product via potentiometric titration.32,33  

Briefly, 875 mg of hydroxylamine hydrochloride was dissolved in 50 mL of H2O (0.25 M 

final concentration) and the pH was adjusted to 4. 50 mg of SNP-CHO was then dispersed 

in the hydroxylamine solution, the pH was recorded, and the solution was titrated with 0.1 

M NaOH back to a pH of 4. The same protocol was performed on unfunctionalized SNPs 

as a control sample. The resulting aldehyde DS was calculated according to Equation 

3.1: 

                                           [3.1] 

where DS = degree of substitution, nNaOH added = mol of NaOH added during the titration to 

reach pH 4, nSNP-CHO = mol of SNP-CHO titrated (calculated by dividing the mass of 

SNP-CHO by the molecular weight of the anhydrous glucose unit, 162 g/mol), and nSNP = 

mol of SNP control titrated (calculated as described for nSNP-CHO). 

3.2.4 Synthesis of Starch Nanoparticle and Chondroitin Sulfate (CS-SH@SNP-

CHO) Bulk Gels  

Bulk gels were fabricated using varying concentrations of precursor CS-SH and 

SNP-CHO to identify optimal concentrations for gelation prior to fabrication of the 

nanoassemblies (Scheme 3.2, right ). All gels were made with a total volume of 1 mL, 

with 0.5 mL of each of the CS-SH and SNP-CHO precursor solutions added to a 3 mL 

glass scintillation vial and vortexed lightly for 1 minute to enable mixing. Following, 

various volumes of a 100 mM GSSG stock solution was added to the precursor mixture 

and vortexed lightly for 30 seconds. Gel precursors were left on the benchtop at room 
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temperature for 6 hours to enable gelation. Vial inversion tests were used to determine 

gelation time, with samples deemed to be gelled when inverting the vials yielded no flow 

after 5 seconds. The redox responsiveness of these gels was tested by adding 5 molar 

equivalents of DTT to vials followed by vortexing, with degradation assessed by the same 

vial inversion method 90 minutes after DTT addition. 

3.2.5 Synthesis and Purification of CS-SH@SNP-CHO Nanoassemblies  

Nanoassemblies were fabricated by performing the gelation optimized in section 

3.2.4 inside the dispersed phase of a water-in-oil emulsion (Figure 3.1A). A 20 w/v% 

solution of CS in water, a 5 w/v% solution of SNP-CHO in Ellmanôs buffer (0.1 M 

Na2HPO4, 1 mM EDTA, pH 8.5), and a 100 mM solution of GSSG in Ellmanôs buffer 

were bath sonicated at 50°C for 30 minutes to ensure full solublization/dispersion of the 

precursor materials. In parallel, a 50 mL Falcon tube containing fractionated coconut oil 

(25 mL, HLB value 4-5), Span® 80 (2 mL, HLB = 4.3), and PGPR (0.5 mL, HLB 1.5-2) 

was homogenized at 12,000 rpm for 5 seconds to create the oil phase. 250 µL of CS-SH 

precursor solution was then loaded into one barrel of a double-barreled syringe while 200 

µL of SNP-CHO precursor suspension and 50 µL of GSSG were loaded into the other 

barrel. Precursor solutions were dispensed through the mixing chamber of the double-

barreled syringe and into the oil phase, after which the resulting emulsion was 

immediately homogenized using a T25 Digital Ultra Turrax homogenizer (IKA, Staufen, 

Germany) for 15 minutes at 12,000 rpm followed by probe sonication using a Q700 

sonicating probe (QSonica, Newtown, CT, USA,) for 3 minutes. Sonication was 

performed with the emulsion on an ice bath and with a sonicator pulse on/off time of 10 
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secs/30 secs to ensure the temperature was maintained below 85°C.  The CS-SH@SNP-

CHO nanoassembly nanogel product was cooled to room temperature on the benchtop 

overnight before purification.  

CS-SH@SNP-CHO nanoassemblies were purified by consecutive centrifugation 

and acetone washing steps. Briefly, 2 mL of CS-SH@SNP-CHO nanoassemblies were 

centrifuged at 10,400 × g for 20 minutes with the supernatant discarded afterwards. 

Nanoassemblies were washed with 2 mL of acetone before repeating centrifugation, after 

which the acetone supernatant was discarded and the nanoassemblies were washed with a 

1 mL of acetone and centrifuged again. The supernatant was again discarded and the 

purified nanoassemblies were air dried overnight to ensure complete acetone removal.  

3.2.6 Nanoassembly Characterization 

Dynamic light scattering was performed by dispersing purified nanoassemblies in 

a 10 mM NaCl solution at a concentration of 1 mg/mL and filtering the resulting 

suspension using a 1 ɛm polyethersulfone (PES) syringe filter. Filtered nanoassemblies 

were added to a clear polypropylene cuvette and analyzed using a NanoBrook 90Plus 

instrument (Brookhaven, Long Island, NY, USA; temperature = 25°C, particle refractive 

index = 1.34 consistent with that of starch, 5 measurements per sample). Electrophoretic 

mobility measurements were performed using the same instrument and the same 

precursor solutions using phase analysis light scattering mode (temperature = 25°C, cycle 

delay time = 1 s, 30 cycles per measurement, 5 measurements per sample). Nanoassembly 

samples from DLS were diluted 5:1 with 10 mM NaCl and measured with nanoparticle 

tracking analysis (NTA) using a LM10 HS NanoSight microscope (Malvern Panalytical, 
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Worcester, UK; temperature = 25°C, flow rate = 150, 100 to 200 particles per frame). 

Effective diameter, polydispersity, electrophoretic mobility, and size by NTA were all 

reported as an average ± standard deviation for 5 technical replicates.  

Transmission electron microscopy (TEM) was performed by dispersing purified 

nanoassemblies in water at a concentration of 0.5 mg/mL and syringe filtering the 

resulting suspension through a 1 µm PES syringe filter. A 0.1 w/v% concentration of a 

~150 nm PMMA latex was added to the nanoassemblies to prevent SNP aggregation and 

film formation during drying and thus permit imaging of individual SNPs. The combined 

suspension was dispensed onto a Cu-Pd TEM grid and air dried for 30 minutes. 

Nanoassembly morphology was imaged using a JEOL 1200EX TEMSCAN transmission 

electron microscope, with the nanoassembly sizes analyzed using ImageJ.  

3.2.7 Doxorubicin Hydrochloride (DOX) Loading into Nanoassemblies 

(DOX@Nanoassemblies) 

A 15 mg/mL DOX standard solution in either water or DMSO was prepared by 

sonication under minimal heating (~40°C) for 15 mins. In parallel, 4 mg of purified 

nanoassemblies were suspended in 2 mL water in a 7 mL glass scintillation vial. Various 

volumes of the DOX standard solution were added to the nanoassembly suspension to 

form final solution concentrations of 0.1 w/v% (2 µL), 0.5 w/v% (10 µL), 1 w/v% (20 

µL), 5 w/v% (100 µL), or 10 w/v% (200 µL) DOX, with the resulting suspension mixed 

with a magnetic stir bar for 24 hrs.  The resulting DOX-loaded CS-SH@SNP-CHO 

nanoassemblies (DOX@Nanoassemblies) were centrifuged at 10,400 x g for 20 minutes, 

after which the fluorescence of the supernatant was measured using a BioTek Synergy 
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HTX Multi -Mode Reader plate reader (ɚex: 480 +/- 15 nm, ɚem: 595 +/- 15 nm). The 

loading capacity (LC) and encapsulation efficiency (EE) of DOX into the nanoassemblies 

were quantified according to Equations 3.2 and 3.3 respectively by comparing the 

measured supernatant fluorescence values to a calibration curve of DOX in the same 

solvent (water or DMSO): 

                                          [3.2] 

                                          [3.3] 

Here, LC is the loading capacity, mDOX initial is the initial mass of DOX added to 

nanoassemblies, mDOX supernatant is the mass of DOX in the supernatant (as determined by 

the calibration curve), and mnanoassemblies is the total mass of the nanoassemblies.  All 

loading experiments were done in triplicate, with the reported results representing the 

means and the error bars representing the standard deviation of the three independent 

loading experiments. 

3.2.8 In vitro Degradation of Nanoassemblies 

Purified nanoassemblies were resuspended in PBS (10 mM, pH 7.4) at a 

concentration of 1.5 mg/mL. Samples were vortexed for 1 min at 1600 rpm, bath 

sonicated for 10 minutes, and then syringe filtered as described above.  The particle size 

was measured using dynamic light scattering every 90 s. After 3 measurements, a pre-

defined volume of a 100 mM GSH stock solution in PBS (15 mg in 0.5 mL) was added to 

the cuvette to reach a target concentration of GSH ranging from 0 ï 10 mM and final 

sample volume of 2.75 mL.  Particle size measurements were then taken every 3 minutes 
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for the first hour then once every hour over the next 12 hours to track the breakdown of 

the nanoassemblies. 3 separate nanoassembly replicates were prepared for each 

concentration of GSH tested; effective diameter is reported as the average ± standard 

deviation for all DLS measurements.  

3.2.9 DOX Release from Nanoassemblies 

DOX release was measured in various concentrations of GSH via a dialysis bag 

method. First, 0.5 v/v% Tween 80 was added to 10 mM pH 7.4 PBS buffer to form the 

release buffer, with the Tween 80 added to simulate the driving force of cell membranes 

in promoting the release of DOX from the nanoassemblies. Varying concentrations of 

GSH were added to simulate intracellular (10 mM) or extracellular (10 µM) GSH 

concentrations in tumors or control GSH concentrations (0 mM).31,34 DOX-loaded 

nanoassemblies were dispersed to a final concentration of 0.2 mg/mL in the desired 

release buffer, mixed, and sonicated for ~10 minutes to fully disperse, after which 1 mL 

of the resulting suspension was loaded into a 1 mL cellulose acetate  Float-A-Lyzer® G2 

(3.5 ï 5 kDa MWCO, Spectra-Por® 3 RC), placed in a 50 mL Falcon tube containing 20 

mL of the chosen release media, and placed in a shaking incubator operating at 37°C and 

150 rpm.  At pre-determined intervals of 0, 1, 2, 4, 8, 24, 48, 72, 96, 120, 144, and 168 

hours of incubation, 1 mL of the release media was removed for analysis and replaced 

with fresh media. Fluorescence was measured using a BioTek Synergy HTX Multi-Mode 

Reader plate reader (ɚex: 480 +/- 15 nm, ɚem: 595 +/- 15 nm, step: 10 nm), with drug 

release calculated relative to a DOX calibration curve prepared in the same release 

medium using Equation 3.4: 
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                                 [3.4] 

 Here, mDOX t is the mass of DOX collected outside the dialysis bag at time t, mDOX t-1 is the 

mass of DOX collected in the previous timepoint multiplied by the dilution factor (0.95), 

and mDOX initial is the initial mass of DOX present in DOX aggregates. Control release 

experiments were conducted using the same protocol but adding an equivalent 

concentration of DOX in PBS (no GSH or nanoassemblies) into the Float-A-Lyzers, 

allowing for distinction between the mass transport effects of the membrane and the 

release of DOX from the nanoassemblies. All release experiments were done in triplicate, 

with the reported results representing the means and the error bars representing the 

standard deviation of the three independent loading experiments.  

3.2.10 In vitro Cytotoxicity in 2D Tumor Cell Cultures 

The cytotoxicity of the fabricated nanoassemblies towards CT26 colon carcinoma 

cells and NIH 3T3 fibroblasts (non-cancerous, control cells) with or without DOX 

loading was assayed in 96 well plates. 200 ɛL of cell suspension (2.5 × 104 cells/mL; 

5000 cells/well) in DMEM medium was seeded into the wells of a 96 well plate.  After 24 

hours to allow for cell attachment, blank nanoassemblies, blank SNP-CHO, free DOX, 

DOX@SNP-CHO, and DOX@Nanoassembly suspensions loaded with various DOX 

concentrations (0, 0.001, 0.01, 0.1, 1.0 and 10.0 ɛg/mL) in saline were added into 

separate wells in triplicate. After 24 hrs or 72 hrs of incubation, the media was removed, 

resazurin solutions pre-dissolved in media were added into the wells as per 

manufacturerôs instructions, and the plate was incubated for 4 h.  The fluorescence 

intensity of the converted resazurin was measured using a Tecan Infinite M200 Pro plate 
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reader using an excitation wavelength of 560 nm and an emission wavelength of 590 nm. 

All viability experiments were done in triplicate, with the reported results representing the 

means and the error bars representing the standard deviation of the three independent 

experiments.  

3.2.11 In vitro  Inhibition Assay 

The ability of free chondroitin sulfate (CS) or hyaluronic acid (HA) to inhibit 

DOX@Nanoassembly entry into CT26 or 3T3 cells was tested in 2D in vitro cell culture. 

Cell suspensions were seeded in 96 well plates in triplicate as described in section 3.2.10. 

Following, standards of 5.4 mg/mL, 13.5 mg/mL, and 27 mg/mL of CS or HA were 

prepared in saline and filtered using a 1 µm PES syringe filter. 50 µL of each standard 

was added to a different well to give a final CS or HA concentrations of 1 mg/mL, 2.5 

mg/mL, or 5 mg/mL. In parallel, 0.1 mg/mL of DOX@Nanoassemblies were prepared in 

saline and filtered, with 20 µL of the resulting suspension then added to each well 

containing CS, HA, or no inhibitor (control sample). Cells were incubated for 24 h, after 

which the resazurin assay was performed as per section 3.2.10 to assess residual cell 

viability in triplicate.     

3.2.12 In vitro Nanoassembly Penetration in 3D Tumor Spheroids  

3D cancer cell  spheroids were cultured using the hanging drop method using 

CT26 cells. A 10 ɛL droplet of a 1 x 105 cells/mL suspension of CT26 cells in DMEM 

media was added to the lid of a Petri dish (94 mm diameter, 16 mm height). A thin layer 

of PBS (5-10 mL) was added to the base of the Petri dish to maintain humidified 

conditions within the plate and prevent the media from evaporating. Spheroids were 
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incubated at 37°C and 5% CO2 for 10 days. Symmetrical spheroids with a diameter 

between 150-200 µm were chosen and subsequently incubated with 1 ɛg/mL equivalents 

of either free DOX or DOX@Nanoassemblies for 1 hour prior to visualization via 

confocal laser scanning microscopy using a Nikon upright confocal microscope and a 

TRITC filter (ɚex: 540 nm, ɚem: 561 nm, step: 5 ɛm, brightness (HV) 50, offset: -10, gain: 

3). Images of 4 separate spheroids per treatment group were analyzed on ImageJ by 

projecting the z-stack fluorescence with maximum intensity to identify the maximum 

fluorescence at each part of the spheroid. The background was then manually removed by 

adjusting the minimum pixel density to 5 while the maximum was set to 85. The 

integrated pixel density, representing the total fluorescence from all combined z-stacks, 

was used to represent the overall fluorescence of penetrated DOX into the spheroids. 

Projected fluorescence intensity was reported as the average ± standard deviation of all 4 

spheroids measured per treatment.   

3.2.13 In vivo Tumor Toxicity in BALB/c Mice 

BALB/c mice (4 ï 6 weeks old, Charles River Canada, St. Constant, QC, Canada) 

received care complying with protocols approved by the Animal Research Ethics Board at 

McMaster University, the Animals for Research Act of Province of Ontario, and the 

guidelines of the Canadian Council on Animal Care. Animals were housed in groups of 5 

in standard cages on a 12 h light cycle in a room maintained at 22°C and 50% humidity, 

with access to food and water ad libitum.  Animals were habituated to their holding room 

for 1 week prior to experimentation, followed by one week of handling before use in 

experiments.  On Day 0, 100 µL of a 1x107 cells/mL solution in sterile PBS (i.e. 1x106 



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

194 

  

total cells) of CT26 cells (confirmed to be free of pathogen-derived DNA via PCR 

performed by Charles River) were mixed with 100 µL of MatrigelTM and injected through 

a 25-gauge needle subcutaneously in the flank. After allowing the tumors to grow for 7 

days, mice were weighed and tumor size was measured; mice were then randomly 

separated into different treatment groups ensuring an average tumor size of ~50 mm3 was 

achieved in each group. Subsequently, (1) 100 µL of saline; (2) 3 mg/kg blank SNP-CHO 

nanoparticles; (3) 3 mg/kg blank (no drug loaded) nanoassemblies; (4) 5 mg/kg free 

DOX; (5) DOX@SNP-CHO nanoparticles (3 mg/kg nanoparticles loaded with 5 mg/kg 

DOX), or; (6) DOX@Nanoassemblies (3 mg/kg nanoassemblies loaded with 5 mg/kg 

DOX) were injected through the tail vein. Mice were weighed and tumor dimensions 

were measured every 2 days with digital calipers, allowing for the calculation of the 

tumor volume using Equation 3.5: 

                                                                         [3.5] 

Treatments were administered at the same concentration and using the same protocol 

every 3 days for a total of 10 days, with n = 7 animals tested per group. Tumor volumes 

and mice masses were measured every 3 days over a 21 day period post-injection. 

Relative tumor volume and body mass were calculated by dividing the value at that 

timepoint with the value at t = 0; values were reported as average ± standard deviation of 

all collected tumor volumes/body masses.  

Tumor growth was also measured using a separate group of BALB/c mice with 

larger tumor volumes (average starting volume ~100 mm3) to compare the therapeutic 

potential of DOX-loaded SNPs and DOX-loaded nanoassemblies on treating tumors of 
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different sizes. DOX@SNP-CHO or DOX@Nanoassemblies (n = 3 for each) were 

prepared as described previously in this section and administered every 3 days over an 

18-day period. Tumor volumes were recorded every 2 days, with values reported as 

average ± standard deviation. 

Although no mice in the study died naturally due to tumor effects over the 21 day 

trial designed, survival curves were made post-study based on when humane endpoints 

were enforced by our animal utilization protocol (i.e. a tumor with a length of at least 17 

mm was achieved in a 25 g mouse). 

3.2.14 Histology Analysis  

Mouse organs (tumors, heart, spleen, liver, kidney) were harvested and fixed in 

10% formalin, washed in ethanol, and embedded in paraffin. Prior to sectioning, tumors 

were cut in half and cross sections were exposed on the cassette so that dense tumor cores 

could be sectioned. Organs were then sectioned into 5 µm slices and stained with 

hematoxylin and eosin (H&E) stain to assess inflammatory responses and an activated 

caspase 3 dye to assess apoptosis. The resulting stained sections were then imaged on a 

Leica DM IRB inverted microscope attached to a Q Imaging Retiga 1300 CCD camera 

and analyzed by a blinded observer. 

To quantify the prevalence of activated caspase 3 dye in each tissue, tissues were 

processed in ImageJ by manually removing the background in each image, converting 

caspase 3-stained tumors into an 8-bit binary mask, and decreasing the threshold until 

only brown-stained cells were included in the image. Following, the integrated density 

was measured for each image as described in section 3.2.12. The average ± standard 
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deviation was plotted for n = 4 technical replicates for each tumor (2 images from 2 

unique tumor slices). 

3.2.15 Statistical Analysis  

GraphPad Prism 9 was used to analyze the statistical significance in all 

experiments; standard deviation was used for error bars in all experiments. Two-tailed t-

tests were used to assess significance in polydispersity and electrophoretic mobility 

measurements. One-way ANOVA with Dunnettôs multiple comparisons post-hoc test was 

used to compare multiple groups in spheroid penetration experiments and in vivo tests. 

Two-way ANOVA with Ġ²d§kôs multiple comparison tests was used to compare multiple 

groups in drug loading experiments. Two-way ANOVA with Tukeyôs multiple 

comparisons post-hoc test was used to compare multiple groups in all other experiments, 

with the analysis supplemented by interquartile testing to identify outliers in the in vivo 

tumor suppression testing. Ŭ = 0.05 was used for all statistical significance. 

3.3 Results and Discussion 

3.3.1 Synthesis and Characterization of Precursor Polymers and CS-SH@SNP Bulk 

Gels  

CS was chemically functionalized with thiol groups (Scheme 3.2, top) to enable 

the formation of nanoassemblies crosslinked via GSH-cleavable groups, enabling 

accelerated nanoassembly breakdown in the reductive tumor microenvironment. CS was 

chosen as the continuous phase of the nanoassembly based on its reported binding to 

clathrin and (to a lesser extent) CD44 and receptors upregulated in many cancers.16ï18,35 

SNPs were functionalized with aldehyde groups (via oxidation) to improve drug loading 
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with amine-bearing chemotherapeutic drugs such as DOX (Scheme 3.2, bottom), 

providing both a mechanism for dynamic covalent drug loading (via imine bond 

formation) as well as passive drug loading (via diffusion into the gel-based SNP interior).  

CS was thiolated (CS-SH) by grafting the disulfide-containing cystamine dihydrochloride 

to the -COOH group in CS followed by reducing the disulfide bond with DTT, beneficial 

to minimize any unwanted inter/intramolecular disulfide formation prior to gelation. The 

DS for cystamine dihydrochloride-grafted CS was 0.37 as quantified by base-into-acid 

titration of the -COOH groups before and after conjugation (Figure S3.1A), while the DS 

for CS-SH was 0.17 as quantified by a colorimetric Ellmanôs assay. This difference 

suggests that some combination of incomplete disulfide cleavage and/or re-formation of 

disulfide bonds keeps approximately half the potentially available thiol groups protected, 

although these remaining disulfide grafts are still capable of undergoing disulfide 

exchange over time once the gel has formed. The degree of substitution of aldehyde 

groups following oxidation of the SNPs was 0.34 as quantified via hydroxylamine 

titration (Figure S3.1B), providing ample aldehyde groups to improve the DOX loading 

into the nanoassembly through imine formation.   

The gelation kinetics of CS-SH@SNP-CHO bulk gels were assessed using a vial 

inversion test to determine the concentrations of each component necessary for rapid 

gelation (Table S3.1). Use of the disulfide-inducing gelator oxidized glutathione (GSSG) 

significantly decreased the gelation time in a concentration-dependent manner, decreasing 

the gelation time from an hours to minutes time scale upon the addition of as little as 1 

mM GSSG. An optimum ratio of CS-SH:SNP-CHO:GSSG was determined to be 5:1:5 
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w/v%, enabling gel formation in <20 minutes to allow for sufficient time to perform the 

required homogenization/sonication steps to fabricate the emulsion templates for nanogel 

formation while still minimizing the total time required to fabricate the nanoassembly. All 

fabricated gels degraded back to their low-viscosity precursor solutions in the presence of 

DTT (Figure S3.2), confirming that crosslinking occurs primarily via reversible disulfide 

formation given that DTT is known to induce disulfide exchange to ultimately cleave 

disulfide crosslinks.  

3.3.2 Synthesis and Characterization of CS-SH@SNP-CHO Nanoassemblies  

Nanoassemblies were fabricated using an inverse emulsion technique to 

encapsulate SNP-CHO nanoparticles inside a disulfide-crosslinked CS phase at a size 

scale templated by the emulsion droplet size. The size and surface properties of 

nanoassemblies were analyzed to ensure that CS-SH was effectively encapsulating the 

SNP-CHO nanoparticles and that the total aggregate size was in the 100-250 nm range 

targeted for prolonged circulation and effective tumor uptake (Figure 3.1A). Both the 

intensity (Figure 3.1B) and number (Figure 3.1C)-averaged size distributions indicate 

that the nanoassemblies were relatively monodisperse (polydispersity = 0.12, Figure 

3.1D) with particle sizes within the targeted 100-200 nm size range; in contrast, the non-

encapsulated SNP-CHO are both highly polydisperse (polydispersity = 0.37) and much 

smaller. Nanoparticle tracking analysis indicated a similar size distribution (average 

particle size ~165 nm, Figure 3.1E) and narrow polydispersity (D90 < 200 nm) for the 

nanoassemblies but a modal size of 41 nm for SNP-CHO alone coupled with a much 

broader size distribution and a significantly higher total particle count (i.e. the area under 
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the curve). Together, these results confirm successful formation of the nanoassemblies by 

the inverse emulsion templating technique. Nanoassembly stability was tested over a 14 

day period in saline (Supporting Figure S3.3), with the nanoassembly size staying in the 

targeted 150-250 nm size range for 9 days (and <300 nm over 14 days) with a similar 

polydispersity index maintained throughout the full incubation period. Electrophoretic 

mobility measurements (Figure 3.1F) show the nanoassemblies are slightly anionic (-

0.76 (µ/s)(V/cm)) consistent with the presence of negatively charged CS on the surface of 

the nanoassemblies while SNP-CHO are neutral (0.07 (µ/s)(V/cm)), showing that while 

SNPs have the potential to act as Pickering emulsion stabilizers a significant fraction of 

the tumor-targeting CS remains at the nanoassembly surface.36 TEM analysis of the 

nanoassemblies showed somewhat irregularly shaped particles without clear internal 

phase boundaries within the particles nor on the outside of the particles (Figure 3.1G),  

suggesting a unique morphology most similar to a Trojan horse-like nanoparticle;7 note 

that the smaller nanoassembly size of ~40-100 nm indicated by TEM is directly attributed 

to the drying of the nanogel-like nanoassembly as required for TEM.37  In comparison, 

non-encapsulated SNP-CHO particles show consistent spherical morphologies and sizes 

in the 20-40 nm size range (Figure 3.1H).  
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Figure 3.1: Physical characterization of nanoassemblies. (A) Schematic of the water-

in-oil inverse emulsion templating technique used for nanoassembly fabrication; (B, C) 

Dynamic light scattering comparison of the particle size distributions by intensity (B) and 

by number (C) of SNP-CHO and CS-SH@SNP-CHO nanoassemblies; (D) Polydispersity 

comparison between SNP-CHO and nanoassemblies as per dynamic light scattering (n = 

5), averages ± SD plotted, **** p < 0.0001; (E) Particle size distribution as measured by 

nanoparticle tracking analysis, with the dotted lines corresponding to each distribution 
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representing the standard deviation (n = 5); (F) Electrophoretic mobility of SNP-CHO and 

nanoassemblies (n = 5), averages ± SD plotted *** p < 0.001; (G, H) Transmission 

electron microscopy images of  (G) CS-SH@SNP-CHO and (H) SNP-CHO 

nanoassemblies (note: orange labels represent PMMA latex, added to prevent film 

formation of SNPs on drying).  

 

3.3.3 DOX Loading into Nanoassemblies 

DOX was loaded into nanoassemblies at various DOX concentrations in either 

water or DMSO to analyze the binding affinity of DOX to the nanoassemblies under 

different solvent and charge conditions (Figure 3.4A). Considering the 1.5 mg/mL initial 

DOX concentration data as a representative case due to the highly efficient loading 

achieved, the encapsulation efficiency (EE, a measure of the fraction of initially loaded 

DOX that was encapsulated) and the drug loading capacity (LC, a measure of the mass of 

DOX loaded per mass of nanoassembly) are both significantly greater when DOX is 

loaded in water (82% EE; 61% LC) rather than DMSO (61% EE; 46% LC) (Figure 

3.2B). We hypothesize this trend is linked to the partial protonation of the amine on DOX 

when in water, in which the measured pH was 6.1 at the highest concentration of DOX 

tested; in this case, DOX loading can proceed via absorption into the gel phase, imine 

interactions with SNP-CHO (primarily via the unprotonated fraction of DOX at pH 

6.1),38ï40 and/or electrostatic interactions between the protonated fraction of DOX with 

anionic sulfate and carboxylate groups on CS (Figure 3.2A), providing a highly favorable 

microenvironment for DOX uptake and binding. The significant increase in the measured 

absolute electrophoretic mobility from -0.76 to -0.32 (µ/s)(V/cm) supports this claim, as 

positively charged DOX can partially shield the CS-derived negative charges on the 

surface of nanoassemblies upon loading (Figure 3.2C). Nanoassemblies with the highest 
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DOX loading also yielded larger particle sizes of ~240 nm (Figure 3.2D) and moderately 

increased polydispersities (Figure 3.2E) relative to unloaded nanoassemblies, a result we 

attribute to potential electrostatic or hydrophobicity-driven interactions between surface-

bound DOX and neighboring nanoassemblies. However, despite this slight size and 

polydispersity increase observed upon DOX loading, the particle size still remains in the 

100-250 nm range targeted for prolonged circulation;4 as such, the formulation yielding 

the highest LC (i.e. starting DOX concentration of 1.5 mg/mL in water) was selected for 

further experiments given that it maximizes the amount of drug loaded per nanoassembly 

and thus minimizes the mass of delivery vehicle required for effective chemotherapy. 

While pre-loading the SNPs with DOX prior to emulsification to form the nanoassemblies 

would offer potentially more specific loading into the penetrative SNP phase, low EE and 

LC values were achieved following emulsification of pre-loaded DOX@SNPs 

(Supporting Figure S3.4). We attribute this result to the heat generated during the 

process (affecting DOX stability) and/or partitioning of DOX into the continuous phase 

during the emulsification process. Furthermore, regardless of where the DOX is initially 

loaded, we hypothesize that drug will partition between the (high-affinity) SNP-CHO and 

the (lower affinity) CS-SH phase in the nanoassembly over time, with the reversibility of 

drug-matrix interactions resulting in similar drug partitioning following storage regardless 

of the loading method used.     
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Figure 3.2:  Doxorubicin loading into nanoassemblies. (A) Schematic of potential 

interactions of DOX with the nanoassemblies in aqueous solutions relative to DMSO; (B) 

Encapsulation efficiency (EE, light bars) and loading capacity (LC, dark bars) values 

achieved with varying initial concentrations of DOX using either water (red) or DMSO 

(black) as the drug-loading solvent (n = 3). Averages ± SD plotted, **** p < 0.0001; (C) 

Electrophoretic mobility of DOX-loaded nanoassemblies relative to blank nanoassemblies 

(n = 5). Averages ± SD plotted, ** p < 0.01; (D) Nanoparticle tracking analysis results of 

the particle size distribution of DOX-loaded nanoassemblies compared to blank 

nanoassemblies. Dotted lines represent standard deviations; (E) Polydispersity of DOX-

loaded nanoassemblies relative to blank nanoassemblies (n = 5). Averages ± SD plotted, 

*** p < 0.001. 

 

3.3.4 DOX Release in Reductive Microenvironments 

The ability of the nanoassemblies to release anti-cancer therapeutics when 

subjected to cancer-like microenvironments was tested by incubating 

DOX@Nanoassemblies in a PBS solution containing glutathione (GSH), a disulfide-

reducing peptide that is commonly overexpressed in numerous cancer cell types (Figure 

3.3A).16ï18 GSH concentrations of 0, 0.01, or 10 mM GSH were used to represent control, 
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healthy cell, and tumor cell concentrations of GSH respectively,41ï43 with the subsequent 

release of DOX from the nanoassemblies tracked using a Float-A-Lyzer dialysis device 

followed by fluorescence analysis of the release media (Figure 3.3B). Incubating 

aggregates with 10 mM GSH released more total drug faster; after 24 h, > 80% of DOX is 

released in 10 mM GSH , which was significantly higher than both the GSH-free control 

(0 mM; 46 ± 5% release after 24 h) and healthy cell GSH concentration (0.01 mM; 36 ± 

6% release after 24 h).  The same trend persists after 7 days, with 10 mM GSH facilitating 

> 94% DOX release while 0 mM and 0.01 mM GSH facilitate 68 ± 6% and 85 ± 4% 

release, respectively. This enhanced release is coupled with an increased diameter of the 

nanoassemblies observed by DLS as disulfide bonds are de-crosslinked at higher GSH 

concentrations (Figure 3.3C), further confirming the disulfide cleavage mechanism is 

related to the faster drug release in the tumor microenvironment either by full or partial 

degradation of the nanoassembly. Although disulfide cleavage is largely enzyme-

mediated in vivo (i.e. a faster degradation/release rate is expected in vivo relative to in 

vitro),44 these data indicate significantly accelerated release of anti-cancer therapeutics 

from our nanoassemblies in highly reductive environments. It should be noted that a non-

GSH-responsive crosslinked nanoassembly was considered as a (non-degradable) control 

for this experiment; however the need to entirely change the crosslinking chemistry to 

perform such an experiment is likely to significantly alter both the interfacial chemistry as 

well as bulk structure of the SNP nanoassembly, making such a control of (at best) very 

limited practical value. 

 



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

205 

  

 
Figure 3.3: DOX release from nanoassemblies in cancer-like microenvironments. (A) 

Disulfide exchange mechanism and schematic describing nanoassembly partial and full 

degradation in GSH-rich environments to stimulate SNP and/or DOX release; (B) 

Cumulative DOX release over time from DOX-loaded nanoassemblies in 10 mM PBS, 

pH 7.4; (C) Effective diameter normalized to the fresh (0 hour) diameter for 

nanoassemblies suspended in PBS containing different GSH concentrations (n = 3). 

Averages ± SD plotted, * p < 0.05, ***  p < 0.001 

3.3.5 In vitro Cell Viability and DOX Uptake Inhibition  

To test the practical cancer-killing potential of the DOX-loaded nanoassemblies, 

varying concentrations of DOX loaded into SNP-CHO or CS-SH@SNP-CHO 

nanoassemblies were incubated in either non-cancerous NIH 3T3 fibroblasts or CT26 

colon carcinoma cells over 24 or 72 hours. In both cell lines, unloaded (blank) 

nanoassemblies and free SNP-CHO maintained high viability (> 80%) at all 

concentrations tested, suggesting that the nanoassemblies and the component starch 

nanoparticles are inherently non-cytotoxic (Figure 3.4A-D). The addition of DOX, both 

free or loaded into SNP-CHO or nanoassemblies, resulted in decreased cell viability as 
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the loaded DOX concentration increased, with 10 µg/mL of DOX delivered in any format 

being sufficient to reduce cell viability below 50% after 24 hours in both cell lines. As 

such, the release of DOX from the nanoassemblies over time is sufficient to kill tumor 

cell lines.  

To explore the methods by which nanoassemblies enter cells, the toxicity of 

DOX@Nanoassemblies in both cell lines was tracked in the presence of two potential 

competitive inhibitors for DOX uptake: chondroitin sulfate (CS) or hyaluronic acid (HA). 

Increasing the concentration of either inhibitor had no effect on cell viability in 3T3 

fibroblasts, suggesting that DOX non-specifically enters non-cancerous cells to initiate 

cell death (Figure 3.4E). In comparison, for CT26 carcinoma cells, incubating with CS 

gradually increased residual cell viability from 52% to 100% as the CS concentration 

increased from 1 to 5 mg/mL while increasing the HA concentration showed no 

significant improvement in cell viability (Figure 3.4F). This result is consistent with 

previous studies that indicated that HA is primarily endocytosed via CD44 receptors44 

while CS endocytosis is primarily mediated by clathrin with a small contribution from 

CD44 and pinocytosis.35 This result suggests that the inclusion of CS as a key component 

in the nanoassemblies should be beneficial for increasing the intracellular DOX 

concentration through multiple cellular pathways (instead of just one in the case of HA-

modified nanoparticles) and thus expose the nanoassemblies to the high intracellular 

concentration of GSH in tumor cells to promote nanoassembly degradation and thus 

release of the highly penetrative SNPs.   

  



Ph. D. Thesis ï Matthew Adrian Campea ï McMaster University ï Chemical Engineering 

207 

  

 

Figure 3.4: 2D cell viability in the absence or presence of uptake inhibitors. Cell 

viability for CT26 colon carcinoma cells after 24 h (A) or 72 h (C) and 3T3 fibroblasts 

after incubation for 24 h (B) or 72 h (D) with either unloaded SNP-CHO or 

nanoassemblies, free DOX, or loaded SNP-CHO or nanoassemblies. Note that the SNP-

CHO and nanoassembly concentrations were varied to match the corresponding mass of 

either carrier required to deliver the targeted dose of DOX to the cells under the optimal 

DOX loading condition identified in section 3.3.3. Dotted lines represent 100% viability;  

(E, F) 2D cell viability of (E) CT26 or (F) 3T3 cells incubated with 

DOX@Nanoassemblies and varying concentrations of either CS (clathrin inhibitor) or 

HA (CD44 inhibitor). Solid lines represent the cell viability of corresponding cell line 

without inhibitors. N = 3 for all groups, averages ± SD plotted. 
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3.3.6 3D Tumor Spheroid Penetration 

To assess the potential benefit of the hypothesized higher penetrability of the 

SNPs for killing poorly-vascularized deep tumor cancer cells, CT26 colon carcinoma cell 

spheroids were cultured in 3D using the hanging drop method and incubated in 1 µg/mL 

equivalents of DOX either alone or loaded into either SNP-CHO or CS-SH@SNP-CHO 

nanoassemblies for 1 h before being analyzed with confocal microscopy. Z-stacks showed 

that only a small amount of free DOX could penetrate into the CT26 spheroid with a 

relatively limited penetration depth, with the added free DOX primarily localized to the 

outer cells of the spheroid or remaining in solution (Figure 3.5A). In contrast, DOX-

loaded SNP-CHO and DOX-loaded nanoassemblies could both enable significantly 

higher DOX penetration throughout the entire spheroid, with ImageJ analysis of 

indicating ~10× higher cumulative fluorescence intensity (and thus DOX delivery) within 

the SNP-CHO or nanoassembly-treated spheroid relative to spheroids treated with free 

DOX (Figure 3.5B). These data are consistent with in vitro cell uptake studies (Figure 

3.4E,F) that showed multiple pathways available for efficient transport into cells that are 

not available to free DOX while also being consistent with previous reports that free 

DOX is poorly penetrative through spheroids and is often trapped intracellularly in 

endosomes.21 The similar fluorescence intensities achieved when SNP-CHO or the 

nanoassembly is used as the carrier supports the effective degradation of the disulfide-

crosslinked nanoassemblies in a cancer cell microenvironment to enable release and thus 

penetration of the small SNP-CHO carriers into the spheroid. While exposure to the 

intracellular tumor environment is shown to be highly beneficial for breaking the 
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nanoassemblies (Figures 3.3, 3.4), this result shows that (a) the extracellular environment 

of a tumor microenvironment can also induce nanoassembly degradation (likely through 

the cysteine/cystine pathway31) and/or (b) SNPs that are released from the nanoassembly 

from intracellular degradation and not further trafficked in the cell can efficiently leave 

the cell to further penetrate into the tumor, consistent with previous reports of the high 

mobility and cellular uptake potential of nanoparticles in the 30 ï 50 nm range.45,46  
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Figure 3.5: DOX penetration in 

CT26 spheroids with or without 

nanoassembly-mediated transport. 

(A) Confocal microscopy tracking of 

the penetration of free DOX, DOX-

loaded SNP-CHO, and DOX-loaded 

nanoassemblies into CT26 spheroids 

(DOX concentration 1 µg/mL, 1 h 

incubation time); (B) Overall projected 

pixel intensity of fluorescent DOX 

signals inside the spheroids following 

treatment with free DOX, DOX-loaded 

SNP-CHO, and DOX-loaded 

nanoassemblies as determined by 

ImageJ at a constant incident laser gain 

(n = 4). Averages ± SD plotted, * p < 

0.05, ** p < 0.01. Scale bars represent 

100 µm.   
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3.3.7 In vivo Tumor Treatment 

To assess the potential of the nanoassemblies to improve intratumoral delivery and 

thus tumor suppression in vivo, CT26 tumors were grown subcutaneously in BALB/c 

mice that were subsequently treated through tail vein injections with either saline, blank 

(unloaded) SNP-CHO, blank (unloaded) nanoassemblies, free DOX, DOX-loaded SNP-

CHO, or DOX-loaded nanoassemblies, with the mass of each vehicle delivered adjusted 

to achieve a constant administered DOX dose and vehicle dose of 5 mg/kg and 3 mg/kg, 

respectively, for each treatment formulation, ensuring the observed effects are attributed 

to changes in the delivery efficacy of the drug rather than changing drug and/or vehicle 

doses. Tumor volume and body mass were inspected over 21 days and normalized to their 

initial values. DOX@Nanoassemblies showed the lowest tumor growth rate over this time 

(Figure 3.6A,D; raw data tumor volumes over time found in Supporting Information 

Figure S3.5); specifically, after 21 days of observation, DOX@SNP-CHO (11.5× tumor 

volume increase) and DOX@Nanoassemblies (11.1× tumor volume increase) 

significantly suppressed tumor suppression relative to the untreated saline control (66.7× 

tumor volume increase), either blank vehicle control, and free DOX (20.0× tumor volume 

increase) (Figure 3.6B), suggesting that the nanoparticles improved tumor targeting over 

non-encapsulated DOX. It should be noted that SNP-CHO without loaded DOX also 

showed decreased tumor growth compared to the saline and blank nanoassembly controls, 

suggesting some native cytotoxicity effect with the nanoparticles themselves at this 

concentration (likely caused by free aldehydes47) not observed when the SNPs were 

encapsulated in the nanoassemblies. As such, while the DOX-loaded SNP-CHO and 
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DOX-loaded nanoassemblies showed similar potential for tumor suppression, the lack of 

toxicity achieved with the unloaded nanoassembly suggests it is safer than SNP-CHO 

alone as a delivery vehicle. The mass of BALB/c mice (compared to starting masses) 

minimally deviated below the initial mass in all DOX-loaded groups (Figure 3.6C), 

indicating no significant systemic toxicity to mice. The low systemic toxicity is further 

exemplified by none of the mice naturally reaching their terminal endpoint over the 21-

day study period or exhibiting behavioral scores requiring euthanasia. However, several 

mice reached a humane endpoint (i.e. tumor length of Ó17 mm in one dimension for a 25 

g mouse) over time, with the corresponding sacrifice curve shown in Supporting 

Information Figure S3.6. Consistent with the corresponding tumor size data, all saline or 

DOX-free nanoassemblies-treated mice met humane endpoints over the 21 day study 

period while all but one DOX@SNP-CHO or DOX@Nanoassemblies-treated mouse 

reached the end of the study without meeting a humane endpoint criterion. This result 

further suggests the safety and tumor treating efficacy of the SNP-based delivery vehicles. 
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Figure 3.6: In vivo tumor treatment in BALB/c mouse CT26 tumor models. (A) 

Tumor volume (normalized to the initial tumor volume) of BALB/c mice tracked over 

time for each treatment group (n = 4-5, depending on number of tumors successfully 

grown). Arrows indicate injection days; (B) Relative tumor volumes for each group 

shown in (A) after 21 days showing the measured tumor volumes of each individual 

mouse tested; (C) Body mass (normalized to initial body mass at day 0) of all treated 

mice over time (n = 4-5) the dotted line represents a ratio of 1 indicative of no mass 

change. Arrows indicate injection days; (D) Representative images of the final tumors 

after 21 days in each group. Averages ± SD plotted, * p < 0.05 

 

Histology was used to assess the tissue responses of both blank (unloaded) 

nanomaterials and DOX-loaded nanomaterials in vivo. Both activated caspase 3 (which 
























































































































































