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Abstract 

Inflammation is a normal protective biological response mediated by a variety of pathways, 

many of which involve reactive oxygen species (ROS). ROS contribute to the progression of 

inflammation either by their involvement in inflammatory signaling, or via the oxidative stress 

they produce when present in elevated levels. As a prospective therapy for ROS and 

inflammation reduction, a novel ROS-sensitive and ROS-scavenging nanoparticle (NP) system 

was developed in this project. To this end, a library of biomaterials was synthesized, 

characterized, and assessed for their potential in forming ROS-sensitive boronic ester bonds. NP 

systems were assembled using these synthesized polymers and 1 of 3 ROS-scavengers: tannic 

acid (TA), gallic acid (GA) and epigallocatechin gallate (EG). The NPs demonstrated ROS-

dependent properties in solution and in vitro. Additionally, they exhibited good cellular uptake 

and low cytotoxicity. Thus, we have obtained an optimized system which successfully activates 

in high ROS conditions, reduces ROS levels in inflammatory conditions, and exhibits potential 

for inflammation reduction. 
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1. Introduction 

1.1. Inflammation 

Inflammation is a normal protective biological response initiated by the immune system 

to restore homeostasis following aversive physical, chemical or infectious events1. The acute 

inflammatory response is comprised of a vast array of pathways activated during an immune 

response2. These pathways recruit effectors responsible for resolving the issue at hand. Once the 

issue resolved, the upregulated pathways are typically attenuated, thus ending the inflammatory 

response3. In certain conditions, the acute inflammatory response may be activated 

unnecessarily, sustained despite resolution of the issue or may be unable to resolve the issue 

successfully, leading to its continuous activation4. In such cases, the uncontrolled inflammatory 

response may become chronic, causing detrimental outcomes as seen in chronic inflammatory 

disease cases2. 

1.2. Chronic inflammatory diseases (CID) 

1.2.1. CIDs and prevalence 

Chronic inflammatory diseases encompass a large variety of disease conditions, including 

diabetes, cardiovascular diseases (CVDs) (such as atherosclerosis), neurodegenerative diseases 

(such as Alzheimer’s disease), arthritis and chronic kidney diseases amongst many others3,4. In 

addition to their high variety, the prevalence of such diseases is notable. Indeed, in 2021, an 

estimated 10.5% of the world’s population was living with diabetes with a predicted rise to 

11.3% by 20305. As for Alzheimer’s disease (AD) it is believed to affect 22% of people over 50 

years of age globally, whereas rheumatoid arthritis was estimated to affect 17.6 million people 

worldwide in 2020 with a projected to increase to 31.7 million by 20506,7. Thus, CIDs affect a 

great number of individuals directly and indirectly in addition to posing a heavy burden on the 

healthcare system and economy.  
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Not only are CIDs prevalent, but they are also very deadly. The World Health 

Organization (WHO) considers noncommunicable diseases, diseases which aren’t transmitted 

from one individual to another, many of which are CIDs, as one of the highest threats to global 

health in 2019. Indeed, over 50% of all deaths may be linked back to inflammation-related 

diseases3,8.  

Certain risk factors for the development of CIDs have been identified including age, 

obesity, diet and genetics4,9. Some sources even suggest that the high prevalence of CIDs may be 

linked to urbanization and the reduced exposure to pathogens in infancy9. This evolutionary 

medicine point of view claims that this reduced exposure may result in an overly sensitive and 

thus overly aggressive immune response later in life, causing CIDs9.  

1.2.2. Current treatments for CIDs 

Currently, treatments options for patients with CIDs remain limited. Possible avenues 

include dietary changes, implementation of physical exercise and the use of anti-inflammatory or 

disease specific drugs. Dietary recommendations for CIDs patients include reducing the intake of 

foods with high glycemic indexes as they are related to higher risks of cardiovascular diseases 

(CVD) and diabetes, as well as reducing total fat intake with a focus on reduction of saturated 

and trans fat which aggravate inflammation4. Dietary changes also focus on increasing the intake 

of fruits, vegetables and some teas high in antioxidants and polyphenols, thus offering protection 

against inflammation. Incorporating micronutrients which are known for their anti-inflammatory 

properties, such as magnesium and vitamin D, or for their antioxidant properties, such as vitamin 

E, zinc and selenium, may also be beneficial 4.   

As for prescribed medications, they vary a lot depending on the specific disease condition. 

They mainly include drugs such as metformin for diabetes, statins for CVDs and corticosteroids 
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or non-steroidal anti-inflammatory drugs (NSAIDs) for arthritis4. Unfortunately, currently 

available treatments for CIDs are insufficient. Notably, only a minority of rheumatoid arthritis 

patients reach a sustained clinical remission10. Reasons explaining why most anti-inflammatory 

drugs used for CIDs prove to be insufficient include the large doses required, their systemic 

distribution, possible toxicity, the focus of some medication on symptom relief rather than 

addressing disease cause, the variety of cytokines involved in inflammatory pathways and the 

complexity of their downstream effects as well as the complexity of the disease-specific 

pathology10,11. Thus, the development of novel therapies for CIDs remains a strong topic of 

interest11. 

1.3. Reactive oxygen species (ROS) 

1.3.1. What are ROS? 

Reactive oxygen species (ROS) are highly reactive, oxygen-containing molecules often 

involved as signaling molecules in crucial cellular processes such as inflammation, cellular 

proliferation and cellular differentiation12. ROS include molecules such as the superoxide anion, 

the hydroxyl radical and hydrogen peroxide (H2O2) all of which are free radicals or free radical 

precursors making them very reactive12. Indeed, free radicals are characterized by the presence 

of unpaired electrons which may negatively interact with cellular components to stabilize 

themselves, causing damages as seen in certain pathological conditions such as chronic 

inflammatory diseases13,14. In healthy individuals, ROS levels are typically kept within a 

homeostatic range by endogenous antioxidants and enzyme systems to limit their damaging 

effects and enable them to maintain their intended physiological function15. Thus, the link 

between ROS and inflammation is dual; ROS is involved in signaling within the inflammatory 

cascade, but it may also be a source of oxidative stress, thus involving it in both physiological 

and pathological conditions16,17. 
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1.3.2. Oxidative stress 

In disease conditions, either through ROS overproduction or reduced antioxidant defense, 

a redox imbalance may occur in which ROS levels surpass their regulation capacity, this is 

known as oxidative stress17. In such instances, ROS are more likely to negatively interact and 

damage various macromolecules such as lipids, proteins and DNA leading to tissue damage and 

persisting inflammation14. When reacting with these macromolecules, ROS are successfully able 

to stabilize themselves but in turn create a novel radical species which will itself negatively 

interact with other macromolecules. This step of the radical chain reaction, known as 

propagation, can create substantial damage13. Without restauration of a sufficient antioxidant 

defence, termination of the chain doesn’t occur, and thus free radical propagation and damages 

persist, resulting in inflammation14. 

1.3.3. Oxidative damage to macromolecules 

When ROS interact with nucleic acids, they may interact with a nucleotide’s base or 

sugar component (ribose or deoxyribose)18. The most common ROS-induced nucleic acid 

damage is the oxidation of a guanine nucleotide by a hydroxyl radical to 8-oxoguanine, a 

biomarker for ROS-induced DNA damage18–21. In DNA, the presence of 8-oxoguanine may lead 

to a transversion mutation, ultimately leading to a double stranded break post DNA replication22. 

Single-strand and double-strand DNA breaks may also result from ROS interaction with 

deoxyribose components18. These breaks, if not repaired correctly, may lead to mutations, cell 

death and even carcinogenesis18. In RNA, oxidative damage may interfere with protein 

production and the function of noncoding RNAs19.  

In the case of its interaction with lipids, ROS, mainly the hydroxyl radical, may lead to 

lipid peroxidation. This process is characterized by the oxidation of unsaturated lipid chains 

which, when occurring at the cell membrane, can alter membrane integrity, fluidity and may 
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even induce cell death18. In addition, lipid peroxidation byproducts, such as malondialdehyde 

(MDA) may be harmful due to their toxicity and mutagenic tendencies18.  

As for their interactions with proteins, ROS-induced damages include amino acid 

oxidation and cleavage of certain peptide bonds which can impede correct protein folding18,22. 

This may lead to protein aggregation or prevent the correct function of their catalytic sites18. As 

proteins are crucial actors of cellular pathways, notably as receptors and enzymes, this can have 

immense impact on cell function and well-being. Degradation of oxidized proteins is possible by 

proteasomal and lysosomal function, but these typical protein degradation mechanisms are 

incapable of degrading protein aggregates, leading to enhanced protein aggregation23.  

1.3.4. Sources of ROS production 

Given the high oxidative and damaging potential of ROS, it is interesting to delve into the 

conditions surrounding its production. Energy production in eukaryotic cells mainly occurs 

thanks to the mitochondria’s role in cellular respiration. As an aerobic process, cellular 

respiration requires oxygen as the final electron acceptor of the electron transport chain (ETC). 

Oxidative phosphorylation requires NADH and FADH2 electron carriers to undergo oxidation 

and donate their electrons at various points for transport through the ETC’s coenzyme Q, 

cytochrome C and 4 complexes embedded within the inner mitochondrial membrane. As they 

progress through the chain, electrons may leak from the complexes and associate with oxygen 

molecules leading to the formation of superoxide anions24. Complexes I, II and III of the ETC all 

leak electrons towards the mitochondrial matrix whereas complex III also leaks electrons in the 

intermembrane space (IMS). Within the ETC, complex III is regarded as the main site for ROS 

production as it is the site of ubisemiquinone production, a radical intermediate of coenzyme Q24. 

This compound’s autooxidation potential renders it capable of reducing oxygen molecules to 
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superoxide anions. Alongside complex III, complex I is regarded as a significant ROS 

production site whereas complex II, while still a debated topic, is typically disregarded as a 

significant contributor to ROS levels partly due to its function as a succinate electron acceptor 

and the fact that succinate levels are usually low in tissues25,26. Overall, through this electron 

leakage phenomenon, the mitochondria is responsible for producing approximately 90% of 

cellular ROS, making it the main ROS producer in the cell (Figure 1)24. 

After the mitochondrial ETC, NADPH oxidase (NOX) enzymes are the next most 

significant contributors to cellular ROS levels as their main function consists of controlled ROS 

production27. The NOX enzyme family consists of 7 different enzymes, all of which are 

transmembrane proteins27,28. Depending on the cell type and specific enzyme, NOX may be 

found in the plasma, mitochondrial and nuclear membranes as well as in the endoplasmic 

reticulum, lipid rafts and focal adhesions27. NOX generate ROS via the transfer of electrons from 

NADPH to molecular oxygen thus reducing it and yielding either the superoxide anion or 

H2O2
27. The ROS produced by NOX are typically involved in cellular signaling pathways such 

as cell proliferation or differentiation or may be used for oxidative bursts in certain cell types27. 

Cells also possess other potential ROS producers such as xanthine oxidase (XO), cytochrome 

p450, myeloperoxidase (MPO), cyclooxygenases (COXs), nitric oxide synthase (NOS) and 

transition metals amongst others, all of which contribute to total ROS levels at a much lesser 

extent27,29. 

The presence of ROS may also stem from exogenous factors. Notably, certain sources, 

such as cigarette smoke, contain oxidizing molecules themselves which may lead to oxidative 

stress once inside the body. In other cases, sources such as radiation, cancer chemotherapy, food, 
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alcohol and drugs may cause the formation of ROS or induce it’s production by the cells 

themselves29. 

1.3.5. Methods of ROS regulation 

In the mitochondria, the superoxide anions produced from the ETC’s electron leakage 

will be found mostly in the mitochondrial matrix but also in the IMS15. As they cannot cross the 

inner mitochondrial membrane due to their negative charge, superoxide anions from the 

mitochondrial matrix will undergo a conversion to H2O2 by the superoxide dismutase 2 

(SOD2)16,18. This H2O2 may then undergo one of two fates: diffusion to the cytosol through the 

mitochondrial membranes or conversion to water by glutathione peroxidases (GPX) or 

peroxiredoxins (PRX)15,30. Mitochondrial matrix H2O2 may also use aquaporins on the inner 

mitochondrial membrane to reach the IMS before diffusing to the cytosol16,30. The IMS 

superoxide anions from complex III can diffuse to the cytosol via voltage-dependent anion 

channels (VDAC) where it can be converted to H2O2 this time by the superoxide dismutase 1 

(SOD1)15. Cytosolic superoxide anions produced by NOX will be converted to H2O2 by SOD1 as 

well. The cytosolic H2O2 from the various mitochondrial compartments may then be used for 

redox signaling and pathway activation or be converted to water by cytosolic GPXs or PRXs 

(Figure 1)15. This H2O2 may also be converted to HOCl by myeloperoxidases (MPO) or to 

hydroxide radicals via Fenton’s reaction which involves the Fe2+ cation16.  
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Figure 1. Schematic of cellular ROS production and regulation. Cellular ROS production 

occurs in the cytoplasm mainly due to the NOX enzyme and is eliminated by SOD1, GPX and 

PRX. In the mitochondria, ROS such as the superoxide anion are mainly produced by the 

electron transport chain’s complex I in the matrix and complex III in the matrix and 

intermembrane space (IMS). Mitochondrial matrix superoxide anion can be converted to 

hydrogen peroxide by SOD2. This hydrogen peroxide can either diffuse to the cytosol or be 

converted to water by PRX and GPX. IMS superoxide anion can diffuse through the cytosol via 

voltage-dependent anion channels (VDAC) where it can undergo similar processes to the 

mitochondrial superoxide anion. (NOX: NADPH oxidase, SOD1: superoxide dismutase 1, 

SOD2: superoxide dismutase 2, PRX: peroxiredoxin, GPX: glutathione peroxidase). 

 

The cellular ROS regulation process also involves various non-enzymatic antioxidants, 

such as glutathione and vitamins. Glutathione can be found in either its reduced (GSH) or 

oxidized (GSSG) forms. In typical healthy cells, GSH prevails and can be converted to GSSG 

following its oxidation, notably by H2O2
31. This leads to the production of H2O and O2 from 

H2O2, thus reducing ROS levels20. This GSH/GSSG ratio is oftentimes used as a marker of 

oxidative stress where the lower the ratio, the more GSH is being oxidized to GSSG by ROS, 

and thus the higher the oxidative stress is in the cell32. In addition, GSH serves as a cofactor for 

the function of antioxidant enzymes such as GPX20. 
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Other major contributors to non-enzymatic ROS regulation are vitamins. Vitamin E can 

scavenge ROS by donating hydrogens, thus interrupting lipid peroxidation. Similarly to vitamin 

E, vitamin C can prevent lipid peroxidation, reduce radicals directly and regenerate vitamin E 

and other antioxidants20.  

Dietary polyphenols such as flavonoids, phenolic acids, tannins and diferuloylmethane 

(the class to which belongs curcumin) may also serve as antioxidants, which is why some dietary 

recommendations for CIDs include foods high in polyphenols33,34. Despite this, the concentration 

of polyphenols in systemic circulation is low as they are readily metabolised35. Thus, some 

believe their low levels prevent them from having significant antioxidant effects and maintain 

that raising their levels to a threshold where they would exert an effect might actually be 

harmful35,36. 

1.3.6. ROS signaling and physiological roles  

Although they may be a cause for oxidative stress and cellular damage, ROS’ 

contribution to inflammation goes beyond their intrinsic damaging potential; ROS affect actors 

of key inflammatory pathways and thus induce inflammation37. Notably, ROS has targets in the 

NF-kB, MAPK, JAK/STAT and NLRP3 inflammasome signaling pathways and can thus induce 

inflammation via these routes37,38. Their effect on these pathways doesn’t solely increase the cell 

expression of certain cytokines and chemokines but may also drive certain cellular phenomena to 

occur. Notably, NF-kB and MAPK activation can drive cell polarization, activation of the 

NLRP3 can induce pyroptosis and JAK/STAT activation can cause differentiation and apoptosis 

in certain cell types. Additionally, these pathways induce the expression mainly of pro-

inflammatory molecules including TNF-α, IL-1β, IL-6, IL-8, IL-12, IL-18 and COX237. 

However, certain pathways may also induce the expression of anti-inflammatory cytokines IL-10 
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and IFN- β, likely in an attempt to resolve inflammation and thus reinstate a homeostatic, non-

inflammatory state within the cells39. 

In phagocytic immune cells such as macrophages, ROS production may serve functions 

beyond redox signaling known as respiratory bursts. Respiratory bursts are a defense mechanism 

of the innate immune system which help phagocytic cells kill pathogens15,40. When pathogens 

interact with surface molecules on phagocytic cells, this triggers a signaling cascade, leading 

notably to the strong activation of NOX enzymes during phagocytosis and thus a large ROS 

production29,40. The ROS produced will then be released by the cells into either the phagosomes 

or extracellular space to help degrade pathogens such as bacteria29. 

1.3.7. ROS involvement in chronic inflammatory diseases 

As described, ROS’ implication in inflammation is dual; it causes inflammation via 

damages caused by the oxidative stress it generates but also via the direct activation of 

inflammatory signaling pathways. In cases of redox imbalance, that is when ROS levels surpass 

the antioxidant capacity, ROS levels become abnormally elevated thus exacerbating these 

effects. Indeed, because of its role in signaling pathways, abnormally elevated ROS levels may 

activate inflammatory pathways in a dysregulated manner, leading to disease conditions37. 

Diseases related to the dysregulation of NF-kB, MAPK, JAK/STAT and NLRP3 inflammasome 

include CIDs such as Alzheimer’s disease, arthritis and atherosclerosis37,38. This corroborates the 

characteristic redox imbalance states and increased serum ROS levels observed in CID and ROS-

mediated disease patients41–43.  
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1.3.8. Current research on ROS-regulating strategies  

As the link between ROS and inflammation, particularly in the case of redox imbalances 

and CIDs, is well established, there have been studies conducted on the development of ROS-

reducing strategies to alleviate CIDs. Notably, ROS-scavenging biomaterials, referring to 

biomaterials capable of ROS reduction, have been developed either in the form of enzymes that 

mimic or enhance endogenous ROS-reducing enzymatic functions, biomaterials that reduce 

produced ROS and biomaterials that reduce ROS production37. Within the realm of ROS-

scavenging strategies for already produced ROS, numerous potential candidates are being 

assessed. Despite this, no such ROS-mediated system is currently approved for therapeutic use, 

attesting to the need for further research to be conducted on this topic. Indeed, when considering 

the broad therapeutic potential and the various customizable parameters of such systems, it is 

clear that more work is needed and that a lot of discoveries are left to be made. 

1.4. Nanoparticles (NPs) 

1.4.1. What are NPs? 

As mentioned, we seek to create nanoparticles (NP) as a therapeutic avenue for the 

control of ROS and inflammation. NPs are small particles in the nanoscale size range (from 1nm 

to 100nm in diameter) with a wide array of different uses44. Their small size allows them to 

exhibit different physical and chemical properties than materials of bigger size, making them 

interesting to explore notably for electronic, agricultural, medical and pharmaceutical 

industries44. In the biomedical field, NPs are commonly used as drug delivery tools. These 

particles can be made from different materials including polymers and lipids according to their 

intended function. The use of NPs as drug delivery vehicles confers a variety of advantages 

including enhanced drug bioavailability, avenues for targeted drug delivery and potential for 

controlled drug release45,46. 
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1.4.2. Common types of NP compositions and structures 

NPs typically possess certain characteristic structural components including a core, the 

innermost part of the system, a shell layer which delineates the core, and a surface layer which 

coats the NPs44. By varying what makes up these structural components, NP properties can be 

adjusted to favour certain abilities and accomplish certain functions. For example, depending on 

the NP type, the core can be made either hydrophobic or hydrophilic to accommodate drugs of 

interest. Additionally, the NP surface layer can be modified to reduce agglomeration and 

interactions with biological components as well as target NPs to sites of interest47. Drug delivery 

NPs can be categorized based on their composition where 2 main NP types prevail: lipid-based 

NPs (LNPs) and polymeric NPs (PNPs). Although both are great delivery tools, the exact 

purpose and intended outcome expected can help determine which system should be used. 

One common type of LNPs used are liposomes. Liposomes possess a phospholipid 

bilayer structures, thus resembling the cell membrane. Not only does this structure render them 

biocompatible, but it also enables them to easily cross the cell membrane to deliver their payload 

inside cells48. This structure also allows for versatile payload options as hydrophobic drugs can 

be encapsulated within the hydrophobic bilayer whereas hydrophilic drugs can be encapsulated 

within the NP core48,49. Unfortunately, liposomes present certain concerns, notably regarding 

their stability and upscaling of their production49. Stability is crucial for drug delivery systems as 

without stability, drugs may leak from the system or the system may degrade prematurely, 

defying the purpose of its use. In addition, when exploring the translational potential of a novel 

therapeutic, it is important to consider how to scale up its production. In the case of liposomes, 

elements such as access to high amounts of quality lipids, reproducibility, liposome sterilization 

and equipment availability become challenging. Some of these challenges even apply to all LNPs 

in general, making their use more difficult. As promising solutions are currently being explored 
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to remedy these challenges and given their good properties and vast potential, LNPs remain very 

useful tools to explore for drug delivery. 

In contrast, PNPs are made from polymers rather than lipids, but remain biocompatible. 

Types of PNPs include nanocapsules in which the core is a cavity surrounded by the NP shell 

and surface molecules and nanospheres where the core is composed of a polymeric matrix50. The 

use of polymers makes these NPs more stable than liposomes and their structure allows for better 

customizability of the system48. Indeed, PNPs are a better choice for systems focusing on 

controlled drug release and requiring surface modifications48. In addition, as is the case with 

liposomes, polymeric NPs can encapsulate both hydrophobic and hydrophilic drugs depending 

on the polymer used and its properties. According to the system’s intended function, drugs can 

be either within the PNP or on its surface, bound to the polymer or encapsulated in the core50. In 

addition, PNP formulations are simple and protocols for their fabrication are easy to reproduce, 

thus reducing batch to batch variability48,50. Unfortunately, the high molecular weight of the 

polymers used as well as their structure which differs from typical endogenous structures make 

PNPs more likely to induce immune responses. In addition, PNPs may exhibit a lower drug 

encapsulation efficiency48. 

1.4.3. Advantages of NPs for drug delivery 

An important part of a drug’s therapeutic efficacy depends on its ability to reach its site 

of action. NP properties can contribute to this end in multiple ways. Firstly, NPs can 

accommodate drugs that have more difficult properties to work with in biological models. They 

can notably help stabilize less stable drugs and prevent therapeutics such as nucleic acid or 

protein-based treatments from premature degradation50,51. They can also solubilize insoluble 

drugs for their delivery50. Indeed, NPs containing hydrophilic surface molecules may also 
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possess hydrophobic sections in their structure enabling them to carry an otherwise insoluble 

drug load. By changing the characteristics to be considered for the delivery of a particular drug, 

the use of NPs also enables compounds to cross certain biological barriers, such as cellular, 

mitochondrial and nuclear membranes, that they otherwise would be unable to cross50,52. In 

addition, these modification in properties can provide more flexibility in the modes of 

administration of certain treatments50. 

From a systemic point of view, NPs can protect drugs in a way that increases their 

bioavailability and systemic circulation time, thus allowing for a better proportion of drugs 

reaching their site of action45,50. In addition, NPs can help protect drugs to ensure they reach 

diseased sites in therapeutically relevant concentrations46. They can also ensure the concentration 

of multiple drugs at a disease site corresponds to the optimal synergistic ratios by encapsulating 

multiple drugs in a single system and thus delivering drugs at that optimal ratio. NPs can also 

help reduce toxicity and side effects linked to the use of high drug concentrations as by 

protecting the drugs, a lower initial dosage can lead to the same amount of drug reaching the site 

of interest and thus the same therapeutic effects46.  

The types of NPs and variety of materials that can be used makes NPs very adjustable to 

implement desired properties to the system. For example, modifications to a NP’s surface can 

enable it to target certain organs, tissues, cell types or intracellular sites of interest50,53. Not only 

does this reduce a drug’s off-target effects and toxicity, but it also makes them more efficient by 

increasing the probability they reach the desired target54. Drug release using NPs can also be 

controlled to create selectively activated systems, once again optimizing a drugs concentration at 

the site of interest and reducing possible toxicity. In addition, controlling a NPs biodegradability 

rate may also enable a slower drug release, increasing patient outcome. Indeed, slower release 
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rates may translate to lower dosage and reduced frequency of re-administration46. Thus, NPs 

have great drug delivery potential which, alongside the use of effective drugs, can revolutionize 

their therapeutic efficacy.  

1.4.4. NP systemic circulation 

NP treatments may be administered via a multitude of routes according to their properties 

and site of action. The choice of administration route comes with important considerations as not 

only will the NP affect the body, but the body will affect the NP as well. Intravenous injections 

are one of the main administration routes employed for NP treatments. Intravenous injections are 

favored as they are a simple and accessible administration route. This route allows for a systemic 

drug distribution and ensures a high concentration of circulating drug without them having to 

withstand treacherous environments such as the digestive system55.  

NP development must consider how NPs interact with the body in the context of a systemic 

distribution. For example, as the NPs circulate, they are coated by neighboring proteins, leading 

to the formation of a protein corona around the system56. This protein corona’s composition 

depends on the NP’s properties and may affect how NPs behave in the body57. Notably, they may 

hinder NP targeting abilities, promote NP opsonization, cause immune responses and modify the 

likelihood of cellular uptake either positively or negatively57–59. In addition, NP properties such 

as size are important to protect NPs against certain biological outcomes. For example, NPs below 

5nm-10nm in size are likely to be rapidly excreted by the kidneys due to the size of the 

glomerular pores involved in blood filtration60,61. However, NPs above 200nm in size may 

activate the immune system. In addition, numerous studies find 50nm NP sizes to give good 

results in terms of cellular uptake and drug delivery, thus, NP sizes between 50-200nm are 

usually preferred50. 
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In order to exit the systemic circulation and reach their intended location, NPs take advantage 

of the effect of disease on endothelial vascular walls. Disease conditions such as inflammation 

and cancer can increase levels of inflammatory markers leading to abnormally large gaps in the 

vascular wall. NPs can thus exit through these gaps reaching the extracellular matrix through 

which they travel until they reach their cellular target62.   

1.4.5. NP cellular uptake  

Once they reach cells, NPs can be taken up via various processes. NP cellular uptake 

begins at its interaction with the cell membrane which may differ according to the cell type as 

well as the composition of the protein corona and the properties of the NP such as size, shape 

and surface charge50,63. In addition, characteristics of the cell membrane are dynamic as 

membrane fluidity and the distribution of proteins and lipid rafts is variable. Thus, the mode of 

NP entry depends on the location of the interaction on the membrane as well as the cell’s state at 

the time of interaction50.  

The main route of cellular uptake is endocytosis (both phagocytosis and pinocytosis) 

where the cellular membrane engulfs the NPs for their internalization. This results in the 

formation of intracellular vesicles carrying the NPs. Phagocytosis is usually performed by 

phagocytic cells and requires the opsonization of the substrate taken up, therefore opsonins must 

be present on the protein corona to allow NP uptake via this route. Typically, the phagocytic 

process can take from 30 minutes to several hours and is favorable for the uptake of bigger 

NPs63. 

Multiple types of pinocytosis exist, all of which can enable NP internalization in cells. 

When the interaction between NP and cell occurs on membrane sites high in clathrin, clathrin-

mediated endocytosis is favored. In this process, specific proteins are recruited to the interaction 
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site for formation of clathrin-coated vesicles between 100-150nm in size containing the 

internalized NPs63. As for caveolae-mediated NP entry, it occurs when NPs interact with 

caveolae, a type of cell membrane invagination ranging from 50-80nm in size. These caveolae 

are lined with caveolin proteins which recruit actors permitting NP internalization in vesicles63. 

For both clathrin and caveolae-mediated NP entry routes, the NP-loaded vesicles fuse with early 

endosomes64. Thus, NPs must either be made to escape endosomes or survive the acidification of 

endosomes and the lysosomal enzymes involved in lysosomal degradation63. Forms of NP 

endosomal escape techniques include using complex nanoparticle structures or pH-dependent 

mechanisms of endosomal membrane disruption50.   

Other forms of pinocytosis include clathrin/caveolae-independent endocytosis and 

macropinocytosis. The clathrin/caveolae-independent process occurs in cells that contain neither 

of these surface proteins and is the route of choice for folate-coated NPs and their delivery to the 

cytoplasm 63. As for macropinocytosis, it entails the formation of membrane projections folding 

back onto the cell thus forming vesicles between 200nm-5000nm in size non-selectively 

containing all types of particles present in the extracellular space. Thanks to the large size of the 

vesicles formed, macropinocytosis is regarded as an important entry route for NPs too large for 

other pinocytic pathways63. 

Although NP uptake is a major step of their success in drug delivery, many NPs must still 

reach and surpass other intracellular biological barriers, such as the mitochondria or the nucleus, 

to have their intended effect.50 It is thus important for these barrier-crossing NPs’ properties to 

remain intact after the cellular uptake process. 
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1.5. Concept and structure of the NP system created 

1.5.1. Rationale for the development of the NPs 

To explore novel avenues for anti-inflammatory therapies, we opted for the development 

of a NP system possessing intrinsic ROS mediated properties. As many cellular processes and 

CIDs involve ROS, the development of a NP system capable of ROS-dependant activation 

(ROS-sensitivity) and ROS reduction (ROS-scavenging) is promising for the treatment of 

multiple disease conditions. To achieve this, polymeric NPs were used as they allow us to 

harness the NP’s structure itself for a controlled therapeutic effect. As our goal focuses on the 

development of the NP system itself, it allows for the establishment of foundations to build upon 

for the development of efficient and tailored systems against specific cellular processes and 

disease conditions.  

In relation to currently conducted studies on the topic, our system specifically aims at 

reaching a reduction of ROS levels back down to a homeostatic range, hence the different 

scavenging molecules employed. Additionally, many of the system’s components were 

specifically synthesized to be tailored to our system and its intended use. Thus, their joint use 

creates a unique combination and a unique type of system. The need for novel ROS-regulation 

systems is clear as no currently available therapies use this ROS-reduction angle to alleviate 

inflammation, thus justifying the creation of our novel, unique system. Additionally, the vast 

potential for drug encapsulation within the system, which is unique in itself thanks to the 

particular properties of our synthesized biomaterials, enables an even broader scope of 

possibilities to tailor our system and render it more unique. Thus, the work we have set out to do 

is much needed in the field and will allows for the formation of a novel and potentially more 

efficient ROS-modulated NP system. 
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1.5.2. Essential properties for the function of our NPs 

To create a system that works as intended, the NPs structure was designed to possess two 

key properties: ROS-sensitivity and ROS-scavenging (Figure 2). ROS-sensitivity refers to our 

NP’s ability to disassemble in high ROS conditions. This occurs thanks to the presence of 

boronic ester bonds that will form within the NP system. In contrast, ROS-scavenging refers to 

the NP’s ability to reduce ROS levels via the ROS-scavenger released during disassembly.  

Figure 2. ROS-dependent NP properties. The NP structure should enable the system to have 2 

ROS-dependent properties. ROS-sensitivity refers to the system’s ability to break apart in high 

ROS conditions whereas ROS-scavenging refers to the released ROS-scavenger’s ability to 

reduce ROS levels by stabilizing their unpaired electron (red circle), thus rendering them no 

longer reactive nor damaging. 

 

1.5.3. NP structural components 

1.5.3.1. ROS-scavengers 

 

One of the main components of the system are the ROS-scavengers. ROS-scavengers can 

scavenger ROS by stabilizing free radicals, thus rendering them less reactive. These molecules 

are involved in both the ROS-sensitivity and ROS-scavenging aspects of the system. Therefore, 

varying which ROS-scavenger is used and eventually combining different ROS-scavengers will 

enable us to modulate the amount of boronic ester bonds formed and the ROS threshold needed 

to disassemble the system. We will thus be able to fine-tune the system for activation only in 

sites of abnormally elevated ROS levels and reduce these levels back down to a homeostatic 
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range. This way, we can ensure cellular ROS isn’t completely depleted, allowing maintenance of 

non disease-related ROS effects. For this project, 3 ROS-scavengers of interest were selected 

based on their boronic ester bond formation potential and ROS-scavenging potential. These 

scavengers are tannic acid (TA), epigallocatechin gallate (EG) and gallic acid (GA) (Figure 3).  

Our first scavenger of interest, TA, is a part of the tannin class of polyphenols, known for 

their high molecular weights33,65. It is a natural antioxidant found notably in red wine or tea and 

often used for leather coating, adhesives and pharmaceutical functions. As it is widely naturally 

present, TA is not expensive and thus advantageous to use. In addition, TA’s structure possesses 

10 hydroxyphenol (or galloyl) groups, making it the biggest of our ROS-scavengers of interest. 

Each group is capable of ROS-sensitive bond formation and ROS-scavenging. Thanks to these 

groups, it is very soluble in water, as well as biodegradable and biocompatible, important 

characteristics to ensure it can accomplish its function well once released from the NP system. 

Thus far, TA has been extensively researched for the development of various therapies, notably 

for hydrogel formation66. 

As for EG, it belongs to the flavonoids class of polyphenols and is a natural compound 

highly present in green tea33,67. When assessing the ROS-scavenging potential of various 

catechins, a study showed EG caused the highest free radical scavenging, attributable to its 

higher amount of hydroxyphenol groups than its catechin counterparts67. Despite it’s potential 

for cancer treatments, EG is difficult to use as a cancer therapeutic as the acidic environment of 

tumor cells reduce its stability and impede its beneficial properties. In addition, EG shows low 

bioavailability and biodistribution and can thus not reach the sites of interest in sufficient 

amounts, a difficulty accentuated by its rapid metabolism. For these reasons, the development of 
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lipid nanocarriers for EG delivery is actively researched but polymeric NPs such as our own may 

also be able to help manage these difficult EG properties, increasing its usability68. 

Lastly, GA is a polyphenol part of the phenolic acids class of polyphenols33. It is known 

for its antioxidant properties and is naturally present in various fruits and medicinal plants69. It is 

the smallest of our ROS-scavengers of interest, possessing a single hydroxyphenol group. 

Despite this, it has been shown to be an efficient ROS-scavenger and a promising therapy for 

neurodegenerative diseases and neuroinflammation69,70. Unfortunately, it isn’t used as a 

therapeutic tool as it faces limits due its poor water solubility, poor absorption, poor 

biodistribution and quick elimination69. Thankfully, most of these can be addressed via the use of 

NPs and make GA a great candidate for assessment of ROS and inflammation reduction. 

In addition to their ROS-scavenging abilities, our ROS-scavengers of interest can reduce 

inflammation by acting on other steps of ROS production and inflammatory pathways, thus 

enhancing our NP’s anti-inflammatory properties. Notably, polyphenols may induce the 

production of antioxidant enzymes such as GPX and SOD2 and inhibit the expression of ROS 

producing enzymes such as XO35. Polyphenols may also interfere with ROS mediated pro-

inflammatory cytokines via JNK and NF-kB pathways71,72. Lastly, polyphenols also have the 

potential for complex formation to prevent the production of ROS via the Fenton reaction. 

Indeed, they can notably chelate Fe2+ which slows down the rate of the Fenton reaction35,71. 

1.5.3.2. Polymeric backbone 

The NP’s polymeric backbone is intended to provide structure to the system as well as 

provide the boronic acid functional groups for the formation of the boronic ester bond with the 

ROS-scavenger. Without the bond between the polymer and ROS-scavenger, the system would 

not hold together and thus the NPs would not assemble in the intended manner. 
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1.5.3.3. Surface molecules 

The base NP system is coated with a PLGA-PEG copolymer, often used in the 

nanomedicine field. As a means to explore mitochondrial targeting, a TPP molecule was 

conjugated to the PLGA-PEG surface molecule. The first component used, poly(lactic-co-

glycolic acid) (PLGA) is an FDA-approved polymer made from lactic acid (LA) and glycolic 

acid (GlA) moieties73. It is commonly used in drug delivery tools as it is soluble in common 

solvents, biocompatible, and its biodegradability allows it to be metabolized and excreted73,74. 

PLGA’s biodegradation is mediated by its hydrolysis for which the rate differs for LA and GlA 

due to their different hydrophobicities. LA’s methyl groups render it more hydrophilic resulting 

in slower hydrolysis than GlA73. Thus, PLGA’s rate of biodegradation is adjustable by 

modifying its LA:GlA content ratio allowing for more control over the NP’s properties and 

degradation74. For our system, modifying the LA:GlA content ratio of our PLGA and its 

degradation time can influence how our NPs respond and interact with H2O2.  

As for the coating of PEG to the system, known as NP PEGylation, it is an FDA-

approved method for enhancing NP properties in the body75. PEG’s structure allows it to be 

flexible and water soluble76. Thanks to these properties, it helps reduce NP aggregation and 

immune recognition76. PEG also alters how NPs interact with biological proteins by causing 

steric hindrance thus reducing opsonization and phagocytosis as well as NP degradation and 

clearance50,63,74–76. Although this leads to an increased circulation time and NP biocompatibility, 

it may hinder, but not completely prevent, cellular uptake and drug release properties50,60,74. Thus 

it is important to ensure such properties are maintained within the intended range when using 

PEG. To do so, it is possible to vary the molecular weight of the PEG molecule used to optimize 

the NP’s desired properties76. As our system is oxidation-sensitive, sufficient PEG protection is 

required to ensure NPs reach the cells before they disassemble and release their ROS-scavenger. 
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The mitochondrial targeting of the system is enabled by the incorporation of 

triphenylphosphonium (TPP) to the system. TPP is a mitochondria targeting agent widely used to 

promote the mitochondrial accumulation of various drugs and probes77. TPP is stable and has 

low reactivity in biological conditions. As a lipophilic and positively charged compound, it can 

cross the mitochondrial membrane thanks to its membrane potential and thus allow accumulation 

of conjugate drugs or NPs within the mitochondrial matrix78. The cell plasma membrane also 

possesses a slight negative membrane potential, therefore TPP may also contribute to NP cellular 

uptake. TPP is simple to synthesize and to conjugate to other compounds making it adaptable to 

different systems and uses. Variations in TPP’s structure such as modifications of the carbon 

chain length can change its lipophilic properties, thus giving us greater abilities to modify the 

system’s properties such as cellular uptake and site of NP accumulation. Its function for NP 

mitochondrial targeting has been previously shown in studies coating both liposomes and 

polymeric NPs with TPP77. In both cases, successful localization to the mitochondria was shown, 

making TPP a good avenue to enhance the mitochondrial localization of our NP system.  
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Figure 3. Structure and concept of the NP system. (A) NP structure. The NP system is 

comprised of a PEG-based surface molecule (red), a polymeric backbone containing a boronic 

acid functional group (green) and a ROS-scavenger (blue). The boronic acid functional group 

and the ROS-scavenger come together to form the ROS-sensitive boronic ester bond. 

Triphenylphosphonium (TPP) surface molecules may be added to the system to enable 

mitochondrial targeting (purple). (B) ROS-scavengers of interest. Tannic acid (TA), gallic acid 

(GA) and epigallocatechin gallate (EG) are the ROS-scavengers studied in this project. They 

each possess different amounts of catechol or hydroxyphenol groups (red) and thus varying 

potential for the formation of ROS-sensitive bonds and ROS-scavenging potential. (C) Selected 

NP formulations. The NPs used for the studies in this project contain the AC2 polymer, one of 

the three ROS-scavengers (TA, EG or GA) and PLGA-PEG-OMe, forming the TANPome, 

EGNPome and GANPome NPs, according to the ROS-scavenger used. For the mitochondria-

targeting NPs, the same formulation was maintained with addition of PLGA-PEG-TPP. 
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1.5.4. Multi-functional approaches 

With the use of this novel NP system exhibiting intrinsic ROS-sensitivity and ROS-

scavenging properties, a certain level of ROS and inflammation reduction can be achieved. Yet, 

as do most other NP systems, our system still possesses its drug delivery potential which is 

currently unexploited. Combination approaches to combatting diseases can thus be explored by 

the encapsulation of anti-inflammatory drugs, disease specific drugs, and various RNA 

therapeutic agents (mRNA, miRNA and siRNA) in our system. Thus, we can achieve a multi-

angle approach to the resolution of disease conditions by targeting different aspects of a same 

pathway, or different pathways of a same disease condition. Not only will our system enable 

delivery of these therapeutics in cells, but it will also enable a controlled, ROS-dependant release 

of the therapeutics, thus only delivering the agents to sites of enhanced inflammation. 

1.6. Research hypothesis and objectives 

We hypothesize that the system developed will successfully demonstrate ROS-sensitivity 

and ROS-scavenging properties. Additionally, we hypothesize that the development of a system 

with such properties will enable us to control inflammation by reducing ROS levels in CID 

cases. Lastly, we hypothesize that the system’s ROS-sensitivity will enable stimuli-responsive 

delivery of therapeutic agents. To begin exploring this hypothesis, 3 main objectives were 

defined: 

Objective 1: Biomaterials - Develop and characterize a library of potential biomaterials to be 

used for ROS-scavenging systems. 

Objective 2: Nanoparticles - Assemble and optimize nanoparticle formulations and assess their 

properties in terms of ROS-sensitivity and ROS-scavenging potential. 
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Objective 3: Inflammation - Assess the nanoparticle system in vitro for its ROS-reduction and 

inflammation-reduction properties. 

2. Materials and Methods 

2.1. Materials: 

 

For chemical synthesis and in solution assays: 

The acetone, ACN and MeOH solvents were purchased from Fisher Chemical (respectively 

Cat#: A18-4, A21-4 and A412-4). DIC and diethyl ether were purchased from Sigma Aldrich 

(Cat#: D125407 and Cat#: 673811 respectively) and DMF and DMAP were purchased from Alfa 

Aesar (respectively Cat#: 43997 and Cat#: A13016). DCM was purchase from ThermoFisher 

Scientific (Cat#: 61005-0040), DMSO from VWR BDH Chemicals (Cat#: BDH1115) and 

ethanol from Greenfield Global (Cat#: P016EAAN). The PLGA-PEG-OMe polymer was bought 

from PolySciTech (Cat#: AK010) and PLGA-Cy5.5 was synthesized as part of a previous 

study79. The TA and GA ROS-scavengers of interest were obtained from Sigma Aldrich (TA 

Cat#: 403040; GA Cat#: 398225) and EG was obtained from Toronto Research Chemicals (EG 

Cat#: TRC-E588500). H2O2 was obtained from BioShop (Cat#: HYP001). For NMR, CDCl3 and 

DMSO-d6 solvents were obtained respectively from Cambridge Isotope Laboratories (Cat#: 

DLM-7-100) and Sigma Aldrich (Cat#: 1.03424.0100). NMR tubes were obtained from Wilmad 

(Cat#: : Z565229).  

For cell culture assays: 

Cell culture assays were performed on RAW264.7 macrophages. Complete media is DMEM 

(Multicell, Cat#: 319-005-CL) supplemented with 10% fetal bovine serum (FBS) (Corning, 

Cat#: 35-077-CV) and 1% penicillin streptomycin L-glutamine (PEN) (Corning, Cat#: 30-009-
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CI). Phenol red-free media used is DMEM (Multicell, Cat#: 319-051-CL). Other cell culture 

reagents used include phosphate buffered saline (Fisher bioreagents, Cat#: BP399-1) and TryplE 

(gibco, Cat#: 12604021). 

 

2.2. Biomaterial synthesis 

2.2.1. Boronic acid polymers: AC2, AC2N and AC2B polymer syntheses 

Poly(isobutylene-alt-maleic anhydride) (424mg, 0.071mmol, Sigma Aldrich, Cat#: 

531278) and 4-(hydroxymethyl)phenylboronic acid (426mg, 40 equivalents, Sigma Aldrich, 

Cat#: 512338) were combined with 5ml of DMSO in a reaction vial. The reaction was left to stir 

at room temperature for 24h yielding the AC2N compound. In another instance, NaOH (1ml, 

0.1M, Sigma Aldrich) was added to the reaction vial after the 24h stirring to yield the AC2 

polymer. Both compounds were purified by dialysis (Mw=1kD, Repligen, Cat#: 132104) in 

water for 48h with frequent water changes. AC2 and AC2N were collected, lyophilized and 

stored at -20oC until needed. To form the AC2B polymer, the AC2 polymer (152.2mg) was 

initially dissolved in DMF (6ml) to which was added DIC (207.4ul, 1.339mmol), 4-

(hydroxymethyl)phenylboronic acid (306.0mg, 2.01mmol, Sigma Aldrich, Cat#: 512338-1G) 

and DMAP (246.3mg, 2.01mmol). The vial was left to stir overnight, and the collected 

compound was dialyzed (Mw=1kD, Repligen, Cat#: 132104) for 48h in water and 24h in 5% 

ACN in Milli-Q water before ensuing lyophilization. For all three compounds, successful 

synthesis was confirmed by proton nuclear magnetic resonance (1H NMR) using the Bruker 

AVANCE II 400 for AC2 (5.5mg in DMSO-d6) and AC2B (0.4mg in DMSO-d6) and the Bruker 

AVANCE III 600 for AC2N (8.5mg in DMSO-d6). The analysis of the NMR spectra was done 

using the MestReNova software. 
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2.2.2. Boronic acid polymers: AC4 polymer synthesis 

Poly(isobutylene-alt-maleic anhydride) (121.4mg, 0.020mmol, Sigma Aldrich, Cat#: 

531278), 4-(hydroxymethyl)phenylboronic acid (31.9mg, 10 equivalents, Sigma Aldrich, Cat#: 

512338) and fluorescein sodium salt (231.1mg, 30 equivalents, Sigma Aldrich, Cat#: F6377) 

were combined in DMSO (4ml) and left to stir for 24h at room temperature. After stirring, the 

AC4 resulting compound was collected. It was then dialysed in Milli-Q water (Mw=1kD, 

Repligen, Cat#: 132104) and freeze dried for 48h. Successful compound synthesis was 

confirmed by 1H NMR in DMSO-d6 using the AVANCE II 400. The NMR spectrum was 

visualized and analyzed using the MestReNova software. 

2.2.3. AC3 polymer synthesis 

Poly(isobutylene-alt-maleic anhydride) (404mg, 0.067mmol, Sigma Aldrich, Cat#: 

531278) was combined to 4-Amino-2,2,6,6-tetramethylpiperidine (429mg, 40 equivalents, Sigma 

Aldrich, Cat#: 115738) in DMSO and left to stir overnight at room temperature. The compound 

was the collected, dialyzed in water for 48h and lyophilized. The product’s structure was 

confirmed by 1H NMR in DMSO-d6 by using the Bruker Avance II 400 and the MestReNova 

software. 

2.2.4. AC5P and AC5 polymer syntheses 

The AC5P polymer was synthesised by combining poly(ethylene glycol)methylether 4-

cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoate (99.8mg, 0.01mmol, Sigma Aldrich, 

Cat#: 753033) with AIBN (1.8mg, 0.01mmol, Sigma Aldrich, Cat#: 441090) and glycidyl 

methacrylate (70ul, 0.513mmol, Sigma Aldrich, Cat#: 779342) in THF (2ml, Sigma Aldrich, 

Cat#: 186562). The vial was put in a nitrogen atmosphere and left to stir in an ice bath for 30 

minutes. Subsequently, the vial was heated up to 70oC and left to stir for 24h. For purification, 

the contents of the vial were transferred to a falcon tube containing excess hexane and 
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centrifuged at 2000rpm for 5 minutes. The supernatant was discarded, and the pellet was 

resuspended in hexane with vortexing before ensuing a second centrifugation. Multiple hexane 

washes were performed before the compound was collected and dried by vacuum overnight. 

Successful compound synthesis was confirmed by 1H NMR in CDCl3 using the Bruker 

AVANCE III 600. This AC5P synthesis protocol was inspired by a similar published synthesis80. 

For the formation of AC5, the AC5P polymer synthesized (93.2mg) was combined with 

4-(hydroxymethyl)phenylboronic acid (40.7mg, Sigma Aldrich, Cat#: 512338) and combined to 

toluene (2ml, Fisher Chemical, Cat#: T3241) and ethanol (5ml). The solution was heated to 70oC 

and left to stir overnight. Purification was conducted similarly to the reference protocol80. 1H 

NMR was conducted in DMSO-d6 using the Bruker AVANCE II 400. The NMRs’ analyses 

were performed using the MestReNova software. 

2.2.5. PEG-BA synthesis 

Formation of the PEG-BA polymer was done by dissolving 3-Carboxyphenylboronic acid 

(30mg, 0.209mmol, Sigma Aldrich, Cat#: 456764) in DMF (1ml) with stirring. DIC (56ul, 

0.362mmol) and, 2-5 minutes later, poly(ethylene glycol) (average Mw=3400, 600mg, 0.176 

mmol, Sigma Aldrich, Cat#: 373001) were added, followed by the addition of DMAP (46.2mg, 

0.378mmol). The reaction mixture was left to react with stirring overnight. The resulting 

compound was dialyzed (Mw=1000) in water for 72h with frequent water changes. The resulting 

PEG-BA product was collected, lyophilized and analyzed by 1H NMR in DMSO-d6 using the 

Bruker AVANCE AVII400 and MestReNova software. 

2.2.6. CMDex-BA synthesis 

The CMDex-BA polymer was synthesized by adding CM-Dextran 4 (105.5mg, 

0.015mmol, TdBLabs, Cat#: CMD4) to a combination of DMSO (2ml) and DMF (2ml. DIC 
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(16.5ul, 0.106mmol) was added to the vial which was left to stir for 5 minutes before addition of 

4-(hydroxymethyl)phenylboronic acid (24.6mg, 0.162mmol, Sigma Aldrich, Cat#: 512338) and 

DMAP (19.2mg, 0.157mmol). The mixture was left to react overnight with stirring. The resulting 

compound was collected and dialyzed in water for 72h with frequent water changes and in 5% 

ACN in water for 24h before proceeding with lyophilization. The dry CMDex-BA compound 

was analyzed by 1H NMR in DMSO-d6 using the Bruker Avance II 400. The MestReNova 

software enabled visualization and analysis of the spectrum obtained. 

2.2.7. PLGA-PEG-OH and PLGA-PEG-TPP polymer syntheses 

The PLGA-PEG-OH polymer was synthesized by initially dissolving PLGA (1300mg, 

0.05mmol, 50:50 LA:GlA) in DCM (7-10ml). Once dissolved, poly(ethylene glycol) (860mg, 

0.19mmol, Sigma Aldrich, Cat#: 373001) and DMAP (26mg, 0.21mmol) were added to the 

mixture. The reaction was left to stir in an ice bath for 30 minutes during which was added DIC 

(29ul, 0.19mmol). The reaction was then removed from the ice bath and left to stir at room 

temperature overnight. The content of the vial was then put on a rotary evaporator to evaporate 

most of the solvent. Fresh DCM (1-3ml) was added to the vial to dissolve the compound and 

MeOH was added (10ml). The vial was placed at -20oC until a precipitate formed from which the 

supernatant was decanted. A second wash was done on the precipitate by adding 1ml of DCM 

followed by 45ml of MeOH and placing the vial at -20oC until precipitate formation. The 

precipitate was decanted once more and the collected precipitate was placed on vacuum 

overnight. The compound was dissolved in CDCl3 and analyzed by 1H NMR using the Bruker 

Avance III 600.  

For the formation of PLGA-PEG-TPP, the synthesized PLGA-PEG-OH (1600mg) was 

dissolved in DCM (7ml). Subsequently, (4-Carboxybutyl)triphenylphosphonium bromide (TPP) 
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(132.5mg, 0.299mmol, Sigma Aldrich, Cat#: 157945) and DMAP (17.95mg, 0.164mmol) were 

added and the reaction was placed in an ice bath for 30 minutes with stirring during which was 

added DIC (45.5ul, 0.294mmol). The reaction was then left to stir overnight at room 

temperature. For the compound’s purification, the solvents were evaporated using a rotary 

evaporator until 4ml was left in the vial. Diethyl ether was added to precipitate the polymer 

followed by 2 minutes of vortexing and a 5-minute centrifugation at 1300rpm. The resulting 

supernatant was decanted and MeOH (4ml) was added followed by diethyl ether (45ml), the 

resulting precipitate was decanted. The precipitate was washed multiple times by dissolving it in 

DCM (2ml), adding MeOH (4ml) and adding diethyl ether (40ml) and placing it at -20oC until 

precipitate formation. The resulting compound was placed on a vacuum overnight and analyzed 

by 1H NMR in CDCl3 using the Bruker AVANCE III 600. For both syntheses, the protocol 

above was inspired by an already published similar synthesis78. The NMR spectra for both 

compounds were analyzed using the MestReNova software. 

2.3. In solution assays: Boronic ester bond formation and ROS-sensitivity  

2.3.1. Boronic ester bond detection by fluorescence  

Solutions of AC2, maleic anhydride polymer (Poly(isobutylene-alt-maleic anhydride), 

Sigma Aldrich, Cat#: 531278) and tannic acid (TA) at a concentration of 0.5mg/ml were made in 

DMSO. A quartz cuvette (Hellma, Cat#: 101-QS) was filled with 1ml of TA solution to which 

was gradually added either AC2, maleic anhydride or DMSO in increments of 200ul until a total 

of 1ml was added. Four controls of 1ml of TA alone, AC2 alone, maleic anhydride polymer 

alone and DMSO alone were also made. The solutions were left to stir for 2 minutes before using 

the spectrophotometer (VARIAN Cary Eclipse) to excite the solution at 380nm and measure the 

resulting fluorescence at wavelengths from 430nm to 700nm. 
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2.3.2. Boronic ester bond detection by 1H NMR 

1H NMR was performed in DMSO-d6 on samples of gallic acid (GA), benzene-1,4-

diboronic acid (diBA) (Sigma Aldrich, Cat#: 417130) and a mix of 1:5 molar ratio of diBA: GA 

to assess for bond formation between the compounds. As for bond breakage, a 1:1 w/w ratio of 

GA and diBA were combined in DMSO-d6 and 10ul of 30% H2O2 was added. The NMR was 

ran about 1 week after the addition of the H2O2. All 4 NMRs were ran using the Bruker 

AVANCE II 400. NMR spectra were analyzed using the MestReNova software. 

2.4. Nanoparticle assembly, optimization and property assessment 

2.4.1. Optimization of NP ROS-scavenger content 

NPs were made via nanoprecipitation by combining in an eppendorf, in order, one of the 

ROS-scavenger (2mM solutions in water for TA and GA, and in 3.4% DMSO and 96.6% water 

for EG, volume equivalent to 50nmol-1000nmol used accordingly), the AC2 polymer (100ul, 

1mg/ml in 20.5% DMSO and 79.5% Milli-Q water), PLGA-PEG-TPP (50ul, 10mg/ml in 

acetone) and PLGA-PEG-OMe (50ul, 10mg/ml in acetone). The eppendorf’s content was then 

added dropwise to stirring Milli-Q water and left to stir for 3h. The solution was collected and 

transferred to a 100k Mw filter centrifugal device (Microsep Advance centrifugal device, PALL 

Corporation, Cat#: MCP-100C46) for NP concentration. NPs were repeatedly centrifuged at 

3000rpm for 10 minutes. After the first spin, NPs in the top solution were resuspended with the 

addition of 500ul of Milli-Q water. Resuspension without any solvent additions were conducted 

between the remaining spins. The top solution can be transferred to a new centrifugal device if 

the filter gets clogged, usually after the 3rd spin. This was repeated until 100ul-500ul of solution 

remains above the filter. This solution was collected and its exact volume was recorded. A 1.5ml 

disposable cuvette (BRAND GMBH+CO KG, Cat#: 759075D ) was used to combine 1ml of 
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Milli-Q water and 7ul of concentrated NP for sizing and measurement of polydispersity index 

(PDI) by dynamic light scattering (DLS) using the Zetasizer Nano series (Malvern). 

2.4.2. Assembly of AC2 NP formulations selected for further studies 

The NP formulations selected for future studies were self-assembled via 

nanoprecipitation by combining, in order, one of the ROS-scavenger (for TANPs: 100ul TA, 

2mM in Milli-Q water (200nmol); for EGNPs: 200ul EG (400nmol), 2mM in Milli-Q water; for 

GANPs: 500ul GA, 2mM in Milli-Q water (1000nmol)), the AC2 polymer (100ul, 1mg/ml in 

20.5% DMSO and 79.5% Milli-Q water), PLGA-PEG-TPP (50ul, 10mg/ml in acetone) and 

PLGA-PEG-OMe (50ul, 10mg/ml in acetone) in an eppendorf tube with vortexing between each 

addition. For NPs without PLGA-PEG-TPP (TANPome, EGNPome and GANPome), only 

PLGA-PEG-OMe (100ul, 10mg/ml in acetone) was used. As for cy5.5-labelled NPs, PLGA-

Cy5.5 (30ul, 10mg/ml in DMF), PLGA-PEG-TPP (35ul, 10mg/ml in acetone) and PLGA-PEG-

OMe (35ul, 10mg/ml in acetone) were used. The eppendorf solution was then added dropwise to 

3ml of stirring Milli-Q water and left to stir for 3h. The resulting NP solution was transferred to a 

100k Mw filter centrifugal device (Microsep Advance centrifugal device, PALL Corporation, 

Cat#: MCP-100C46) for concentration. NPs were centrifuged at 3000rpm for 10 minutes and 

resuspended in the centrifugal device using 500ul of Milli-Q water. NPs were then centrifuged at 

3000rpm in 10-minute intervals with resuspension of the solution in between until 100-500ul of 

solution remained above the filter. This solution was collected and its volume measured. If the 

volume stays the same after centrifugations, the filter might be clogged and thus the top solution 

can be transferred to a new centrifugal device, usually after the 3rd spin. Nanoparticles were sized 

and their PDI determined by dynamic light scattering (DLS) using Zetasizer Nano series 

(Malvern) by taking 7ul of concentrated NP solution and adding it to 1ml of Milli-Q water in 
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1.5ml disposable cuvettes (BRAND GMBH+CO KG, Cat#: 759075D). NP concentration was 

determined based on the initial quantity of ROS-scavenger added:  

𝑁𝑃 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

=  
(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝑂𝑆 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟)(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑅𝑂𝑆 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟)

𝑁𝑃 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑛𝑔
 

In the formula, “Concentration of ROS-scavenger” is the concentration of the initial 

ROS-scavenger solution added to the eppendorf and “Volume of ROS-scavenger” is the volume 

of that ROS-scavenger solution initially added to the eppendorf. 

2.4.3. Assessment of NP stability 

TANP, EGNP, GANP, TANPome, EGNPome and GANPome nanoparticles were 

assembled and concentrated. For assessment of storage stability, nanoparticles were stored at 4oC 

for 1 week. For assessment of stability in biological conditions, nanoparticles were incubated at 

37oC in 10% FBS for up to 48h. Nanoparticles were sized by dynamic light scattering using the 

Zetasizer Nano series (Malvern) at the start of the experiment and after 1 week (for storage 

stability) or 24 and 48h (for biological stability) by adding 8ul of nanoparticle sample to 1ml of 

Milli-Q water in 1.5ml disposable cuvettes (BRAND GMBH+CO KG, Cat#: 759075D). The 

percent variation of size between the initial sizing before incubation and each of the subsequent 

sizes were calculated. 

2.4.4. NP visualization by transmission electron microscopy 

TANP (containing 50ul of 2mM TA rather than 100ul), EGNP and GANP nanoparticles 

were assembled and concentrated. A 400-mesh copper grid (TED PELLA, INC., Cat#: 01822) 

was placed in droplets of the nanoparticle, UranyLess (Electron Microscopy Sciences, Cat#: 

22409) and Milli-Q water consecutively for approximately 45 seconds in each with wicking 
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using a filter paper (VWR, Cat#: 28310-106) between each step. Grids were left to dry for at 

least 24h before their imaging via the JEM-1400Flash transmission electron microscope (TEM) 

and GATAN One View camera. Images were processed using the Fiji ImageJ software. 

2.4.5. Assessment of the NPs’ ROS-sensitivity properties in solution 

The AC2 concentration of the TANPs, EGNPs and GANPs was calculated based on the 

concentrated NP volume. A volume equivalent to 5ug of AC2 was added to 800ul of either water 

or H2O2 in a cuvette (BRAND GMBH+CO KG, Cat#: 759075D) and periodically sized over 3 

hours by DLS using a Zetasizer Nano series (Malvern). The percentage of size variation between 

the initial size and the size at each timepoint was measured and the absolute value was plotted 

with 0-10% variation considered as no variation. The size distribution by intensity as measured 

using the Zetasizer Nano series (Malvern) at key timepoints was also plotted. 

2.4.6. Assessment of the NP’s ROS-scavenging properties in solution 

The ROS-scavengers and NPs’ ROS-scavenging abilities were determined using the ROS-

Glo H2O2 assay (Promega, Cat#: G8821). Wells from a white clear-bottom 96-well plate were 

filled with 60ul of H2O2 to which was added 20ul of treatment (TA, EG, GA, TANP, eNP or 

water for the untreated control) to form a final solution of 100uM H2O2 and 100uM of treatment 

per well. The NPs were left to interact with H2O2 for 20 mins before, as per the manufacturer’s 

protocol, 20ul of 125uM H2O2 substrate solution was added to each well. The plate was left to 

incubate at room temperature for 1h. Following the incubation, 100ul of ROS-Glo detection 

solution was added to each well and incubated for 20 mins at room temperature. The resulting 

luminescence levels were measured using a plate reader (BioTek). Background luminescence 

was calculated using wells with 60ul of water and 20ul of each treatment and subtracted from the 

respective recorded luminescence values. 
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2.5. Assessment of the NPs in vitro 

2.5.1. Assessment of NP cellular uptake 

RAW264.7 macrophages were seeded in a 6-well plate at a density of 200k cells/well 

overnight using complete DMEM media before undergoing a 24h treatment with 20uM of cy5.5-

TANPs, or a media change for the untreated cells. Cells were then washed with 1xPBS and lifted 

using TrypleE. The TrypleE was neutralized using complete DMEM media. Cells were collected 

and centrifuged at 1500rpm for 5 minutes and resuspended in 1x PBS. Cells were centrifuged 

again and resuspended in 400ul of 2% FBS in 1xPBS. Cells were then analyzed by flow 

cytometry using the BD LSRFortessa’s (BD Biosciences) APC channel (640nm laser, 660/20 

emission filter, voltages: FSC:286, SSC:231, APC:512) and the BD FACSDiva software (BD 

Biosciences) for detection of cy5.5-positive cells. The FLOWJO software was used to analyze 

the data. Initial gating used SSC-A/FSC-A to select live cells, and SSC-H/SSC-A to select a 

subpopulation of single cells. This subpopulation was placed in a histogram for the APC channel 

from which a gate of 0% cy5.5-positive cells was delineated from the untreated cell sample and 

applied to the treated cells to show the percentage of NP-positive cells. The geometric mean 

signal intensity was also determined by the software from the single cell population.  

2.5.2. Confirmation of NP cellular uptake and mitochondria-targeting abilities 

Round coverslips (MercedesScientific, Cat#: MER R00121.5) were dipped in 70% 

ethanol and left to dry. The coverslips were placed at the bottom of a 24-well plate and 

RAW264.7 cells in complete DMEM were seeded on top at a density of 30k cells/well. The next 

day, cells were treated with 20uM of cy5.5-TANPs for 24h. For their fixation, the cells were 

washed with 1x PBS followed by a 10-minute incubation with 4% PFA (Acros Organics, Cat#: 

41678-5000) in 1x PBS. The PFA was aspirated and the cells washed 3 times with 1x PBS. Cells 

were then permeabilized using 0.5% triton in 1x PBS for 5 minutes followed by 3 1x PBS 
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washes. A blocking solution (0.05% saponin (EMD Millipore Corp, Cat#: 558255) and 20% FBS 

in 1x PBS) was added to the cells for 30 minutes during which a 1:200 dilution of TOM20 

polyclonal antibody (Proteintech, Cat#: 11802-1-AP) was made in blocking solution. Cells were 

treated with 100ul of the TOM20 primary antibody per well in a humid environment for 1 hour. 

The coverslips were washed 3 times with 1x PBS before adding the AF488-conjugated 

secondary antibody (ThermoFisher Scientific, Cat#: A-11008), at a 1:500 dilution in 1x PBS for 

1 hour. Cells were washed 3 times with 1x PBS before the nucleus was stained with 1:20 000 

000 Hoechst (Molecular probes, Cat#: H1399) in 1x PBS for 1 minute. Cells were washed once 

again 3 times with 1x PBS. A drop of mounting media (Ibidi, Cat#: 50001) was placed on a 

microscopy slide cleaned with ethanol. The coverslip was placed face down on the mounting 

media (ThermoFisher Scientific, Cat#: P36980) and excess liquid was wiped away. The 

coverslip was sealed to the microscopy slide using nail polish and stored at 4oC until imaging. Z-

stack microscopy images were obtained with the Leica Thunder Imager and the LAS X software 

using the 63x objective. Hoechst was visualized using the DAPI filter (ex: 350/50, em:460/50), 

TOM20-AF488 using the GFP filter (ex: 470/40, em: 525/50) and cy5.5-TANPs using the Cy5 

filter (ex: 620/60, em: 700/75). Images were processed using the small volume computational 

clearing from the LAS X software and the Fiji ImageJ software. 

2.5.3. Assessment of NP cytotoxicity 

RAW264.7 cells were seeded overnight in a 96-well plate at a density of 5000 cells per 

well using complete DMEM media. The LDH assay was conducted using the CyQUANT LDH 

Cytotoxicity Assay Kit (Invitrogen, Cat#: C20301) as per the manufacturer’s protocol. In short, 

cells were treated for 24h in triplicates with 50ul of either sterile water (Multicell, Cat#: 809-

115-CL) (for measurement of maximum LDH activity), phenol red-free DMEM media (for 

measurement of spontaneous LDH activity) or TANPs to a final well concentration of either 
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0uM (no treatment), 1uM, 5uM, 20uM or 100uM of NPs. After the 24h treatment, cells treated 

with water were treated with 10ul of 10X lysis buffer for 45 minutes at 37oC to assess maximum 

LDH activity. Subsequently, 50ul of media from each well was transferred to a clear 96-well 

plate in duplicate to which 50ul of reaction mixture was added for a 30-minute incubation at 

room temperature. After incubation, 50ul of stop solution was added per well and absorbance of 

the wells was measured at 490nm and 680nm using a plate reader (BioTek). The technical 

duplicates were initially averaged to give an average absorbance readout. For each of the treated 

wells, the average absorbance readout at 680nm was subtracted from the average absorbance 

readout at 490nm to remove background and give an LDH activity value. The triplicates were 

then averaged and for each TANP concentration, the percentage of cell viability was measured as 

follows: 

% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦

= 100 − [(
𝑇𝐴𝑁𝑃 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 −  𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 −  𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
)  𝑥100] 

2.5.4. Assessment of NP ROS-reduction abilities in vitro 

RAW264.7 cells were seeded at a density of 100k cells/well in a 12-well plate and left to 

adhere overnight. Cells were treated with 0uM (no treatment), 1uM, 5uM or 20uM of TANPs in 

complete DMEM media for 24h. Subsequently, LPS (Sigma Aldrich, Cat#: L4524) was added to 

the wells for a 6h treatment at a final concentration of 1ug/ml LPS in complete DMEM media. 

Following treatment, cells were washed with 1x PBS and treated with 10uM of DCFH-DA 

(Sigma Aldrich, Cat#: D6883) in serum-free DMEM for 30 minutes. Cells were then washed 

with 1x PBS and lifted using TrypLE. They were centrifuged at 1500rpm for 3 minutes and 

resuspended in fresh 1x PBS twice. Cells were analyzed by flow cytometry with the BD 

LSRFortessa (BD Biosciences) and BD FACSDiva software (BD Biosciences) using the FITC 
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channel (488nm laser, 530/30 emission filter, 400 voltage) for measurement of DCF signal 

intensity. The FLOWJO software enabled data analysis. Initial gating was done for the selection 

of live, single cells using the SSC (231 voltage) and FSC (voltage 286) channel data. The DCF 

signal intensity was assessed for this population. The fold change in geometric mean intensity for 

that population was also calculated using FLOWJO and plotted.  

2.5.5. Assessment of NP anti-inflammatory properties in vitro 

RAW264.7 cells were seeded at a density of 100k cells per well in a 12-well plate in 

complete DMEM media. The next day, cells underwent a 24h treatment with nanoparticles (1uM 

of TANPs or 20uM of EGNPs) in complete DMEM media. Subsequently, LPS was added to the 

wells to a final concentration of 100ng/ml for a 5h treatment. An RNA extraction was then 

performed on the cells using an RNeasy® Mini Kit (QIAGEN) as per the manufacturer’s 

protocol. The resulting RNA’s concentration was measured using a NanoDrop 2000/2000c 

spectrophotometer (Thermo Scientific). For cDNA synthesis, a volume of the extracted RNA 

equivalent to 900ng of RNA was added to 4ul of iScript Reverse Transcription Supermix (Bio-

Rad, Cat#: 1708841), topped off to a total of 20ul using RNase-free water and placed in a 

thermal cycler (Bio-Rad). A mastermix was made by combining, for each well, 7ul of RNAse-

free water, SYBR Green (appliedbiosystems, Cat#: 4309155) and forward and reverse primers 

for the markers of interest (0,5ul of each) with β-actin as the gene of reference (primer 

sequences, resuspended to 100uM: TNF-α FW: 5’-GAGAAGTTCCCAAATGGCCTCCC-3’, 

REV: 5’-GTATGAGATAGCAAATCGGCTGACGG-3’;  ABCA1 FW: 5’-

GGAGCCTTTGTGGAACTCTTCC-3’, REV: 5’-CGCTCTCTTCAGCCACTTTGAG-3’; β-

Actin FW: 5’-GATCAAGATCATTGCTCCTCCTG-3’, REV: 5’-

AGGGTGTAAAACGCAGCTCA-3’, Eurofins Genomics). A 96-well PCR plate was loaded in 

triplicates with 2ul of cDNA and 18ul of the correct mastermix in each well. It was sealed using 
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a Sealing Film (PureAmp, Cat#: P1001-Q), centrifuged at a quick pulse and placed in the CFX 

Opus 96 real-time PCR system for measurement of marker levels. Data was analyzed using the 

Livak method to find the fold change in relation to untreated cells.  

3. Results 

3.1. Confirmation of synthesis for the main biomaterials of interest 

3.1.1. Synthesis of the AC2 polymer 

 

Confirmation of successful synthesis for the AC2 polymer was done by 1H NMR (Figure 

4). The AC2 polymer was obtained by performing a spontaneous ring-opening reaction between 

a maleic anhydride polymer and 4-(hydroxymethyl)phenylboronic acid molecules to generate a 

boronic acid containing polymer. As successful compound synthesis involves the conjugation of 

repeating boronic acid units to the molecules, successful synthesis was determined based off the 

presence of characteristic peaks for the 4-(hydroxymethyl)phenylboronic acid moiety. 1H NMRs 

give a characteristic peak for each hydrogen in a solution depending on their environment 

(surrounding atoms, functional groups, etc.). Thus, the easiest peaks from the added moiety to 

identify are the aromatic peaks as they are in a unique configuration compared to the other 

polymer hydrogens. Aromatic cycle hydrogens typically appear as doublets of doublets in the δ 

7.0ppm-8.0ppm region. The results indeed show the presence of these characteristic peaks which 

were attributed as (a) at 7.70ppm and (b) at 7.23ppm. Thus, results support the successful 

synthesis of the AC2 polymer. 
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Figure 4. Confirmation of successful synthesis for the AC2 polymer. (A) Synthesis scheme. 

A maleic anhydride polymer (Poly(isobutylene-alt-maleic anhydride) (Mal) was used as a base to which 

was conjugated a boronic acid functional group (4-(hydroxymethyl)phenylboronic acid) by a spontaneous 

ring-opening reaction yielding the AC2N polymer. Unreacted maleic anhydride groups were opened 

using NaOH yielding the AC2 polymer. The polymer’s new carboxylic acid groups were reacted, as part 

of a DIC/DMAP reaction, with 4-(hydroxymethyl)phenylboronic acid, resulting in the AC2B polymer. 

(B) Confirmation of polymer structure. The AC2 polymer’s structure was confirmed by 1H NMR in 

DMSO-d6. Successful synthesis was determined by the presence of the peaks (a) at δ 7.70ppm and (b) at 

δ 7.23ppm.  

 

3.1.2. Synthesis of the AC5P and AC5 polymer 

The confirmation of successful synthesis for the AC5P polymer was done via 1H NMR 

(Figure 5). Initially, the methyl group (a) was attributed to a peak at δ 3.38ppm which served as 

the reference peak. Next, we identified the PEG peak (b) which appeared at its characteristic δ 

3.65ppm range81. The integration of this peak gave 908H. To confirm the correct attribution of 
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the reference peak and of the PEG peak, PEG-macroCTA’s Mw was used. As the biggest part of 

the molecule, the PEG polymer contributes to the majority of its ~10 000g/mol Mw. Thus, given 

the Mw of a single PEG molecule, which was calculated to ~ 44g/mol, it was determined that 

each PEG-macroCTA molecule is comprised of ~ 227 PEG repeating units. As each PEG 

molecule possesses 4 hydrogen atoms, its integration should be of 909H, which corresponds to 

the integration obtained. These peaks were then used to identify the amount of epoxy groups 

successfully conjugated to each PEG-macroCTA molecule, and thus the amount of epoxy groups 

on the AC5P polymer. To this end, the key hydrogens of the epoxy group were identified on the 

spectrum obtained by using a published spectrum for reference82. The first epoxy ring peak 

identified was (d) at δ 3.23ppm. As this peak only has 1 hydrogen, its integration is equal to the 

amount of epoxy groups on AC5P, which gave ~ 73 groups. Every epoxy ring has 2 hydrogens 

for peaks (e) at δ 2.64ppm and δ 2.84ppm while also having 2 hydrogens for peaks (c) at δ 

3.82ppm and δ 4.29ppm. Thus, the integration ratio between hydrogens (d), (e) and (c) should be 

1:2:2. This is indeed what is observed, with hydrogens (e) giving an integration of 149.89H and 

the peaks for (c) giving integrations of 69.92H and 78.30H.   

The synthesis of the AC5 polymer was done by conjugating a boronic acid moiety to the 

epoxy groups of the AC5P polymer synthesized. As the 1H NMR for AC5P confirmed its 

structure, the focus to confirm successful AC5 formation is on identifying peaks belonging to the 

novel moiety added, the phenylboronic acid group. As expected, peaks (f) at δ 7.70ppm and (g) 

at δ 7.23ppm appeared as a doublet of doublet, a characteristic presentation of aromatic cycles. 

Thus, this enabled us to confirm the conjugation of boronic acid to AC5P was successful in 

yielding the AC5 polymer.  
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Figure 5. Confirmation of synthesis for the AC5P and AC5 polymers. (A) Synthesis scheme. 

An initial RAFT (Reversible addition-fragmentation chain-transfer) polymerization reaction 

occurred between glycidyl methacrylate (GMA) and PEG-RAFT (poly(ethylene glycol) methyl 

ether 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoate) forming the AC5P 

intermediate. This polymer underwent an epoxide ring-opening reaction with 4-

(hydroxymethyl)phenylboronic acid to add repeating boronic acid functional groups, yielding the 

AC5 polymer. (B, C) Confirmation of polymer structure. Both polymers were analyzed by 1H 

NMR (B) in CDCl3 for the AC5P polymer and (C) in DMSO-d6 for the AC5 polymer. 

Characteristic peaks (B) at (a): δ 3.38ppm; (b): δ 3.65ppm; (c): δ 3.82ppm and δ 4.29ppm; (d): δ 

3.23ppm; (e): δ 2.64ppm and δ 2.84ppm for AC5P and (C) at (f): δ 7.70ppm and (g): δ 7.23ppm 

for AC5 enabled confirmation of synthesis.  
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3.1.3. Synthesis of the PLGA-PEG-OH and PLGA-PEG-TPP polymers 

The confirmation of successful synthesis for both the PLGA-PEG-OH and PLGA-PEG-

TPP polymers was done by 1H NMR (Figure 6). The first synthesis was an esterification reaction 

between PLGA and PEG polymers. Thus, a successful synthesis would display the characteristic 

peaks for both of these compounds, which was indeed observed. Indeed, the first peak identified 

was for the PEG portion, which appears as a single peak around 3.65ppm81. It was identified as 

peak (d) at δ 3.67ppm on the spectrum obtained. As for the PLGA, it will appear as distinct 

peaks for the different units of the polymer. The glycolic acid moiety only possesses hydrogens 

as part of its CH2 group, and thus a single peak will mark the presence of this group in the 

molecule. The glycolic acid peak was indeed visible in its characteristic region and identified as 

peak (a) at δ 4.67ppm – 4.94ppm. As for the lactic acid portion of PLGA, the methyl group (b) 

and the CH group (c) will tend to appear as separate peaks in their respective typical regions. 

Indeed, peaks were attributed as (b) at δ 1.60ppm and (c) at δ 5.15ppm-5.34ppm. Thus, these 

peaks indicate successful compound synthesis and enabled us to proceed to the second reaction 

for the conjugation of TPP. 

The TPP conjugation reaction required a second esterification reaction this time between 

TPP and the PLGA-PEG-OH compound synthesized. Thus, the confirmation of successful 

synthesis depends on the presence of characteristic TPP peaks on the NMR spectra. TPP’s 

structure is particular as it consists mainly of 3 equivalent aromatic cycles each containing 2 

pairs of symmetrical hydrogens and one different hydrogen. Therefore, we should expect to see 

three peaks in this region, one for each pair and one for the CH, all appearing in the aromatic 

region between δ 7.0ppm-8.0ppm. It is indeed what has been observed with 3 peaks attributed as 

(e) at δ 7.80ppm, (f) at δ 7.88ppm and (g) at δ 7.71ppm. Thus, the second synthesis was deemed 

successful, enabling the use of the targeting agent in NP formulations. 
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Figure 6. Confirmation of synthesis for PLGA-PEG-OH and PLGA-PEG-TPP. (A) 

Synthesis scheme. A DIC/DMAP esterification reaction between PEG and PLGA enabled the 

formation of PLGA-PEG-OH which underwent a second esterification reaction enabling the 

conjugation of the TPP mitochondria-targeting molecule. (B, C) Confirmation of polymer 

structure. 1H NMR was performed in CDCl3 on both compounds to confirm successful 

synthesis and evaluate compound purity. Characteristic peaks at (B) (a): δ 4.67ppm – 4.94ppm; 

(b): δ 1.60ppm; (c): δ 5.15ppm-5.34ppm; (d): δ 3.67ppm and at (C) (e): δ 7.80ppm; (f): δ 

7.88ppm; (g): δ 7.71ppm enabled confirmation of synthesis and polymer structure. 
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3.2. Confirmation of boronic ester bond formation by fluorescence 

The ROS-sensitive boronic ester bond, which constitutes the base of the NP system’s 

function, is expected to form between the boronic acid functional group of the polymeric 

backbone and the ROS-scavenger’s hydroxyphenol moieties. As we suspect TA to have a 

naturally quenched fluorescence due to its intramolecular and intermolecular interactions, we 

expect bond formation to affect these interactions, leading to an increase in fluorescence 

intensity83. The boronic ester bond’s formation was assessed by fluorescence using a 

spectrophotometer to excite tannic acid at 380nm (Figure 7). Both the maximum amount 

assessed of TA alone (1ml, 500ug) and of the AC2 polymer alone (1ml, 500ug) show no 

fluorescence. Solutions containing both the AC2 polymer and TA do show fluorescence 

which increases in an AC2-dependent manner at emission wavelengths from 430nm to 

470nm; as the amount of AC2 added increases, the level of fluorescence detected increases 

as well. With 500ug of TA, fluorescence levels following the addition of 100ug of AC2 

remain low but increase greatly when 200ug of AC2 is added. From 300ug to 500ug of AC2, 

fluorescence levels do continue to increase but in smaller increments. The highest 

fluorescence intensity observed was at a 1:1 v/v ratio of AC2 and TA (Figure 7 A). As 

controls, increasing amounts of a maleic anhydride polymer (Mal), a reagent for the reaction 

forming the AC2 polymer, or DMSO were added to TA (1ml, 500ug) to assess the effect on 

fluorescence levels. Mal alone (1ml, 500ug) and DMSO alone (1ml) do not show any 

fluorescence emission at any wavelength. When looking at the 1:1 v/v ratio of TA with Mal 

or DMSO, a slight increase in fluorescence is observed up to 20 a.u.. However, the 1:1 v/v 

TA and AC2 solution has much higher fluorescence intensity at 80a.u. (Figure 7 B). When 

looking at the variation in fluorescence intensity at 436nm, TA incubated with increasing 

amounts of Mal or DMSO shows a small increase in fluorescence at 200ug (400ul) which 
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then remains consistent up to 500ug (1ml) of added compounds. However, when incubated 

with the AC2 polymer, the fluorescence intensity is sustainably increased up to the addition 

of 500ug (1ml) of AC2 (Figure 7 C). 

Figure 7. Fluorescence assessment of the complex formation between the polymer and the 

ROS-scavenger via boronic ester bond formation. Tannic acid (TA) fluorescence (ex:380nm) 

was monitored using a spectrophotometer. (A) Effect of AC2 on TA fluorescence. Tannic acid 

(1ml, 500ug) incubated with increasing amounts of AC2 polymer shows an AC2-dependant 

increase in fluorescence indicating boronic ester bond formation. (B) Effect of non-boronic acid 

containing compounds on TA fluorescence. Tannic acid (1ml, 500ug) incubation with the 

maleic anhydride polymer (Mal, 1ml, 500ug) or DMSO (1ml) controls does not result in a big 

increase in fluorescence in comparison to the AC2 polymer (1ml, 500ug). (C) Variation of TA 

fluorescence at 436nm. Monitoring tannic acid (1ml, 500ug) fluorescence at 436nm shows a 

sustained increase in fluorescence only with AC2 incubation but not with the Mal or DMSO 

controls. (n=1). 
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3.3. Confirmation of boronic ester bond formation and its ROS-sensitivity by NMR 

1H NMRs done on GA, diBA, 1:5 diBA:GA and following the addition of H2O2 to the 

compounds together were done to assess for the formation of boronic ester bonds between 

the compounds (Figure 8). Results obtained for the individual compounds showed all the 

expected peaks. For GA peaks were identified as (a) at δ 12.20ppm, (b) at δ 6.89ppm (c) at δ 

9.16ppm and (d) at δ 8.81ppm. The peak integration matched with a 1:2:2:1 ratio respectively 

between the peaks. For diBA, peaks were identified as (e) at δ 7.99ppm and (f) δ 7.70ppm 

and integration showed the correct 1:1 ratio between the peaks. Signature solvent peaks for 

DMSO-d6 and water are visible at δ 2.5ppm and δ 3.35ppm respectively. Bound compounds 

(Figure 8, second track) will present a slightly varied structure, and thus peaks will 

accordingly shift in the 1H NMR spectrum. This is mainly observed by the novel doublet of 

doublet appearing at δ 7.38ppm and δ 7.64ppm which indicate a structural change affecting 

the aromatic section of the compounds. Additionally, the bound compound’s 1H NMR 

presents increased peak intensities for (a), (c) and (d) hydrogens as well as broadened peaks 

for the (a) and (e) hydrogens. When adding in H2O2, the novel doublet of doublet disappears, 

showing that the structural changes which caused them to appear are no longer present. 

Additionally, the addition of H2O2 leads to many shifts and broadening of hydrogen peaks in 

both GA and diBA. 
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Figure 8. 1H NMR assessment of ROS-sensitive complex formation between boronic acid 

and the ROS-scavenger. 1H NMR was performed on gallic acid (GA), benzene-1,4-diboronic 

acid (diBA) as controls and on a combination of 1:5 molar ratio of diBA:GA in DMSO-d6. 

Formation of the bond is notably shown by the doublet of doublets (δ 7.38ppm and δ 7.64ppm) 

appearing in the 1:5 diBA:GA track. Following addition of 10ul of 30% H2O2 to a 1:1 w/w 

diBA:GA solution, the doublet of doublet disappears indicating loss of the boronic ester bond 

and thus ROS-sensitivity (n=1).  
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3.4. Optimization of NP formulations  

The ROS-scavenger content of our NPs was optimized to obtain NPs with appropriate size 

and PDI values as measured by dynamic light scattering (DLS) (Figure 9). The amounts of ROS-

scavenger assessed were higher for the smaller molecules (GA and EG) and lower for the bigger 

molecules (TA) to account for the variation in boronic ester bond formation potential and 

increase the likelihood of obtaining NPs with suitable physical characteristics. The NP 

formulations with smaller ROS-scavengers (EGNP and GANP) showed a slight inverse 

correlation between the amount of ROS-scavenger and size, whereas the TANPs showed a 

positive correlation between these parameters. As for the polydispersity index (PDI), which is a 

measure of the variation in NP sizes where smaller values correspond to less variation, no trend 

is observable for any of the NPs, apart from a very slight increase for the highest concentration 

of GA and TA used. When comparing the use of the same amount of ROS-scavenger (200nmol), 

we can see that the ROS-scavengers with similar sizes and a similar amount of hydroxyphenol 

groups generate NPs of similar size. In comparison, when the same amount of TA is used, the 

formulation resulted in much bigger NP sizes and a slightly bigger PDI. As all formulations 

displayed suitable characteristics (size between 50-200nm and PDI below 0.3), the NP 

formulations with the highest amount of each ROS-scavenger were the ones selected for future 

experiments. 
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Figure 9. Size and PDI optimization of the NPs’ ROS-scavenger content. NP systems for 

each ROS-scavenger of interest were made with varying amounts of ROS-scavenger content. 

Each formulation’s suitability as candidate NP systems was assessed by size and PDI using 

dynamic light scattering (DLS). Results show the formation of NPs with suitable characteristics 

for various amounts of ROS-scavenger content as well as trends in size and PDI based on ROS-

scavenger content. (Scav.: quantity of ROS-scavenger, GA: gallic acid, EG: epigallocatechin 

gallate, TA: tannic acid, PDI: polydispersity index) (n=3). 

 

3.5. Characterization of selected NP formulations 

The characterization of the selected NP formulations was done by looking at variations in 

size, PDI and size distribution (Figure 10). Nanoparticle sizing by DLS revealed that all 

formulations are between 50-150nm and that the mitochondria-targeted NPs (TANP, EGNP 

and GANP) are significantly larger than their non-targeted counterpart (TANPome, 

EGNPome, GANPome) for each ROS-scavenger. Indeed, the mitochondria-targeted NPs 

measure closer to 100nm whereas the non-targeted NPs are closer to the 50nm mark. 

Additionally, amongst the targeted NPs, TANPs showed a significant difference in size with 

EGNPs and GANPs, but the later don’t present significant size differences from each other. 

However, amongst the non-targeted NPs, no significant size difference is observed regardless 
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of the ROS-scavenger used (figure 10 A). As for the NPs’ PDIs, they vary within values of 

0.2 to 0.3 for all formulations. No matter the ROS-scavenger used or whether the targeting 

agent is present or absent, no significant differences in PDIs are observed (figure 10 B). As 

for the NP’s size distribution, all NP formulations assessed show a single population of NPs 

with sizes following a normal distribution. When comparing the targeted and non-targeted 

NPs for each ROS-scavenger, the shift in the peak of the curve attests to the change in size 

reported but also shows that this shift in size is the result of a shift of the entire NP 

population (figure 10 C). 

 

Figure 10. Characteristics of chosen NP systems. (A) NP size and (B) PDI. Size and PDI for 

selected formulations of targeted (TANP, EGNP, GANP) and non-targeted (TANPome, 

EGNPome and GANPome) NPs were assessed by dynamic light scattering (DLS). Results show 

adequate NP sizes and PDI. Results plotted as mean +/- SD. (C). Comparaison of NP size 

distribution. The size distribution by intensity as measured by DLS was plotted for the targeted 

and non-targeted NPs for the 3 ROS-scavengers. Data shows each formulation results in a single 
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population of NPs following a normal distribution. Results are plotted as mean +/- SD. (One-way 

ANOVA, non-significant (ns), *P<0.05, ***P<0.001, ****P<0.0001, n=10). 

 

3.6. NP visualization by transmission electron microscopy 

Visualization of the mitochondria-targeted NPs by TEM shows a homogenous population of 

NPs for all three ROS-scavengers (Figure 11). Images show the obtention of individual, 

spherical NPs independently of the ROS-scavenger used. The three NP formulations also display 

structural similarities as seen by the darker outer ring and lighter NP center. 

Figure 11. NP visualization by TEM. (A) TANPs (containing 100nmol of TA) (B) EGNPs and 

(C) GANPs were stained using UranyLess and visualized by TEM. Results show all three 

targeted NPs have a spherical shape (n=1). 

 

3.7. Storage and biological stability of the NPs 

NP stability was assessed in terms of percentage of size variation between the initial NP size 

and the size following an incubation period (Figure 12). For NP storage stability, NPs stored for 

7 days at 4oC showed size variations below 10% for all NP formulations, attesting to their high 

storage stability. In addition, the mean size variation for each NP formulation is within 5%, with 

the EGNP formulation appearing to show slightly more variation than its counterparts. As for 

biological stability, NPs were incubated in 10% FBS at 37oC. A 24h incubation resulted in a 

slight variation in size for all NPs except for the TANPome NPs which showed a very high 
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variation in size. After 48h, the percentage of size variation seems to increase more for most NPs 

compared to the 24h data, mainly for TANPs and EGNPs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. NP stability in storage and biological conditions. (A) NP storage stability. NP 

sizes were measured by DLS before and after storage at 4oC for 7 days and the percentage of size 

variation was plotted. Results show negligeable size variations all near or below 10%. (B, C) NP 

stability in biological conditions. NPs were measured by DLS using the before and after 

incubation at 37oC in 10% FBS for 24h (B) and 48h (C). Results showed some size variation. 

Results are presented as mean +/- SEM, with positive values indicating size increase and 

negative values indicating size decrease (n=3). 

 

3.8. Assessment of NPs ROS-sensitivity potential 

The assessment of the NPs ROS-sensitivity was done by measuring NP size periodically over 

a 3-hour incubation period in either water as a control or H2O2 as a model for ROS (Figure 13). 
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Percentage of size variation was initially assessed as an indication for ROS-induced structural 

modifications, which were used as an indication for ROS-sensitivity. Results show that all NP 

formulations, whether containing a ROS-scavenger or not, had no size variation over 10% during 

their incubation in water for the entirety of the 3h period. However, as expected, the results differ 

in H2O2. GANPs and TANPs showed a big variation in size as early as 5 minutes into the 

experiment. This was maintained for the entire 3-hour incubation period, with TANPs seemingly 

having a slightly higher size variation than GANPs. As for EGNPs, they showed the same initial 

trend in size variation until the 120-minute mark where the size variation seemed to decrease 

slightly. Lastly, as a control for the implication of the ROS-sensitive boronic ester bond in the 

size variation observed, eNPs, NPs without ROS-scavengers and thus without boronic ester 

bonds, were assessed. Again, in water, they showed no size variation above 10% over the 3-hour 

period. However, in H2O2, a slight variation in size, lower than that observed for the ROS-

scavenger-containing NPs, was observed as of the 5-minute timepoint and remained stable 

throughout the 3 hours. 

The size distribution as detected by intensity for each NP formulation was analyzed for the 5-

minute, 60-minute and 180-minute timepoints. For the TANPs, the initial size distribution curve 

(0 min) resembled the curve for the NPs in water for all 3 timepoints, showing no change in the 

NP population. In these cases, the NP size distribution followed a normal distribution. In 

contrast, incubation of the TANPs in H2O2 resulted in a broadening and a shift of the peak 

towards bigger sizes. This was visible as of the 5-minute timepoint but was even more prominent 

at the 60-minute timepoint. Interestingly, this shift affected the entire NP population equally as 

the entire curve shifted while maintaining its normal distribution. At the 180-minute mark, the 
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size distribution curve starts to show 2 distinct populations, one main population of higher size 

around 1000nm and one very small population around 100nm. 

The effect of H2O2 on the size distribution of the EGNPs and GANPs is similar. Both NPs 

show relatively similar size distributions around 100nm between the initially sized NPs and the 

sizes in water at different timepoints. Despite this, a small difference can be identified as the 

EGNPs seem to experience a slight broadening of the curve whilst the GANPs seem to show a 

slight narrowing of the curve, especially at 180 minutes. As for the H2O2 incubation sample, the 

size distribution curve split into 2 peaks as of the 5-minute mark, showing 2 distinct NP 

populations, one around 100nm and one closer to 1000nm. At the 60-minute mark, EGNPs 

showed more distinct peaks whilst GANPs have more NPs of intermediate size between the 2 

main populations. After 180 minutes, the EGNPs’ distribution curve shifts back to a normal 

distribution around 100nm, similar to the size distribution observed in water. In comparison, 

GANPs seem to have a similar shift of the 1000nm population back towards the original size 

distribution, but two distinct peaks are still visible.  

As for the eNPs, once again the size distribution in water remains relatively constant 

throughout the duration of the experiment, with a very low intensity second peak visible at 5 

minutes. In H2O2, although a second population starts forming at the 5-minute mark, it is of very 

low intensity and aligns with a peak also seen in water at that timepoint. At the 60-minute 

timepoint, that low intensity broader peak fuses with the main population peak and seems to drift 

back out slightly at the 180-minute mark. Despite these changes, the intensity of the second 

population peaks is much smaller for the eNPs than for the higher size peaks seen with the other 
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NPs. Overall, it is visible that the ROS-scavenger-containing NPs are more impacted by the high 

ROS environment whilst eNPs are also being affected but to a lower extent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. NP ROS-sensitivity in solution. (A) Variation in NP size. Nanoparticles were 

incubated in either water or 30% H2O2 and sized periodically by DLS over the course of 3h. A 

heatmap of the percentage of size variation is plotted with 0-10% variation considered as no 

variation (n=3). Data shows that our NP sizes are being affected by ROS and therefore ROS-

A 

B 
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sensitivity is observed. (B) Variation in NP size distribution. TANP, EGNP, GANP and eNP 

(eNPs do not contain the ROS-scavenger) NPs’ size distributions were assessed by DLS over the 

course of 3h and shows how the NP population changes during this incubation period, 

specifically at 5, 60 and 180 minutes. The data is presented as the average of the biological 

replicates. Results show new NP populations forming throughout ROS incubation, indicating 

ROS-sensitivity (n=3). 

 

3.9. Assessment of NPs ROS-scavenging potential 

The ROS-scavengers and NPs ROS-scavenging potentials were assessed by observing their 

ability to reduce H2O2 levels (Figure 14). The results show a significant decrease in H2O2 levels 

when using each of the 3 ROS-scavengers alone, confirming their abilities as ROS-scavengers. 

Additionally, TA reduced H2O2 levels significantly more than EG and GA. However, no 

significant difference in H2O2 reduction ability is visible when comparing EG to GA (Figure 14 

A). As for the NP’s H2O2 reduction abilities, TANPs showed a significant reduction in H2O2, but 

the reduction wasn’t as pronounced as using free TA. Interestingly, eNPs, which lack the ROS-

scavenger, showed a slightly significant increase in H2O2 levels compared to the untreated H2O2 

control (Figure 14 B). 

 

 

 

 

 

 

Figure 14. NP potential for ROS-scavenging in solution. (A) ROS-scavenger H2O2 

reduction potential. The ROS-Glo H2O2 assay was used on 100uM of H2O2 treated with 100uM 

of GA, EG or TA ROS-scavengers. Luminescence levels were measured and results were 

normalized to the H2O2 untreated control. (B) NP ROS-scavenging potential. ROS-scavenging 
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potential of 100uM of TANPs and 100uM of eNPs (NPs with no ROS-scavengers) in 100uM of 

H2O2 was assessed using the ROS-Glo H2O2 assay and luminescence was measured. Results 

were normalized to the H2O2 untreated control. Luminescence was measured using a plate 

reader. Results presented are mean +/- SD. (One-way ANOVA, non-significant (ns), *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001, n=3). 

 

3.10. Assessment of NP cytotoxicity 

An LDH cytotoxicity assay was conducted on RAW264.7 macrophages undergoing 24h 

TANP treatments at various concentrations (Figure 15). Results show no significant decrease in 

cell viability, and thus no cytotoxicity, for TANP treatment concentrations between 1uM and 

20uM. At a 100uM concentration, TANPs do seem to show some statistically significant 

reduction in cell viability compared to the untreated control. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Assessment of NP cytotoxicity. RAW264.7 macrophages were treated with various 

concentrations of TANPs for 24h and the percentage of cell viability was determined using an 

LDH assay kit by measuring absorbance by plate reader at 490nm and 680nm to account for 

background. TANP treatments showed little to no toxicity compared to the untreated cells (NT). 

Results show mean +/- SD. (One-way ANOVA, non-significant (ns), **P<0.01, n=3). 
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3.11. NP cellular uptake 

The NPs’ cellular uptake was assessed notably by flow cytometry. Results showed a much 

higher cy5.5 signal intensity in the cy5.5-TANP treated cells than in the untreated cells. Another 

interesting observation is that the signal intensity seems to follow a relatively thin normal 

distribution curve (Figure 16 A). Additionally, measuring the percentage of cells positive for 

cy5.5 showed that with nearly 100% of all cells collected had taken up the TANPs (Figure 16 B). 

 

 

 

 

 

 

Figure 16. NP cellular uptake via flow cytometry. (A) Cy5.5 signal intensity in NP-treated 

cells. RAW264.7 cells were treated with 20uM of cy5.5-labelled TANPs for 24h or untreated 

(NT) as a negative control. Cells were evaluated by flow cytometry and a population of live and 

single cells was selected and assessed for cy5.5 signal intensity using the APC channel. A 

representative histogram of the results is shown where a high intensity of cy5.5 signal is 

observed in NP-treated cells. (B) Percentage of cy5.5-positive cells. Gates for the presence and 

absence of cy5.5 signal were made from the untreated (NT) cells and applied to the NP-treated 

cells to find the percentage of cy5.5-positive cells. Results show the presence of cy5.5 signal in 

nearly 100% of treated cells. Results are displayed as mean +/- SD. (Unpaired t-test, 

****P<0.0001, n=3). 
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3.12. Confirmation of NP cellular uptake and mitochondrial targeting 

Microscopy studies were conducted to confirm cellular uptake of the NPs (Figure 17). As 

expected, cy5.5-TANPs were detected within the RAW264.7 macrophages, and their 

internalization was confirmed using Z-stack imaging. The TANP’s ability to reach the 

mitochondria was also assessed by labelling the cell’s mitochondria and observing cy5.5-TANP 

fluorescence. Results show the mitochondrial labelling signal and the cy5.5 signal overlapping, 

suggesting localization of the TANPs near the mitochondria (Figure 17 A). A 3D reconstruction 

of the Z-stack images conducted to better understand the mitochondrial localization also 

confirmed interactions between the NPs and the mitochondria are occurring (Figure 17 B). 

 

Figure 17. NP cellular uptake and mitochondrial targeting microscopy studies. (A) NP 

cellular uptake and mitochondria targeting. RAW264.7 cells were treated with 20uM of 

cy5.5-labelled TANPs for 24h. Cells were fixed and stained with TOM20 (green) for 

mitochondrial labelling and Hoechst (blue) for nucleus staining. Cells were observed using the 

Leica Thunder Imager and Z-stack images were obtained showing the NPs within the cells and 

NP signal overlapping with mitochondria labelling (n=2, one representative image shown). (B) 

3D reconstruction of NP-mitochondria interactions. 3D reconstruction using Z-stack images 

enabled better visualization of the NP’s mitochondria-targeting abilities (in green the 

mitochondria, in pink NPs considered to be interacting with the mitochondria and in blue NPs 

considered not to be interacting with the mitochondria based off their distance from the 

mitochondria) (n=1). 
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3.13. Assessment of NP ROS-reduction in vitro 

Observing the reduction of lipopolysaccharide (LPS)-induced ROS levels in RAW264.7 

macrophages allows for the verification of our NP’s ROS-scavenging properties in vitro. Results 

show a shift towards a lower DCF fluorescence intensity, and thus lower ROS, in LPS-induced 

NP treated cells than LPS-induced untreated cells (Figure 18 A). When more specifically looking 

at the fold change in geometric mean intensity, we can see that LPS induced a very significant 

increase in ROS levels, and that TANP treatments at 1uM and 5uM showed a significant 

reduction in these levels. Although the 20uM treatment of TANPs’ ROS-reduction isn’t 

significant, most datapoints are in the same range as the 1uM and 5uM TANP results, and thus 

there still seems to be a trend towards a reduction at that concentration which may eventually 

reveal significance if more replicates are performed. Despite this, according to the fold change in 

geometric mean intensity observed, increasing TANP treatment concentration does not result in a 

greater decrease in ROS levels (Figure 18 B). 

Figure 18. NP ROS-reduction potential in vitro. (A) Variation in DCF signal intensity. 

RAW264.7 cells were pre-treated with various concentrations of TANPs for 24h and 

subsequently treated with 1ug/ml LPS for 6h whereas the NT control remained untreated. A 



63 
 

DCFH-DA assay was performed to measure ROS levels in the cells and cells were assessed by 

flow cytometry. A representative histogram of the results obtained using the FITC channel is 

shown, showing DCF reduction with NP treatment. (B) Fold change of DCF geometric mean 

intensity. The geometric mean intensity of DCF signal was normalized to the untreated sample 

to plot the fold change in DCF level, showing a reduction in ROS levels with NP treatment. 

Results are displayed as mean +/- SD. (n=4, one-way ANOVA, *P<0.05, ****P<0.0001). 

 

3.14. Assessment of NP inflammation reduction in vitro 

TANPs and EGNPs were evaluated for their inflammation reduction potential by looking at 

their effect on pro-inflammatory and anti-inflammatory markers (Figure 19). Treatment of 

RAW264.7 cells with LPS resulted in a significant increase of TNF-α and ABCA1 levels. When 

treated with LPS and 1uM of TANPs, results showed a significant reduction of TNF-α levels. As 

for treatments using 20uM of EGNPs, no significant reduction of TNF-α was observed although 

some datapoints do show a reduction. As for ABCA1, there seems to be a trend towards its 

increase in cells treated with LPS and 1uM of TANPs, although the increase is non-significant. 

 

 

 

 

 

 

 

Figure 19. NP anti-inflammatory properties in vitro. (A) Effect of NPs on pro-

inflammatory marker TNF-α. RAW264.7 macrophages were pre-treated with 1uM of TANPs 

or 20uM of EGNPs for 24h followed by a 5h 100ng/ml LPS treatment. Pro-inflammatory 

cytokine TNF-α levels were measured by RT-qPCR and showed trends towards a reduction of 
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inflammation. (B) Effect of TANPs on anti-inflammatory marker ABCA1. RAW264.7 cells 

pre-treated with 1uM of TANPs for 24h and treated with 100ng/ml of LPS for 5h. RT-qPCR 

enabled measurement of ABCA1 anti-inflammatory marker levels, showing trends towards an 

increase in ABCA1 levels with NP treatment. Results are displayed as mean +/- SD, with NT 

identifying untreated samples and LPS identifying cells treated with LPS but no NPs. ((A) n=4, 

(B) n=3, One-way ANOVA, non-significant (ns), *P<0.05, ***P<0.001). 

4. Discussion 

4.1. Biomaterial library synthesis 

A library of various biomaterials was developed to have a set of potential candidates for the 

formation of the ROS-sensitive and ROS-scavenging NP systems. As boronic acid functional 

groups possess the ability to form ROS-sensitive bonds with ROS-scavengers, it was necessary 

to develop biomaterials possessing such groups. Additionally, as the main site of ROS 

production is the mitochondria, adding a mitochondrial targeting aspect to the system could 

further its potential. Thus, a mitochondria targeting PLGA-PEG surface molecule was also 

synthesized. Each of the polymers discussed below were synthesized and characterized by 1H 

NMR to confirm obtention of the product. In each case, the significant peaks are present, 

attesting to successful synthesis. 

Numerous characteristics of the biomaterials play a part in the formation of NP systems. 

Considerations such as the PLGA-PEG content and length, the amount of boronic acid functional 

groups, the other free functional groups on the polymer, and the polymer’s physiochemical 

properties such as its molecular weight and polarity all play a part on how the NP system forms. 

Consequently, they affect NP properties such as size, surface charge and stability. Thus, having a 

library of biomaterials with varying properties allows for greater optimization potential. The 

main biomaterials of interest as polymeric backbones are the AC2 and AC5 polymers. AC2 was 

made from a maleic anhydride polymer whereas AC5 was made from a PEG-macroCTA 
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polymer. Thus, despite both containing repeating boronic acid units, they have different 

structures and physiochemical properties.  

During the synthesis of the AC2 polymer, the maleic anhydride groups were opened via a 

spontaneous ring-opening reaction which, in addition to conjugating the boronic acid to the 

polymer, generates carboxylic acid functional groups (Figure 4). The carboxylic acid functional 

group is very hydrophilic and thus depending on the amount of groups present, they can 

influence the AC2 polymer’s hydrophilicity and polarity84. Additionally, these functional groups 

are easily reacted with other compounds thus allowing for the potential conjugation of other 

molecules or even therapeutic drugs to the system85. In contrast, the AC5 polymer was 

synthesized by initially conjugating epoxy ring groups to a PEG-macroCTA polymer via a 

RAFT polymerization reaction (Figure 5). Subsequently, an epoxy ring-opening reaction was 

performed to conjugate the boronic acid functional groups to the polymer. AC5’s particularity is 

it’s PEG moiety which is already integrated in the polymer, eliminating the need for the addition 

of PLGA-PEG to the system. 

In both systems, the amount of boronic acid groups added on the polymer can be controlled 

which gives more control over the polymer’ ROS-mediated properties. However, the NP 

assembly process differs for each polymer. Indeed, AC5 simplifies the NP assembly process as 

PEG is already bound to the polymer and thus PLGA-PEG must not be added to the system. 

However this isn’t the case for AC2 NPs. By having fewer materials and steps involved in their 

assembly, AC5 NPs may be advantaged in terms of reproducibility as there are fewer 

opportunities for variability. However, the presence of PEG on the polymer forces a certain PEG 

to boronic acid ratio which may affect the NPs stability. Indeed, there may be too little PEG 

available to stabilize the system, or too much PEG present which may destabilize the system. 
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Additionally, adding PEG separately makes it easier to change which PEG length and how much 

PEG is used to form NPs during NP optimization. The same is true for the incorporation of TPP 

to the system which is affected by the differences in biomaterial interactions and system 

configuration. 

As for the synthesis of the PLGA-PEG-TPP targeting molecule, it was obtained following 

subsequent esterification reactions (Figure 6). The compound’s properties will allow anchoring 

of the TPP molecule to the NP’s surface, thus enabling mitochondrial targeting. Having a distinct 

targeting polymer allows more freedom in modifying the ratios with other surface molecules. 

Notably, using it in conjunction with the PLGA-PEG-OMe polymer enables optimization of the 

TPP content to ensure it is sufficient to direct NPs to the mitochondria but not excessive in a way 

that negatively affects surface charge and stability. 

4.2. Monitoring of TA fluorescence for confirmation of boronic ester bond formation 

As a crucial actor in the intended function of the NP system, the ROS-sensitive boronic ester 

bond’s formation between the ROS-scavenger and AC2 polymer must be assessed. This was 

initially done via a fluorescence assay (Figure 7). According to their chemical structure, 

compounds may possess a variety of properties, including the potential for fluorescence. 

Fluorescence occurs when these compounds are excited at a particular wavelength. The photons 

absorbed prompt electrons to reach a higher energy state. As these excited electrons come back 

down to their ground state, they emit a photon of lower energy which can be detected as 

fluorescence.  

Polyphenols have aromatic structures which favor fluorescence properties. In the case of TA, 

although it is a polyphenol, it’s structure may permit the formation of intermolecular and 

intramolecular hydrogen bonding which can result in fluorescence quenching83. Thus, TA itself 
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shows low fluorescence intensity. However, bond formation between TA and other compounds 

may be able to change these interactions in a way that increases fluorescence36. Indeed, the 

formation of boronic ester bonds, which can occur between TA’s hydroxyphenol moieties and 

the boronic acid functional groups of the AC2 polymer, may be sufficient to increase TA’s 

fluorescence.  

Thus, TA and AC2 were incubated together, and the resulting fluorescence intensity was 

measured using a spectrophotometer. As we increase the amount of AC2 polymer in solution, the 

potential for bond formation with TA increases as well. Literature shows that when excited at 

380nm, TA possesses a fluorescence peak around 435nm and thus we chose the region between 

430nm and 470nm as our main emission wavelength region of interest86.  

As expected, the more AC2 was added to the TA solution, the higher was the fluorescence 

intensity observed between 430nm and 470nm, with its peak being at 436nm. We can confirm 

this increase in fluorescence isn’t due to the increase in AC2 as assessing the fluorescence 

intensity of 500ug of AC2 alone shows no fluorescence. At 100ug of AC2 in TA, no increase in 

fluorescence was observed which may be explained by the small amount of bonds formed and 

the sensitivity limits of the spectrophotometer. However, at 200ug, the increase in fluorescence 

intensity became much more noticeable, indicating that a significant amount of bonds were 

forming. The fluorescence intensity increased again at 300ug of AC2 but the subsequent AC2 

additions resulted in lower increases. This may be the result of a saturation of the TA 

hydroxyphenol groups; most TA groups may already be involved in boronic ester bonds. The 

additional AC2 added may force some of the few remaining groups to react, explaining the 

noticeable but faint fluorescence increase (Figure 7A). 
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To ensure the fluorescence increase is due to the boronic ester bond formation, controls such 

as the maleic anhydride polymer (Mal) and DMSO were used. Mal is a precursor to the AC2 

synthesis and thus has a similar structure. However, it lacks the boronic acid functional group 

and thus possesses no boronic ester bond formation potential. Similarly, DMSO is the solvent 

used for the fluorescence assays and thus should not affect TA fluorescence. Both Mal and 

DMSO alone show no fluorescence and thus we can determine that any variation in fluorescence 

resulting from their incubation with TA is due to TA. When incubating Mal or DMSO with TA, 

both solutions show a slight increase in fluorescence to 20a.u. indicating that both affect TA’s 

fluorescence in the same manner. This may be explained by the variation in TA concentration as 

the volume of both Mal and DMSO added is the same, thus diluting TA to the same 

concentration and increasing its fluorescence. Indeed, a study monitoring the fluorescence of 

riboflavin shows an inverse relation between TA concentrations and riboflavin fluorescence83. 

Due to their aromatic rings, both structures can participate in π-π interactions as well as partake 

in hydrogen bonding thanks to their hydroxyl groups. These interactions can cause fluorescence 

quenching. Thus, it could be possible to see a similar phenomenon occur when looking at TA 

fluorescence itself as TA molecules can undergo the same interactions between each other. This 

also justifies why the TA alone control shows no fluorescence (Figure 7A). However, incubating 

TA with the same volume of AC2 results in a much higher fluorescence intensity. Thus, in this 

case, the resulting fluorescence is due to more than just the effect on TA concentration; the 

compounds are interacting, likely via boronic ester bond formation (Figure 7 B).  

When looking specifically at the 436nm emission, the difference in AC2-TA and Mal-TA or 

DMSO-TA interactions is even more noticeable as we can clearly see that TA only shows a 

sustained increase in fluorescence with increased AC2 and not with the controls. The slight 



69 
 

increase in fluorescence at 200ug (400ul) of Mal and 400ul DMSO can be explained by the 

change in TA concentration which also applies to the AC2 sample yet AC2 still shows more 

fluorescence as boronic ester bonds are contributing to the fluorescence intensity. Although TA 

is more diluted as Mal and DMSO levels keep increasing, the TA fluorescence is stable near 20 

a.u. which may simply mean that the interactions between the TA molecules are negligeable as 

of the addition of 400ul and thus don’t change with the additional volume added (Figure 7C). 

Overall, these results clearly show the impact of the boronic acid functional group in TA’s 

fluorescence intensity and thus the interaction between the molecules. This supports our claim 

that boronic ester bonds are forming between TA and AC2. By this proof-of-concept experiment, 

we indirectly show that both GA and EG should behave similarly with boronic acid functional 

groups as they possess the same hydroxyphenol groups as TA. Thus, all ROS-scavengers of the 

project should form boronic ester bonds when combined with boronic acid polymers such as 

AC2. 

4.3. Confirmation of boronic ester bond formation and its ROS-sensitivity by 1H NMR 

1H NMRs were done for GA and diBA to better observe structural changes indicative of 

boronic ester bond formation (Figure 8). GA alone and diBA alone’s 1H NMRs were done as 

reference spectra to which we can compare the bound compounds spectrum (1:5 diBA:GA).  

When both compounds are placed together, their interaction will lead to peak shifts. The most 

striking indication of bond formation is the novel doublet of doublet appearing at δ 7.38ppm and 

δ 7.64ppm. Doublets of doublets are characteristic peaks of non-symmetrical aromatic cycles. 

Thus, these peaks show that the compounds are interacting in a way that disrupts the 

symmetricity of their aromatic cycle, likely via bond formation. In addition, the broadening of 

the (a) peak coincides with an increase in intensity for the (c) and (d) peaks. As all these peaks 
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belong to GA and the diBA:GA ratio favours a higher content of GA in solution, the increase in 

peak intensity could simply be explained by the higher GA concentration. 

When H2O2 is added to the sample, the doublet of doublet is no longer visible, indicative 

of restoration of the aromatic cycle’s symmetricities, and thus breakage of the boronic ester bond 

formed between the molecules. As H2O2 contains hydrogens, it can not only be picked up by the 

1H NMR but it may also interact via hydrogen bonding with the other compounds in solution, 

which can explain the multiple peak variations observed in this spectrum87. Thus, results show 

formation of ROS-sensitive boronic ester bonds between the boronic acid functional group and 

hydroxyphenol group on the ROS-scavenger. This data played a significant part in ensuring the 

NP system would form as designed and present the intended ROS-sensitivity properties. Thanks 

to these findings, we were able to proceed with the project by starting the NP assembly and 

optimization process. 

4.4. Optimization of NP formulations  

The importance of optimizing properties such as NP size includes reasons such as better 

systemic circulation, increased NP cellular uptake and decreased cellular toxicity. As for PDI, 

which is a measure for the variation in the NP population, its importance comes from the need 

for a homogenous NP population. Indeed, it is important to ensure all the NPs synthesized have 

similar characteristics to ensure they all behave the same way. This enables NP treatments to be 

more efficient as all NPs will contribute equally to the intended outcome, thus leading to more 

reproducibility in NP assembly and more control on treatment outcome. 

The NP system forms thanks to interactions between the polymer and the hydroxyphenol 

moieties on the ROS-scavengers. Thus, as the different ROS-scavengers used have a different 

potential for bond formation, they may interact differently with the polymer and cause the other 
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components of the system to interact differently with the polymer as well. In addition, the ROS-

scavengers’ varying sizes and molecular weight can also influence the NPs structure and requires 

the consideration of concepts such as steric hindrance. In summary, different ROS-scavengers 

have different properties which can impact NP size and PDI.  

In the optimization step of the project, NPs were made with varying amounts of each ROS-

scavengers to assess how exactly ROS-scavengers influence NP size and PDI as well as to find 

optimal formulations in terms of these properties (Figure 9). To account for the varying sizes and 

bond formation potential of the ROS-scavengers, the experiment was done with higher amounts 

of the smaller ROS-scavengers (GA and EG) and smaller amounts of the bigger ROS-scavenger 

(TA). With increasing ROS-scavenger content, the smaller scavengers show a reduction of NP 

size. This may be justified by looking at the polymer to ROS-scavenger ratio. With less ROS-

scavengers present, too few polymeric boronic acid groups may be binding to the ROS-

scavenger, making the system harder to stabilize. This may cause NPs to contain more polymers 

and surface molecules for stability purposes which may yield bigger sizes. Thus, by increasing 

the amount of ROS-scavenger present, more boronic acid groups may bind to the scavengers, 

leading to the formation of more stable systems with a lower polymer to scavenger ratio. In 

addition, due to their small structure, the ROS-scavengers may be subject to less steric hindrance 

within the NP structure and be able to compact better, yielding smaller NP sizes.  

However, in the case of TA, its much bigger and star-like structure might make it more likely 

to bind boronic acid groups on different polymer molecules rather than multiple groups on the 

same polymer molecule. By this logic, increasing the amount of TA would increase the quantity 

of polymers in the NP, in turn increasing NP size. Another explanation could be the steric 

hindrance generated by the TA molecules which can limit how small the NPs can be and can 
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explain why at quantities as small as 50nmol of TA, NP sizes are still bigger than 200nmol of the 

smaller scavengers. The potential effect of the ROS-scavenger’s size and properties on NP 

assembly is even more noticeable when comparing the size of NPs made with the same amount 

of ROS-scavenger. GA and EG have a similar and much smaller NP size at 200nmol than TA. 

As for the PDI, it stays relatively the same no matter the formulations and ROS-scavengers 

used, showing that no matter the amount or size of the scavenger, the NPs formed vary in size to 

the same extent. Although it may seem like the PDI slightly increases with the increase in ROS-

scavenger for GA and TA, this could be explained by the fact that with more ROS-scavengers 

present, a higher variation in ROS-scavenger content of the system is possible. Thus, this may 

lead to a slight increase in the variation of the NP sizes within the solution. 

As a result of this experiment, we have found that all formulations assessed fit within the 

50nm-200nm size and ≤ 0.3 PDI ranges established, thus ensuring NPs would have optimal 

translational potential. In addition, the experiment led to choosing the 200nmol TANPs, 400nmol 

EGNPs and 1000nmol GANPs as the formulations of interest for further assessments. These 

were chosen as they had good properties but particularly because they possess the highest 

amount of ROS-scavenger and thus likely had the highest ROS-reduction potential. 

4.5. Physical characterization of the selected NP formulations  

When comparing specifically the formulations of interest, other aspects can be investigated 

such as the effect of the addition or not of the TPP targeting molecules (Figure 10). As both NPs 

for one ROS-scavenger with and without TPP otherwise have the exact same formulation, the 

significant difference in size observed for each pair is likely due to the addition of the TPP 

compound. Indeed, the higher sizes observed for the TPP containing NPs (TANP, EGNP and 

GANP) may be indicative of the successful incorporation of TPP to the system. This possible 
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explanation becomes increasingly plausible when considering the relatively high molecular 

weight and bulky structure of TPP. These attributes lead TPP to take up more space on the NP 

surface and have a higher potential for steric hindrance. 

When comparing the formulations on the base of their ROS-scavenger, the non-targeted NPs 

show no significant variation in size, which can notably be due to the previous optimization 

experiment performed. Indeed, that experiment allowed us to alter the ROS-scavenger content of 

the different NPs to reduce differences and obtain similar suitable sizes for the different 

formulations. However, when adding TPP to the system, a significative difference emerges for 

the TANPs with the other systems, but not between EGNPs and GANPs. This can be explained 

by the different polymer to ROS-scavenger interactions enabled by the different scavengers. 

Indeed, because of their different interactions with the polymer, ROS-scavengers can also 

influence how many surface molecules are needed to stabilize the system, and how much of 

these can be the TPP-containing PLGA-PEG molecule (PLGA-PEG-TPP) or the non TPP-

containing PLGA-PEG molecule (PLGA-PEG-OMe). Thus, with this in mind, it is logical that 

TANPs, as the sole NPs containing a much bigger scavenger, are the only ones displaying a 

significance in size difference with the GANPs and EGNPs. 

As for the PDI, there are no significant differences in PDI values between the different NP 

formulations (Figure 10 B). This can also be seen by the size distribution data which follows a 

normal distribution (Figure 10 C). This indicates that the NP populations have the same 

magnitude of size variation independent of their formulation differences. This is advantageous as 

any variations in treatment outcome that could be due to the variation of the NP population will 

be the same for each formulation. The size distribution also allows us to see that the increase in 

size observed following the incorporation of TPP is applied to the whole population, thus 
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suggesting that all the targeting NPs synthesized do possess the TPP rather than only a 

subpopulation having incorporated it.  

Additionally, the uniformity of the NPs suggested by the PDI and size distribution data was 

also visible by TEM (Figure 11). TEM analysis allowed confirmation that the NPs all had a 

similar spherical shape. This can be attributed to the different hydrophobic and hydrophilic 

interactions between the components of the NP system which better shield hydrophobic moieties 

from water when NPs adopt a spherical shape. The darker outer ring marks a more highly stained 

portion of the NPs, which may be attributed to the different composition of the NP’s surface 

relative to its core. 

4.6. Stability of NPs for storage and biological conditions 

As for their stability, all systems were shown to be stable for up to 1 week of storage at 4oC, 

with variations in size below 10% (Figure 12). Indeed, a 10% variation on our NP sizes is 

considered negligeable as it corresponds to ~ 5-10nm size differences. These differences fit 

within the variations often observed for technical replicates when sizing a same NP sample and 

were thus determined as being negligeable. 

In biological conditions, the systems still seem to be relatively stable for 24h with variations 

near the 10% negligeable threshold for most formulations. At the 48h timepoint, there seems to 

be an increase in size variation for many formulations (including TANP, EGNP and EGNPome) 

reaching about 10-40% (Figure 12). This slight increase visible can be attributed to several 

factors. Firstly, a longer incubation time increases the potential for detrimental interactions such 

as formation of a protein corona or NP aggregation. Additionally, the system created is ROS-

sensitive and thus incubating it in biological conditions where ROS may be present even in small 

amounts, such as serum, can affect the system over time, explaining what is being observed42. 
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Despite this, NPs may not need 48h of biological stability before being taken up by cells and 

producing their desired effect, especially as they can be administered via different routes to 

facilitate cellular uptake. For example, our project has shown successful NP uptake after a 24h 

treatment in vitro. Thus, if a local delivery was chosen, the NPs would be stable long enough in 

biological conditions to allow for their successful uptake and effect. 

Interestingly, one formulation stands out from the rest with a variation in size of over 100% 

at both timepoints. Although the data shows this has been observed in 2 replicates, the third 

biological replicate shows a percentage of size variation much closer to those obtained for the 

other systems. The higher percentages of size variation may be due to a too low NP 

concentration resulting in the measurement of the FBS proteins in solution rather than the NPs 

themselves, or they may simply be other artifacts. Thus, it would be pertinent to repeat the assay 

in order to better understand what is being observed. In addition, looking at the size distribution 

of the NP population throughout the assay would also provide beneficial information. Size 

distribution data would allow us to know if there might be very big outlier particles in solution, 

such as FBS proteins, pulling up the NP average size and affecting the data obtained. 

Lastly, it is important to note that although NP stability in biological settings ensures they 

carry out their intended effects, NPs are formulated with their degradation and the degradation of 

their components in mind. Indeed, this is necessary in order to prevent their accumulation and 

consequent detrimental effects. To this end, many NPs, including ours, contain biodegradable 

polymers as part of their formulation. Thus, the equilibrium between NP stability and 

degradation is one which must be carefully thought out. 
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4.7. Assessment of NP ROS-sensitivity potential 

When incubating the NPs in water, their lack of size variation is indicative of their structural 

stability, which is logical as the NPs were assembled in water. However, in H2O2, the high 

variation in size displayed suggests structural changes induced by H2O2 are occurring. Thus, we 

believe these results to be indicative of ROS-sensitivity (Figure 13). 

Indeed, when in presence of ROS, for example H2O2 as used here, the boronic ester bond 

formed between the hydroxyphenol groups of the ROS-scavenger and the boronic acid group on 

the AC2 polymer may be oxidized thus releasing a hydroxylated polymer moiety88. Following 

subsequent hydrolysis, the ROS-scavenger regains its initial structure and is freed from the 

system (Figure 20). This bond breakage will likely lead to a disassembly of the NP system as the 

ROS-scavenger is responsible for holding together the polymer molecules; without it, the 

polymers disperse, and the NP system is no longer present. This mechanism can justify the high 

variation in size observed for the NPs in H2O2.  

 

Figure 20. Possible mechanism for the H2O2-induced breakage of the ROS-sensitive bond. 

An arylboronic pinacol ester structure forms between the ROS-scavenger (blue) and AC2 

polymer (green) which can be attacked by the electrons of H2O2. This leads to the oxidation of 

the bond, the hydroxylation of the AC2 polymer and the temporary formation of a pinacol 

borate88. This structure may then undergo a hydrolysis step, enabling the release of the ROS-
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scavenger and of a non-toxic boric acid moiety89.  Mechanism adapted from published 

literature89,90. 

 

As the different ROS-scavengers have different amounts of hydroxyphenol groups (Figure 

3), they have the potential to form a different amount of ROS-sensitive bonds. Because of this, 

the rate of NP disassembly, H2O2 concentration required for disassembly and the level of 

disassembly can vary from one NP system to another depending on the ROS-scavenger used. 

The main differences observed indeed coincide with the variations in ROS-scavenger content. 

When looking at NP size distribution, the TANPs are the only NP system that exhibit a shift of 

the entire population following incubation in H2O2 (Figure 13 B). Indeed, at the 5- and 60-minute 

timepoints, the entire population peak shifts toward higher sizes whilst maintaining its normal 

distribution.  

One possible explanation can pertain to the higher amount of AC2 binding sites on TA. 

Indeed, as more binding sites are involved in holding the system together, TA may play an 

important role in stabilizing and maintaining the system together. In contrast, smaller ROS-

scavengers may not be as efficient at holding together the polymers due to their fewer binding 

sites, and thus the system may be arranged differently to favor stability despite this, for example 

by involving a different amount of surface molecules in each NP. Thus, the breaking of the ROS-

sensitive bonds in TANPs could have a greater destabilizing effect than in the other NP systems, 

explaining the big peak shift observed. 

The observation may also be explained by a previous hypothesis on the correlation between 

the increase in TA content and NP size. In this case, the increase in size was suggested to be 

linked to TA’s structure favorizing binding with various polymer molecules rather than multiple 
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sites on the same polymer. By this logic, each polymer molecule is retained to the NP by fewer 

bonds than when smaller scavengers are used. Thus, fewer bonds must break to cause the loss of 

polymer from the system. Therefore, the resulting variation in size occurs faster and at a higher 

magnitude for TA than GA and EG. In comparison, the GANPs and EGNPs show similar trends 

as for both, a division of the NP population into 2 distinct population peaks is observed as of the 

5-minute mark. As seen with TA, a trend towards an increase in size is observed with H2O2 

incubation. Not seeing a shift of the entire population is likely an effect of the ROS-scavenger 

size which affects the system’s ROS-sensitivity and may give systems with smaller ROS-

scavengers less ROS-sensitivity. It would be interesting to further push the experiments to see 

the effect of using the same amount of ROS-scavenger in the different NP systems for this assay 

to have a better idea of the true reason behind this different behavior. 

At the 180-minute timepoint, although the majority of the TANP population is still at a 

higher size range, a small proportion of the NPs appear at a peak similar in size to the initial 

population, which may be indicative of the NP’s components in solution trying to reacquire a 

stable state or reassembling due to precipitation of the components over the incubation period. 

This is a constant observed in all scavenger-containing NPs at the 180-minute timepoint, which 

is logical as systems in solution usually adopt configurations to accommodate their properties 

and optimize their stability. 

Lastly, it seems that eNPs are slightly being affected by the H2O2 in solution despite not 

containing any ROS-scavengers. This may be explained by the presence of the AC2 polymer in 

the system which contains the boronic acid functional group. This functional group may be able 

to interact in a certain way with the H2O2 leading to a reconfiguration of the NP system. Despite 

the slight variation in size and size distribution observed, the effects are much less significant 
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than with the scavenger-containing NPs, indicating that ROS-scavengers play an important role 

in the size variations observed. It would nonetheless be interesting to further explore what is 

being observed for the eNPs and whether this is observed without the presence of the AC2 

polymer in the system. These results obtained allowed us to confirm the ROS-responsiveness of 

the system and to envision its use in in vitro settings. 

4.8. Assessment of NP ROS-scavenging potential 

As the NPs were designed as ROS-reducing drug delivery vehicles, assessing their ROS-

reducing capacities is important to confirm our system has the desired effect (Figure 14). As 

highlighted previously, ROS can break the boronic ester bonds formed which causes the 

complete disassembly of the system and the release of the ROS-scavenger. To first validate our 

ROS-scavenger’s ability to scavenge ROS, we assessed the free ROS-scavengers for H2O2 

reduction potential (Figure 14 A). Interestingly, the level of ROS-reduction observed coincides 

with the size of the ROS-scavengers and their amount of available hydroxyphenol groups for 

ROS-scavenging. 

This is logical as the hydroxyphenol groups are responsible for the ROS-scavenging. Indeed, 

these types of functional groups, where hydroxyl groups are bound to an aromatic cycle, confer 

to these molecules their antioxidant properties. Thanks to their structure, such molecules can 

neutralize free radicals such as ROS by donating an electron or a hydrogen atom thus stabilizing 

the free radical’s unpaired electron by resonance (Figure 21)35,71. 
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Figure 21. ROS-scavenging mechanism. The unpaired electron in free radicals (such as in 

many ROS) can be stabilized by hydroxyphenol (or catechol) groups (blue) thanks to their 

structure and resonance abilities91. In exchange, the ROS can receive a hydrogen atom. Having 

now lost its free electron, the ROS is no longer able to cause oxidative damage to 

macromolecules. Mechanism adapted from published literature91. 

 

Thus, by having a single galloyl hydroxyphenol moiety, GA showed the least amount of 

ROS-scavenging amongst the ROS-scavengers assessed. In comparison, EG has 3 ROS-

scavenging hydroxyphenol groups and showed a slightly higher ROS-reduction than GA, 

although the difference observed is not statistically significant.  

The small difference is logical as from EG’s 3 hydroxyphenol groups, one is a galloyl and 

another a pyrogallol group where the hydroxyls are placed at the ortho and meta positions on the 

benzene92,93. EG’s 3rd hydroxyphenol group resemble more a resorcinol group with hydroxyls at 

the meta position only94. A 2006 study, highlighted the effect of the positioning of hydroxyl 

groups on benzene rings on a compound’s ROS-scavenging potential. This study found that 

hydroxyls at the para and ortho positions have a lower bond dissociation enthalpy and therefore 
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serve as better ROS-scavengers94. Therefore, EG’s 3rd hydroxyphenol group doesn’t contribute 

as much to reducing ROS levels as its only hydroxyl groups are in the meta position. This means 

there is no big difference between GA and EG in terms of their structural potential to scavenge 

ROS as EG only has one more galloyl group than GA. This explains the absence of significant 

difference in their reduction of H2O2 levels. As for TA, it has a significantly larger structure 

comprised of 10 galloyl groups, and can thus scavenge much more ROS, as shown in the data 

obtained where TA achieved by far the greatest decrease in H2O2 levels. 

When looking at our NP’s ROS-reduction abilities, we can see that our NPs do indeed 

significantly reduce ROS levels in solution (Figure 14 B). Interestingly, despite using the same 

concentration for the free TA and the TANPs, free TA seemed to reduce H2O2 levels to a greater 

extent than TANPs. Many reasons may explain this. Firstly, when making our NPs, considering 

TA is water-soluble, it is possible that not all of the TA added in the formulation is being used as 

part of the NP system. When calculating the concentration of TANPs, we assume all of the TA 

makes its way in the NPs but in reality any unused TA is lost during NP concentration. Thus, 

although we are treating with what should be 100uM of TANPs (which is 100uM of TA in the 

TANPs), this might not be the exact concentration used. Another explanation could be the ROS-

sensitivity aspect of the system. As the system must be activated by high ROS levels to reduce 

them, the ROS-scavenging achieved by some NPs might prevent the activation of the other NPs 

in solution, thus hindering the TA’s ROS-scavenging abilities. Lastly, the difference may just be 

due to a timing aspect. As the TANPs must first be activated to release the TA in solution, it may 

take more time before the TA from the NPs can start scavenging compared to free TA. Despite 

these considerations, the TANPs remain very efficient at H2O2 reduction. 



82 
 

Another interesting aspect of the data is the slight ROS increase observed when using the 

eNP control. As NPs that do not contain any ROS-scavengers, the eNPs should not be able to 

reduce ROS levels, which is what is observed. Despite that, it is interesting that the data rather 

suggests an increase in H2O2 levels. The eNPs do contain the AC2 polymer and its boronic acid 

functional groups. It may thus be possible that these free boronic acid groups interact with H2O2 

in a certain way that slows down its degradation, resulting in higher H2O2 levels for the eNP-

treated solution. This hypothesis aligns with the one proposed earlier to justify the small 

variation in eNP size during H2O2 incubation. Despite this theory, additional testing would have 

to be conducted to fully understand what is being observed. 

4.9. NP cellular uptake and mitochondrial localization 

RAW264.7 macrophages showed a high percentage of NP uptake with nearly 100% of all 

cells being positive for the NPs (Figure 16). Additionally, the high cy5.5 signal shows that many 

NPs made their way into the cells. Furthermore, the relatively thin normal distribution curve for 

the cy5.5 signal intensity indicates that the cells all uptake a similar number of NPs. Such 

consistency in NP uptake can suggest that the rate of NP uptake is the same for the whole cell 

population as the amount of NPs in the cells is the same at the given timepoint assessed. 

Additionally, consistency in NP uptake suggests that all the cells receiving the same treatment 

will be subject to the same magnitude of therapeutic effect from the NPs, helping obtain better 

consistency in both experimental results and in the outcome of their use as CID treatments. 

As discussed previously, parameters of both the cell and the NPs are involved in successful 

NP cellular uptake. As professional phagocytic cells, it is not surprising to see such a high 

percentage of macrophages uptake NPs, and such a high signal for NPs in the cells95. A study by 

Qie et al does indeed suggests phagocytosis as the main method of NP uptake in macrophages, 
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although macrophages can also uptake NPs through various other cellular processes95,96. Again, 

this depends on how the interaction between the NP and cell occurs. As for the NPs themselves, 

their properties such as size and surface composition does greatly affect their uptake by 

macrophages97. Although studies show a reduced uptake of PEGylated NPs, the same study by 

Qie et al tested the extent of this reduction according to NP size95. This study showed that the 

largest PEGylated NPs assessed, which were 100nm in size, showed higher uptake in 

macrophages than their smaller-sized counterparts (30nm and 50nm). As the TANPs used in this 

assay are 100nm-sized PEGylated NPs, they should display successful NP uptake, which is 

indeed the case.   

Although macrophages being phagocytic cells can seem like an unfair advantage when 

assessing NP cellular uptake, the rationale for their use as a cell model in the project surpasses 

this ability of theirs. Indeed, the use of macrophages is pertinent as they are one of the main cell 

types present at inflammatory sites in many inflammatory diseases.  As they possess roles in the 

induction and resolution of inflammation, they are an ideal model for preliminary assessment of 

our NPs potential in CID cases, and thus assessing cellular uptake for this cell population is very 

insightful98. 

Additional microscopy experiments were performed and enabled us to confirm that the NPs 

were truly internalized by the cells, and not simply on the cell surface (Figure 17). Beyond that, 

microscopy studies confirmed that the NPs were able to reach the mitochondria. In our project, 

mitochondria targeting refers to the increased likelihood of the NPs reaching the mitochondria, 

and not their exclusive localization to the mitochondria. As previously explained, TPP enables 

mitochondrial targeting of the NP systems thanks to its positive charge and lipophilic nature78. 

Thus, the microscopy data obtained allowed us to confirm this NP property, conferring potential 
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to the system for mitochondrial ROS reduction, thus increasing its potential. Next steps in this 

direction may include assessing the NP’s potential for the reduction of mitochondrial ROS 

specifically, in comparison to cytosolic ROS, and see if this varies the observed outcome on 

cellular ROS and inflammation. 

4.10. Assessment of NP cytotoxicity 

In order to ensure our NPs can accomplish their intended function in cells, it is important to 

ensure they do not cause cell toxicity. This is increasingly important as the NPs are made to 

reduce inflammation, and cell toxicity can follow from inflammation99. Thus, assessing 

cytotoxicity of the NPs is a first step at ensuring they do not induce inflammation. An absence of 

cytotoxicity was confirmed in RAW264.7 macrophages for TANP treatments at concentrations 

up to 20uM (Figure 15). This can notably be explained by the fact that NP-induced ROS 

production, caused by the NP’s properties, plays an important part in NP-induced cytotoxicity. 

Indeed, most NP structures that do induce some cytotoxicity do so via the generation of ROS100. 

As our NPs are design to reduce ROS levels, it could be suggested that this may play a part in 

reducing the NP’s cytotoxicity, thus resulting in no cytotoxicity observed.  

In addition, the low cytotoxicity can be explained by the different components of the NP 

which were selected with this in mind. Notably, as previously discussed, PLGA and PEG are 

both FDA-approved biocompatible polymers, and thus would not cause cell toxicity73. 

Additionally, as stated earlier, TPP is a well researched, commonly used compound for 

mitochondria targeting, and is present on the structure of commercially available agents such as 

probes for mitochondrial labelling77. Thus, it is not a big cause for concern when it comes to 

cytotoxicity. As for the polymer, its cytotoxicity is difficult to estimate as it is a synthesized 

compound. However, given the cytotoxicity results obtained using the TANPs, the presence of 
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the polymer in the cells does not seem to have any toxic effects. Despite this, further testing 

could be done in order to confirm this. Lastly, the ROS-scavengers themselves, as natural ROS-

scavenging antioxidants, should also not exert big cytotoxic effects but rather help reduce NP 

cytotoxicity. Despite the suggested low toxicity potential of the compounds used, when treating 

the cells with a higher concentration of TANPs, such as the 100uM of TANPs tested, there 

seemed be a slight decrease in cell viability. Although the difference is statistically significant, 

many studies do not consider a decrease in cell viability to values above 80% as a concern101.  

4.11. Assessment of NP ROS-reduction potential in vitro 

As our NP system is designed to be ROS-scavenging, the assessment of its ROS-reduction 

abilities in vitro is an important step to the validation of our system (Figure 18). Thus, LPS 

induction was used to inflame RAW264.7 cells, causing a significant increase in ROS levels as 

confirmed by the data obtained. According to the DCFH-DA assay performed, the TANPs were 

able to reduce ROS levels in vitro in RAW264.7 macrophages. Interestingly, increasing the 

treatment concentration of TANPs doesn’t lead to a greater ROS-reduction. Possible 

explanations include that the ROS levels in the LPS-induced cells may be insufficient to activate 

the entirety of treated NPs. In such a case, only a certain amount of treated NPs are activated, 

independent of the amount of NPs entering the cells. Another possible explanation could pertain 

to the saturation of the cellular uptake capacity; a maximum amount of NPs may be entering 

cells within the given treatment time102,103. This would once again result in the same number of 

NPs being activated within the cell, and thus explain the similar results obtained at different 

TANP treatment concentrations. An additional possible explanation could be linked to the 

location of the ROS in the cells. As the macrophages are activated with LPS, they will respond 

as they would in the case of a bacterial infection, and thus likely proceed to oxidative bursts. 

Thus, the NPs might be activated before they can reach ROS in other parts of the cell such as the 
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mitochondria. This may explain why the ROS levels are similar independently of the NP 

concentration used; they are unable to exert their ROS reduction function on mitochondrial ROS. 

4.12. Assessment of NP anti-inflammatory properties in vitro 

As described, ROS and inflammation are tightly interlinked and thus, we hope for our ROS-

reducing system to be capable of inflammation reduction as well. To assess this, LPS-induced 

macrophages were treated with TANPs and EGNPs. Levels of TNF- α and ABCA1 were 

measured by RT-qPCR to observe fluctuations possibly indicative of inflammation reduction 

(Figure 19). TNF- α is a widely studied pro-inflammatory cytokine produced notably from the 

NF-kB and MAPK pathways which high ROS levels can dysregulate37. Thus, a reduction of 

ROS is expected to lead to a reduction of TNF- α levels. As expected, LPS treatment caused an 

inflammatory state in the cells as demonstrated by the increase in TNF-α levels observed104. In 

contrast, pre-treatment of the cells with both NPs showed lower TNF-α levels, with this 

difference showing statistical significance in the case of the TANPs. This indicates that a 24h 

TANP treatment can prevent inflammation. NPs are likely capable of scavenging ROS as they 

are produced, before they can influence the inflammatory signaling pathways or cause cellular 

oxidative damage. 

A second measurement of inflammation reduction was done via the monitoring of ABCA1 

levels. As an anti-inflammatory molecule, ABCA1 allowed us to assess how NPs affect the anti-

inflammatory signals within a cell, enabling further assessment of inflammation reduction 

properties105. Interestingly, LPS treatment caused a slight significant increase in ABCA1 levels. 

This may seem counterintuitive as inflamed cells shouldn’t exhibit increases in anti-

inflammatory signals. However, as a response to an increase in inflammation, cells will 

eventually try to resolve their inflammatory state by increasing their expression of anti-
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inflammatory molecules39. Thus, this may just be an effect of the timepoint, and concentration 

chosen for the LPS treatment. When using the TANPs, an even higher increase in ABCA1 levels 

is observed, although it does not display statistical significance in comparison to the inflamed 

state. Despite this, there is a high standard deviation for the NP treatment data, and one datapoint 

which seems to greatly differ from the others obtained. This may be the cause for the non-

significance observed. Thus, repeating the assay to obtain more replicates could provide more 

clarity on the results obtained. This is true as well for the TNF-α data obtained which also show 

big standard deviations. Despite this, the preliminary data obtained shows promising indications 

of our NP system’s anti-inflammatory properties. Confirmation of these properties by monitoring 

of a greater amount of inflammatory molecules would also be advisable to strengthen the anti-

inflammatory capacities of the NP.  

An additional advantage to assessing ABCA1 levels relates to its involvement in 

atherosclerosis. Indeed, ABCA1 is mainly known for its cholesterol efflux function106. Thus, 

assessing its levels provides some insight on the potential therapeutic value of our NP system in 

atherosclerosis disease cases. In this context, the increase in ABCA1 levels observed, although 

non-significant, provides indications that the NP system could have potential in the treatment of 

atherosclerosis. Indeed, increasing ABCA1 levels is viewed as a promising avenue for the 

treatment of atherosclerosis107. 

5. Future Directions 

The system now established has great potential to be pushed further to better understand its 

abilities and better modulate them. Notably, one important next step would be to strengthen the 

anti-inflammatory data to better assess the anti-inflammatory effect of the ROS-reduction 
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achieved by the NPs. Looking at a broader range of NP concentrations for each of the NP 

formulations would give more insight on this intrinsic effect of the NPs. 

Additionally, optimizing the ROS-sensitivity and ROS-scavenging properties of the system 

would allow us to better modulate the conditions of its activation as well as how much ROS they 

scavenge. By optimizing the system this way, it would be possible to create a system that 

selectively activates in high ROS conditions above a certain determined threshold and reduces 

ROS levels back down to a homeostatic range. Possible avenues also include combining multiple 

ROS-scavengers within a same system to see how customizable the system can become to a 

specific disease condition. 

Furthermore, the NP’s drug delivery potential has yet to be harnessed. Thus, looking at the 

NP’s drug delivery properties such as encapsulation efficiency of drugs and RNA therapies could 

give insight on how to maximize the system’s therapeutic potential. Possible options include 

encapsulating disease specific or anti-inflammatory drugs, or various mRNAs, miRNAs or 

siRNAs to interfere with cellular pathways involved in either inflammation or a specific disease 

condition. Consequently, assessing the NP in various cell lines more aligned with a specific 

disease condition, or even in in vivo models of ROS-mediated disease conditions, could shed 

even more light on its potential as a therapeutic agent. 

6. Conclusion 

In conclusion, whether as a symptom or the cause of a disease itself, inflammation is a 

common characteristic of many health conditions. Inflammation is tightly linked to ROS, 

especially in cases of CIDs where inflammation is a main pillar of the persisting disease 

condition, which also often presenting with signs of high oxidative stress. As a foundation for the 

development of novel CID treatments, this project set out to develop a NP system with intrinsic 
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ROS-sensitive and ROS-scavenging properties. The goal is for this newly developed system to 

be harnessed as an inflammation reduction and therapy delivery tool. In order to achieve this 

objective, 3 aims were delineated: the development of suitable biomaterials for NP assembly, the 

optimization and assessment of the NP system’s properties and the system’s assessment for ROS 

and inflammation reduction in vitro. A significant contribution was made to each aim of the 

project. Initially, a library of biomaterials including polymers and mitochondria targeting surface 

molecules were synthesized. Subsequently, the functional groups of interest were assessed to 

confirm their interactions and properties corresponded to the ones intended, and a variety of NP 

systems were then assembled for optimization purposes. NPs were shown to be non-toxic, have a 

good cellular uptake and be able to reach the mitochondria. In addition, they were shown to be 

ROS-sensitive, reduce ROS levels in vitro and reduce inflammatory signaling molecules in vitro 

as well. Thus, we have successfully developed NPs possessing the intended capabilities. As the 

system is entirely ROS-mediated, it can be harnessed for use in virtually any ROS-involving 

disease condition, making it an extremely versatile tool with high therapeutic potential. Thanks 

to this work, we hope to help pave the way to a new set of CID therapies. 

 

 

Figures throughout this thesis were made using a combination of MestReNova, ChemDraw, 

GraphPad PRISM, FLOWJO, Biorender and FIJI ImageJ software. 
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