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Abstract 

 Three decades of intense research in nanomedicine have yielded few clinical outcomes, 

particularly in targeted gene delivery. Beyond regulatory challenges, the scarcity of FDA-approved 

nanoformulated gene therapies (only three as of writing) can be attributed to several technical 

issues: 1) the complex, multidimensional chemical and materials design space of nanoparticle 

delivery systems makes it difficult to determine the appropriate nanoparticle physicochemical 

characteristics for therapeutic applications, 2) successful therapeutic payload delivery to target 

sites requires nanoparticles to navigate complex biological environments and barriers, and 3) 

current analytical tools provide limited insight into nanoparticle interactions with these biological 

environments. Thus, new methods are needed to study nanoparticle-environment interactions to 

better inform nanomedicine design. This dissertation focuses on time-resolved fluorescence 

spectroscopy (TRFS) to study therapeutically relevant nanoparticles, including their formulation, 

interactions, architecture, and assembly. 

In Chapter 2, a photoreactive electrohydrodynamic (EHD) jetting process was developed 

to prepare synthetic protein nanoparticles, achieving a four-order magnitude improvement in 

processing and purification time. This process utilized a fluorescent, small molecule 

photocrosslinker with two photoreactive benzophenone-containing arms extending from a 

dithiomaleimide core. The photocrosslinker stabilized protein nanoparticles and served as an 

intrinsic molecular reporter for formulation monitoring using TRFS, providing insights into 
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nanoparticle stability and architecture inaccessible to state-of-the-art techniques like scanning 

electron microscopy and dynamic light scattering. 

In Chapter 3, the fluorescent, small molecule photocrosslinker’s design was refined to 

enhance reactivity, as two variants were developed for preparing nanoparticles from both protein 

and non-protein materials, specifically synthetic polymers. One crosslinker contained 

benzophenone moieties with four reactive arms based on the same dithiomaleimide core as in 

Chapter 2, while the second variant contained methacrylate reactive groups. Three distinct 

nanoparticle types – protein nanoparticles, polymer nanogels, and block copolymer micelles – 

were prepared using the refined crosslinkers. Each nanoparticle type could discern minute changes 

in interparticle chemical environments, as measured by TRFS, with protein nanoparticles 

exhibiting the greatest sensitivity across an order of magnitude. Encapsulation of the small 

molecule drug paclitaxel in protein nanoparticles induced characteristic changes in fluorescence 

lifetime profiles based on the drug encapsulation mode. 

Finally, a heterobifunctional reversible addition–fragmentation chain-transfer (RAFT) 

system was developed for the controlled polymerization of methacrylic monomers, enabling 

orthogonal end group conjugations post-polymerization. This versatile system was used to 

synthesize a variety of linear, monodisperse polymers with different chemical characters, 

confirming functionality through the conjugation of two different small molecule fluorescent 

probes to the functional end groups. An amphiphilic block copolymer was synthesized, fluorescent 

end group conjugated, and self-assembled into micelles. TRFS was used to probe micelle assembly 

by measuring the fluorescence lifetime of both end groups simultaneously, as well as the micelle 

system’s interaction with 5 nm silver nanoparticles. Self-reporting nanoparticles, such as the ones 

developed in this dissertation, will be critical for unraveling nanoparticle stability and 
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nanoparticle-drug interactions informing the future development of rationally engineered 

nanoparticle-based drug carriers.



 1 

Chapter 1 –  Introduction 

1.1 Nanomedicine 

 The targeted delivery of therapeutic cargoes is one of the most pressing and studied topics 

in the pharmaceutical and biotechnological fields. In the early 1900s, German physician Paul 

Ehrlich popularized the concept of the “magic bullet” – defined as the ability for a therapeutic 

compound to navigate through the body following administration and home specifically to the site 

of disease or infection without negatively affecting otherwise healthy tissue.1 The idea of the 

“magic bullet” has manifested in modern times by the nanomedicine field, which, broadly, has 

used nanoparticles as vehicles to encapsulate and carry therapeutic cargoes, like small molecules, 

nucleic acids, and proteins, through the bloodstream and to the site of disease. A nanoparticle is a 

particle of matter with a diameter of 1-500 nm that can be composed of a variety of material 

substrates, including metals, polymers, proteins, and lipids.2 Nanoparticles have been proposed to 

outperform traditional small molecule and biologic drugs in a variety of ways, including through 

cargo protection, controlled cargo release, extended circulation time, and improved cell- and 

tissue-specific targeting.3 While scientists, clinicians, and engineers have made progress toward 

Ehrlich’s postulated idea over the century since, major questions still remain to be addressed in 

the field of targeted drug delivery, all of which center upon understanding how specific delivery 

vehicles, often synthetic nanoparticles or viruses, encapsulate therapeutic cargo, interact with 

various tissues and complex biological fluids as they travel throughout the body, and are taken up 

and trafficked by cells.4,5 
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 There are approximately 40 FDA-approved nanomedicines used in the clinic, composed of 

a variety of nanomaterials, encapsulating a variety of therapeutic cargoes, and prescribed for a 

variety of disease indications and applications. These nanomedicines fall into four broad categories 

of therapeutic application: 1) cancer, 2) iron replacement, 3) imaging, and 4) vaccines, anesthetics, 

fungal treatments, and macular degeneration.6–8 Over last 20 years, the field of gene therapy has 

become a major focus of the nanomedicine community, with the aim of using nanoparticles to 

encapsulate nucleic acids, like DNA and RNA, and other gene editing machinery in nanoparticles 

for delivery to cells.9–11 

The “central dogma” of molecular biology states that a sequence of base pairs of DNA 

composing a gene are transcribed into a strand of messenger RNA (mRNA) which is translated 

into a protein. Proteins are responsible for almost all function within a cell, from catalysis to 

molecular transport to providing cellular and tissue structure.12 Depending on the type of gene 

therapeutic payload encapsulated in nanotherapeutics, different genetic manipulations can be 

performed on target cells, like the introduction of an exogenous gene or the silencing or deletion 

of an existing, problematic gene, ultimately with the goal of altering the cell’s ability to express 

those genes into proteins.9 Gene therapeutic approaches have wide implications in treating cancer, 

genetic diseases, infectious diseases, and any other indication where the overexpression or 

underexpression of a gene is implicated in a specific pathology.13 

 The first gene therapy was FDA-approved in 2003 and, since then, the vast majority of 

FDA approvals in this space have been for viral therapies. A viral gene therapy is composed of an 

adeno-associated virus (AAV) or a lentivirus particle that is engineered to encapsulate several 

types of cargo: 1) a transgene and, optionally, promoters and regulatory sequences, 2) small 

interfering RNA (siRNA), 3) clustered regularly interspaced short palindromic repeat-associated 
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protein 9 (CRISPR-Cas9) components, and 4) other regulatory machinery and sequences.14–16 

While viral vectors are highly efficient at entering cells and delivering their cargo, they are often 

highly immunogenic, have a limited cargo capacity, may unintentionally disrupt endogenous genes 

leading to insertional mutagenesis, and are complex and expensive to manufacture at scale.9,11,17 

Non-viral vectors, namely synthetic nanoparticles, are currently being widely studied as alternative 

delivery vehicles for gene therapeutic payloads to overcome the major drawbacks of viral delivery 

systems. Since 2000, at least 8,000 new publications per year were published with the key words 

“gene therapy” and 30,000 new gene therapy reports were published in 2023 alone (Figure 1.1).18 

Despite over three decades of academic and industrial research into non-viral delivery systems, 

however, there are only two FDA-approved non-viral gene therapies: 1) patisiran (Onpattro®) – an 

siRNA-containing lipid nanoparticle (LNP) that silences the expression of misfolded transthyretin 

(TTR) proteins in patients with TTR-mediated amyloidosis (hATTR), 2) givosiran (Givlaari®) – 

an N-acetylgalactosamine (GalNAc) conjugated siRNA that silences the expression of 

aminolevulinic acid synthase 1 (ALAS1) mRNA in patients with acute hepatic porphyria (AHP), 

and 3) the COVID-19 mRNA vaccines.19–21 

 

Figure 1.1: PubMed search for "gene therapy." 

Targeting a nanoparticle delivery system to a specific cell type without eliciting an 

undesirable immune response, before the administered dose is cleared by the excretory system, 
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and without the nanoparticle itself degrading is a complex spatiotemporal challenge requiring the 

consideration of a wide range of biological barriers and how they might interact on a molecular 

level with the delivery system. Nanocarriers are generally designed on a [supra]molecular level to 

encapsulate as much payload per particle as possible, protect the payload from premature 

degradation or release, disguise the system from immune system recognition, circulate for long 

periods of time, bind only to target cells, and release the payload only when the carrier has reached 

the desired intercellular environment. Because this is such a difficult engineering challenge with 

many variables, both on the biological barrier side and the nanoparticle design side, the rest of this 

chapter will focus non-exhaustively on some of the most important biological and materials design 

considerations, as well as molecular and instrumental tools, for engineering effective drug carriers. 

1.2 Design, cellular, and systemic barriers to overcome for optimal nanoparticle transport 

and cargo delivery 

1.2.1 Biological barriers to nanoparticle-based drug delivery 

Clinically speaking, nanoparticle treatments are generally administered intravenously. 

Following administration, nanoparticles circulate throughout the vasculature, encountering 

immune cells, like macrophages, and serum proteins until they are either cleared by the excretory 

system or extravasated through the endothelial cells that line vasculature and into the extracellular 

matrix, where they can bind to and be internalized by target cells (Figure 1.2). Nanoparticles can 

enter target cells through a variety of internalization processes, namely endocytosis, phagocytosis, 

membrane fusion, and direct penetration. The vast majority of cellular uptake of nanoparticles 

occurs through endocytosis, of which there are several varieties: 1) clathrin-mediated endocytosis, 

2) caveolae-mediated endocytosis, 3) macropinocytosis, and 4) receptor-mediated endocytosis.22,23  
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Figure 1.2: High-level overview of nanoparticle transport process.11 

Regardless of the mode of endocytosis, a nanoparticle binding event at the cell membrane 

and subsequent signaling prompts the membrane to surround and engulf the particle in question, 

pulling it into the cytosol in a vesicle, known as an endosome.22 Once internalized into the cell in 

the form of an endosome, the nanocarrier must escape and release its payload into the cytosol. 

Over time, endosomes are progressively acidified until they age and become lysosomes. 

Lysosomes are organelles responsible for degrading any intercellular waste, exhibit a pH of 

approximately 4.5-5, and contain a variety of enzymes that will destroy the contents of the 

lysosome. If a nanocarrier does not escape the endosome before it ages to a lysosome, it will be 

disposed of and no longer able to perform its therapeutic function.23 

Depending on the type of gene therapeutic cargo encapsulated in the nanocarrier, escape 

from the endosome and into the cytosol might be the final destination, or it may have to undergo 

further trafficking to the nucleus to perform its function. If the payload is mRNA or siRNA, their 

mechanism of action is performed in the cytosol, either through translation into protein by a 

ribosome or through interaction with the RNA-induced silencing complex (RISC), respectively. If 
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the payload is DNA or gene editing machinery like a CRISPR-Cas9 ribonucleoprotein complex, 

they must migrate through nuclear pores and into the nucleus to perform their functions.11 

1.2.2 Non-viral nanocarrier design considerations 

In a 2020 review in Nature Nanotechnology regarding a framework for delivery system 

design, Poon and coworkers posit the following seven questions as critical to address for engineers 

designing nanotherapeutics: 1) Where is the delivery target?; 2) What is the cargo or active agent 

that needs to be delivered to the target location?; 3) Where is the site of administration?; 4) What 

are the specific organs, tissues, and cells encountered along the delivery pathway?; 5) What are 

the interactions between the nanoparticle carrier and the body in each of these biological 

environments along the delivery pathway?; 6) What strategies are available to overcome the 

barriers at each step in the delivery pathway?; and 7) How will any administered components leave 

the disease site and be excreted from the body?24 These questions succinctly highlight the highly 

complex biological pathway that nanoparticles must traverse in order to arrive at the desired target 

location. 

 

Figure 1.3: (A) The impact of five high-level nanoparticle design considerations on biological function, (B) specific 

nanomaterial properties and their impact on biological function.25 
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Bioengineers have developed a toolbox of general nanoparticle design principles to address 

these major seven questions, broadly grouped into five main categories: size, shape, surface 

charge, surface chemistry, and targeting capability, each of which impact nanoparticle 

biodistribution following administration (Figure 1.3A).25  

1.2.2.1 Size 

Nanoparticle size can be engineered to guide in vivo distribution. Generally speaking, 

nanoparticles smaller than 10 nm in diameter are rapidly cleared by the kidneys after 

administration, while particles larger than 200 nm will adsorb opsonin proteins on their surface as 

they circulate in the blood stream, triggering phagocytes in the mononuclear phagocyte system 

(MPS) to bind and clear them.26,27 However, these general size effects can be altered by the specific 

material of which the nanoparticle is composed and the specific chemistry at the surface.  

1.2.2.2 Coating 

Coating the surface of nanoparticles with the hydrophilic polymer polyethylene glycol 

(PEG), often referred to as “PEGylation”, is the most popular strategy to engineer particles with 

“stealth” properties that resist opsonin adsorption and therefore MPS clearance, as well as 

interparticle aggregation. However, not all PEG is created equally, as the molecular weight, 

molecular conformation (linear vs. branched), and surface density on the nanoparticle all alter 

biodistribution.28 In addition to PEG, zwitterionic polymers and ligands that contain both positive 

and negative charges, resulting in an overall neutral charge, have been used to increase in vivo 

circulation and resist MPS clearance.29  
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1.2.2.3 Shape 

Nanoparticle shape has been shown to be a major factor affecting cellular uptake, in vivo 

biodistribution, and hemorheological dynamics during flow through vasculature. For example, it 

has been demonstrated that the tumbling dynamics and behavior in blood flow of disc-like particles 

allows them to interact more favorably with the walls of the vasculature than spherical particles, 

resulting in greater adhesion to endothelial cells and more subsequent extravasation.27 Rod- and 

filament-like polymer micelles have been shown to exhibit significantly greater circulation times 

than spherical micelles due to their ability to align with blood flow in the vasculature.30 The 

curvature and aspect ratio of particles, additionally, have been shown to have a major influence on 

uptake (more specifically, on phagocytosis) as spherical particles are taken up faster than more 

ellipsoidal particles.31 Even within these observations there exist contradictions and competing 

forces. A rod-like particle circulates for longer in the vasculature than a spherical particle, but 

experiences much slower cellular internalization. Therefore, the choice of shape for a nanoparticle 

system is not straightforward and tradeoffs must be made depending on which properties are most 

important to accomplish successful delivery. 

1.2.2.4 Charge 

The surface charge of a nanoparticle, often referred to as the zeta potential, is the voltage 

difference between the solvent in which a colloid is suspended and the stationary layer of solvent 

associated with the suspended particles, generally measured in millivolts (mV). In the absence of 

an active targeting mechanism, nanoparticle surface charge is a major determining factor that 

predicts cellular uptake. In general, the more positively charged a nanoparticle, the better it is 

internalized.27,29 This phenomenon has been demonstrated across a variety of nanoparticle types, 

including lipid,32 gold,33 and polymer34 nanoparticles, among others, and is due to the ability for 
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positively charged moieties to interact with the negatively charged phospholipid cell membrane 

and negatively charged groups, like sialic acid, bound to the membrane.29 Charge is also an 

important factor that influences the ability for a nanoparticle to complex with negatively charged 

gene therapeutic payloads. In the case of lipid nanoparticles, ionizable lipids with nitrogen-

containing functional groups, which are protonated under acidic conditions, are used to form stable 

complexes with nucleic acids, like mRNA or siRNA, and enhance endosomal escape (see 1.4.1 for 

more). However, lipid nanoparticles will ideally have a neutral surface charge to avoid clearance 

by the MPS.35 Like shape, tradeoffs must be made when engineering a nanoparticle delivery 

system’s surface charge; the more positively charged the particle, the better it will be internalized 

into cells, but the more quickly it will be cleared by the MPS due to the ready adsorption of opsonin 

and other serum proteins. 

1.2.2.5 Targeting 

The nanoparticle properties discussed up until this point all rely on passive methods, like 

charge-charge interactions or stealth properties, to affect delivery outcomes. Historically, much of 

the drug delivery field has exploited the so-called enhanced permeability and retention (EPR) 

effect for targeting tumors, specifically. EPR theory states that when nanoparticles are 

administered systemically to an organism with a tumor, the particles will accumulate specifically 

in tumors by crossing the tumor endothelial barrier through enlarged intercellular junctions that 

are a consequence of cancer pathology. The particles are retained in the tumor due to an increase 

in pressure created by poor lymphatic drainage.36 However, in a 2016 meta-analysis of 223 papers 

that contained the key words “nanoparticle delivery” published from 2005-2015, Chan and 

coworkers determined that a median of 0.7% of administered nanoparticles were delivered to solid 

tumors.37 More effective targeting has been achieved using active targeting mechanisms through 
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the conjugation of small molecules, peptides, antibodies, antibody fragments, and DNA aptamers 

to the surface of nanoparticles which bind specifically to cell surface receptors or other binding 

motifs.38,39 

1.3 Gene therapeutic cargo for nanoparticles 

The introduction of plasmid DNA (pDNA), mRNA, and CRISPR-Cas9 ribonucleoprotein 

(RNP) complexes into cells with nanoparticles can be used to introduce a new gene, while small 

interfering RNA (siRNA), microRNA (miRNA), base editors, and CRISPR-Cas9 RNPs can be 

used to silence, mutate, or delete an existing gene. Each of these gene therapeutic payloads function 

through their interaction with different cellular machinery that play various mechanistic roles in 

controlling gene expression, explainable in a straightforward manner by the so-called “central 

dogma” of molecular biology (DNA genes are transcribed to mRNA by RNA polymerase which 

is translated into proteins by ribosomes).12 

1.3.1 pDNA 

pDNA is a circular strand of DNA constructed through the ligation of a desired gene of 

interest at a restriction site. These circular vectors are commonly used in cloning and protein 

production through delivery to bacteria, like E. coli, or yeast to prompt those cells to produce the 

protein corresponding to the ligated gene. They are used similarly as gene therapies through their 

encapsulation into nanoparticles and delivery to target cells to prompt those cells to produce a 

desired protein.40,41 After release into the cytosol, pDNA must travel to the nucleus and pass 

through the nuclear membrane through pores. Once in the nucleus, it is transcribed into mRNA by 

RNA polymerase II, exported to ribosomes in the cytosol, and translated into the protein of interest. 

Nuclear entry of pDNA can be enhanced by the inclusion of a nuclear localization signal in the 
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plasmid’s base pair sequence. Nuclear entry may also happen during the mitotic disassembly of 

the nuclear envelope during the process of cell division, but this will only occur within a population 

of actively dividing cells. The expression of protein from pDNA is transient, meaning protein will 

only be expressed as long as the pDNA is present in the cell at sufficient quantities. More pDNA 

must be administered to prompt continued therapeutic effect. 

1.3.2 mRNA 

mRNA is a linear, single stranded RNA molecule that is endogenously produced by the 

transcription of DNA sequences in the nucleus, exported into the cytosol, and translated into 

protein by ribosomes.42–44 It is a more attractive therapeutic alternative to pDNA because it does 

not require the extra steps of nuclear entry, transcription, cytosolic export, and translation.45 Once 

the nanoparticle containing the mRNA escapes the endosome and the payload is released into the 

cytosol, it can immediately translocate to ribosomes to prompt protein production. Like pDNA, 

mRNA expression is transient. 

1.3.3 CRISPR-Cas9 RNP 

The CRISPR system can either permanently delete a gene or insert a new gene into a cell’s 

genome.46–48 A CRISPR-Cas9 RNP is a protein-nucleic acid complex involving a guide RNA 

(gRNA) and a Cas9 enzyme. The gRNA directs the complex to a specific genomic DNA sequence 

and Cas9 makes a double-stranded break at that target site. The cell must then repair the DNA 

breakage, either through non-homologous end joining (NHEJ), which results in gene deletion, or 

homology-directed repair (HDR), which results in the insertion of a new gene in the presence of a 

donor DNA template. CRISPR-Cas9 systems can be delivered to cells either as a complete protein-
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nucleic acid complex or through the co-delivery of a plasmid encoding for the Cas9 protein and a 

gRNA. CRISPR-Cas9 systems must enter the nucleus like pDNA to perform their function. 

1.3.4 Base editors 

Base editors are an emerging class of genetic technologies built using Cas9 enzymes that 

allow for the conversion of one DNA base pair to another.49 For example, cytosine base editors 

convert C-G pairs to T-A pairs while adenine base editors convert A-T pairs to G-C pairs. Base 

editors are composed of a Cas9 enzyme that has been catalytically impaired and fused to a 

deaminase. They do not induce a double-stranded break and have fewer off-target effects than 

Cas9, but can only be used to correct DNA point mutations.50 

1.3.5 siRNA 

siRNA is a small double stranded RNA molecule that operates through the process of RNA 

interference (RNAi) to silence the expression of a gene.51–53 siRNA performs its mechanism of 

action in the cytosol where it is incorporated into the RNA-induced silencing complex (RISC), 

which separates the two siRNA strands. The guide strand of siRNA is paired with its 

complementary mRNA sequence in the cytoplasm. Upon binding, RISC degrades the target 

mRNA, resulting in a silencing in that mRNA’s ability to get translated to protein. siRNA 

expression is transient. Gene silencing only happens as long as siRNA is present at high enough 

levels in the cytoplasm. 

1.3.6 miRNA 

Like siRNA, miRNA is involved in RNAi through interaction with RISC.11,35 miRNA is a 

double stranded RNA molecule that binds to RISC, is separated, and the guide strand is used to 

bind complementary mRNAs for degradation. miRNA expression is transient. 



 13 

1.4 Materials for nanoparticles 

Nanoparticles have been synthesized from a wide variety of materials, including metals, 

organometallic components, polymers, lipids, and proteins.25 Thus, nanoparticle preparation and 

the resulting nanoparticle properties are controlled entirely by their specific chemistries. Inorganic 

nanoparticles are generally rigid, stiff, and non-degradable, as a consequence of the rigidity and 

stability of their composite inorganic lattice molecular structures.2 On the other hand, organic 

nanoparticles, composed of lipids, polymers, proteins, and other organic molecules and 

macromolecules, are much more flexible and can be engineered to be degradable, again, as a 

consequence of their carbon-based molecular structures. While inorganic nanoparticles, like gold 

and silica nanoparticles, have been explored as carriers for therapeutics, organic nanoparticles have 

been studied to a considerably higher degree and are the most clinically relevant category of 

nanoparticles for their compositional diversity and modularity and ease of synthesis.43,54–56  

1.4.1 Lipids 

 

Figure 1.4: Common molecular components of lipid nanoparticles (LNPs). 

 Lipids are a group of bioorganic molecules involved in energy storage, signaling, and 

structural functions in cells, like composing the cell membrane and other intercellular 

membranes.12 Lipids are generally hydrophobic or amphiphilic, due to the presence of aliphatic 

hydrocarbon chains and sometimes polar, charged head groups. Lipids can be used to prepare a 
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variety of nanoparticles, including liposomes and lipid nanoparticles (LNPs).57 The difference 

between these two varieties is due to differences in preparation method and nanostructure. 

Liposomes are generally composed of phospholipids and cholesterol and exhibit a spherical, lipid 

bilayer structure, similar to that of cell membranes. They are prepared either through the sonication 

of a thin film of lipid components in a suitable solvent or by extrusion through a size cutoff 

membrane.58 LNPs are less ordered in structure (Figure 1.4) and prepared either by manually 

mixing lipid components together by vigorous pipetting or through more controlled mixing via 

microfluidic devices. LNPs for gene therapy are composed generally of a PEGylated lipid which 

provides stealth properties (see 1.2.2.2), a neutral helper lipid, like 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), cholesterol which provides rigidity, and a cationic ionizable lipid 

which is protonated at certain pHs and allows for the complexation with anionic nucleic acids and 

nucleic acid complexes.25,43,59 LNPs compose the only FDA approved nanoformulated gene 

therapies to date (as of spring 2024).19,21 The main strategy for engineering complexation and 

targeting efficacy is to alter the ionizable lipid in LNP formulations. A broad spectrum of ionizable 

lipids have been synthesized and screened, containing different lipid chain compositions, chain 

lengths, and, most importantly, ionizable head groups. Generally, head groups contain amines of 

varying chemical character.60–63 
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1.4.2 Polymers 

 

Figure 1.5: Examples of several common polymer chemistries used to prepare nanoparticles. 

 Synthetic polymers compose another large category of materials for the preparation of 

organic nanoparticles. A robust toolkit of synthetic polymer chemistries exists for the preparation 

of polymers for nanomedicine applications.64,65 Perhaps the most widely used, clinically relevant 

polymer is poly(lactic-co-glycolic acid) (PLGA) (Figure 1.5 PLGA).66,67 PLGA is generally 

prepared through the ring opening polymerization of the cyclic dimers of lactic acid and glycolic 

acid with a hydroxyl-bearing initiator in the presence of the tin (II) 2-ethylhexanoate (Sn(II)Oct) 
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catalyst. PLGA is a biocompatible and biodegradable polymer that hydrolyzes via its polyester 

linkages used in a variety of medical devices, from tubing to controlled release implants to 

nanoparticles.68 It’s generally not employed in gene therapy nanomedicine applications due to its 

neutral charge, but PLGA nanoparticles have been used widely to encapsulate small molecule 

therapeutics. 

 Polymer nanogels are spherical, crosslinked nanoparticles generally prepared through the 

radical emulsion polymerization of an unsaturated monomer, like an acrylate, methacrylate, 

acrylamide, methacrylamide, or vinyl ether with a crosslinker (Figure 1.5 Nanogels/latexes).69,70 

This type of polymerization is generally performed in surfactant-containing water, where the 

monomers and crosslinkers partition into surfactant micelles. When a radical initiator is added to 

the mixture, it polymerizes the monomers and crosslinkers contained within the micelles, forming 

a spherical nanogel with a network-like structure. Nanogels are generally employed for the 

encapsulation and delivery of small molecule therapeutics.71,72 

 Controlled radical polymerization (CRP) methods, like reversible addition– fragmentation 

chain-transfer (RAFT) polymerization and atom transfer radical polymerization (ATRP), are 

commonly used to synthesize highly monodisperse, linear polymers from unsaturated monomers 

with end group chemistries defined by their corresponding chain transfer agents (CTAs) and 

initiators, respectively.73–77 RAFT and ATRP are “living” polymerization techniques and their 

resulting polymers can be reinitiated after synthesis and chain extended with other monomers to 

synthesize well-defined block copolymers (Figure 1.5 Block copolymers).77–83 In the drug 

delivery and nanomedicine space, amphiphilic block copolymers, containing hydrophobic and 

hydrophilic blocks are often used to prepare polymer micelle nanoparticles by self-assembly in a 

selective solvent, like water, which prompts the aggregation of hydrophobic blocks and solvation 
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of hydrophobic blocks. Block copolymer micelle nanoparticles have been used for the delivery of 

a wide variety of therapeutic modalities, including small molecules, nucleic acids, and proteins.84–

86 Cationic monomers, like dimethylaminoethyl methacrylate (DMAEMA), are commonly used to 

synthesize block copolymers used in nanomedicine because they electrostatically complex well 

with anionic nucleic acids.87,88 

 Charged, cationic polymers represent another large category of polymers used in for the 

synthesis of polyplexes, or electrostatically-driven complexes of cationic polymers with anionic 

nucleic acids (Figure 1.5 Polyplexes).89,90 Poly(ethyleneimine) (PEI) was the first charged 

polymer used for this purpose, synthesized from the ring opening polymerization of aziridine. It 

exists in both linear and branched forms and a large amount of work has been published regarding 

the impacts of architecture, molecular weight, and formulation parameters on ultimate delivery 

success.91,92 PEI is toxic in large doses so the field has moved away from it as a delivery vehicle. 

Since then, a number of cationic polymer systems have emerged as alternatives to PEI. Poly(β-

aminoesters) (PBAEs) are a category of cationic polymers synthesized by the polymerization of 

diacrylates with diamines.93,94 Their characteristic ester backbone linkages provide them with 

biodegradable properties and much effort has been dedicated to discerning the impact of different 

R-group chemistries on complexation and delivery efficacy.95 A notable polymeric system 

developed by the Waymouth group at Stanford University called charge-altering reversible 

transporters (CARTs) has gained recent attention for its efficacy in delivering mRNA and self-

immolating backbone structure.96 Despite the extensive research efforts in this space, however, 

there are currently no FDA-approved polymer nanoparticles for gene therapy applications. There 

are several polymer nanoparticle systems approved for small molecule delivery. 
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1.4.3 Proteins 

 

Figure 1.6: Five common protein nanoparticle preparation methods. 

 Proteins represent the third major class of organic substrates used to construct 

nanoparticles.54,97,98 They are the least advanced with regard to technology development and no 

protein nanoparticles are FDA-approved for gene therapies. Abraxane®, or nanoparticle albumin 

bound (Nab) paclitaxel, a high-pressure homogenized blend of albumin and small molecule anti-

cancer drug paclitaxel, is approved for the treatment of breast cancer, lung cancer, and others 

(Figure 1.6 Nanopartcle albumin bound (Nab)).99 Several techniques are available for the 
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preparation of protein nanoparticles, including desolvation, emulsification, and self-assembly. 

Desolvation involves the slow addition of a desolvating agent, often ethanol or other organic 

solvents, to a stirring solution of dissolved protein to prompt the formation of aggregates, followed 

by chemical crosslinking using multifunctional molecules like glutaraldehyde (Figure 1.6 

Desolvation).100,101 Emulsification is a solution-based process, similar to desolvation, but involves 

the formation of a stable emulsion of immiscible solutions of protein in water and surfactant in an 

organic solvent.54 The emulsion suspension is added dropwise to a hot oil bath, prompting protein 

denaturation, aggregation, and stabilization. Because desolvation and emulsification require the 

use of denaturing solvents and/or elevated temperatures, protein secondary and tertiary structures 

are often not preserved and the processes are not compatible with delicate nucleic acid cargo. Thus, 

any intrinsic protein function is generally not preserved and the composite proteins are used merely 

for their structural capacity. 

 Self-assembly is an emerging technique for the synthesis of protein nanoparticles, requiring 

the de novo computational design and expression of new proteins that, in solution, assemble into 

highly ordered nanostructures (Figure 1.6 Self-assembly).102,103 Despite the precision of this 

technique in its ability to produce uniform nanoparticles with engineered function and tissue 

specificity, it is expensive and computationally intense, and engineering bacterial strains to express 

the new proteins is not trivial. 

 Electrohydrodynamic (EHD) jetting is an emerging technique for the synthesis of protein 

nanoparticles, pioneered by the Lahann group at the University of Michigan. EHD jetting is similar 

to electrospraying and involves the dissolution of a structural macromolecule (synthetic polymer, 

protein) and a crosslinker in a suitable solvent (Figure 1.6 Electrohydrodynamic (EHD) 

jetting).104–106 The solution is drawn into a syringe and flown downward toward a grounded 
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collection surface at a constant rate. A voltage is applied to the needle of the syringe, inducing an 

electric field between the needle and the collection surface. As the solution enters the electric field, 

the solvent evaporates and the macromolecular components and crosslinkers nanoaggregate in 

flight toward the collection surface. What results is a crosslinked nanoparticle with a network-like 

architecture, composed of macromolecules randomly joined together by crosslinks. This process 

has been used to produce synthetic polymer micro- and nanoparticles, and recently, protein 

nanoparticles.104,107 EHD jetting allows for separate control over physical and chemical properties; 

the physical properties of the resulting nanoparticles, like size and shape, are controllable by the 

processing parameters associated with EHD jetting (voltage, flow rate, solvent selection), while 

the chemical properties of the resulting nanoparticles, like zeta potential, crosslinking density, and 

chemical composition, are controllable by the specific macromolecular and crosslinking 

components included in the jetting solution and their relative stoichiometries.108,109 

 While quite nascent in their stage of development regarding preparation methods and 

clinical significance, proteins represent a high-potential category of material substrates for 

nanoparticle synthesis. Proteins are highly complex biomacromolecules with sophisticated 

functions, ranging from catalysis to cellular scaffolding, all dependent on the several orders of 

complexity associated with amino acid sequences and macromolecular structure (primary, 

secondary, tertiary structure).12 

1.5 Chemistry used to construct nanoparticles 

1.5.1 Non-specific chemistries 

The chemical toolbox of nanoparticle synthesis generally involves a set of chemical 

coupling and degradation reactions, referred to colloquially as “bioconjugate chemistry.”110 Often, 

these bioconjugate chemistries take advantage of intrinsic functional groups found on 
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biomacromolecules, like proteins and nucleic acids, the most common of which are amines, thiols, 

alcohols, and carboxylic acids (Figure 1.7). These reactions are used to crosslink macromolecules 

into nanoparticles, ligate payloads to nanoparticles, or label nanoparticles with reporters, like 

fluorescent dyes or radionuclides. Amines are nucleophiles, and will perform substitution reactions 

with electrophiles under slightly basic conditions, like N-hydroxysuccinimide esters (NHS esters), 

pentafluorophenyl esters (PFP esters), aldehydes, isocyanates, and epoxides (Figure 1.7A). Thiols 

are also nucleophiles and will perform thiol-ene Michael additions with maleimides and other 

alkene-containing species like [meth]acrylates, as well as redox reactions with disulfides (Figure 

1.7B). Carboxylic acids are electrophiles, and will undergo nucleophilic attack from nucleophiles 

like amines and alcohols in the presence of suitable coupling reagents (often carbodiimides) to 

form amides and esters, respectively (Figure 1.7C).  

 

Figure 1.7: Bioconjugate chemistries involving intrinsic protein residues. A) Amines, B) thiols, and C) carboxylic 

acids. The chemistries illustrated in this figure are non-exhaustive. 
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1.5.2 Bioorthogonal, specific chemistries 

The chemistries outlined in Figure 1.7 are all non-specific. For example, every carboxylic 

acid present in a reaction mixture will react with every amine available at the defined 

stoichiometry. Since biomacromolecular species contain tens to hundreds of these functional 

groups per molecule, these reactions are either performed in excess or dearth with respect to a 

specific functional group. So, an experimentalist can say, for example, that they modified 10 

available carboxylic acids on a target protein with an amine-containing ligand to form new amide 

bonds between the two, but cannot say specifically which amino acid residues were modified. In 

some cases, however, the ability to ligate to or crosslink a macromolecule at a specific location is 

desired. Bioorthogonal, specific chemical reactions were developed for this purpose (Figure 1.8). 

Bioorthogonal chemistries involve the introduction of a functional group at a defined site in a 

[bio]macromolecule, like at a specific amino acid residue, that is biologically exogenous. That is 

to say, it is not naturally-occurring and therefore does not have any intrinsic reactivity with other 

endogenous functional groups. The “click” reaction, which won the 2022 Nobel Prize in chemistry, 

is one such example of a biorthogonal chemical reaction (Figure 1.8A).111,112 Click reactions are 

cyclization reactions that take place between azides and alkynes to form 5-membered triazole 

heterocycles. This reaction can be performed with an azide and a linear, terminal alkyne in the 

presence of a Cu1 catalyst, or between an azide and a strained alkyne without a catalyst, like the 

dibenzocyclooctyne (DBCO) shown in the bottom half of Figure 1.8A.113 Another example of a 

biorthogonal chemistry is the Diels-Alder reaction, which involves the formation of a 6-membered 

ring between a diene and a dienophile, like a maleimide (Figure 1.8B).114 
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Figure 1.8: Bioorthogonal, specific chemistries. A) Azide-alkyne click reactions and B) Diels-Alder reactions. 

1.5.3 Photoreactions 

The drawback to the chemistries previously mentioned in this section is that they begin 

occuring spontaneously as soon as both reactants are added to the same reaction vessel. Often, it 

is desirable to initiate a reaction at a specific time or only in a specific location. Photoreactions are 

employed for this purpose, and generally require the irradiation of a sample with ultraviolet (UV) 

light to initiate the reaction.110 Benzophenone and diazirine moieties are common photoreactive 

functional groups which react through the abstraction of hydrogen atoms on a macromolecular 

substrate.115,116 Aryl azides are a third common photoreactive moiety that reacts through a 

nucleophilic attack from an amine and subsequent ring expansion (Figure 1.9).117 While not as 

ubiquitous as the other chemistries mentioned in this section, photoreactions are used extensively 

in preparing polymers (via photopolymerizations) and in the mass spectrometric analysis of 

substrate-ligand binding. 
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Figure 1.9: Photochemical reactions commonly employed in bioconjugate applications. 

1.5.4 Stimuli-responsive chemistries 

Nanoparticles engineered for nanomedicine applications are often engineered with 

degradability in mind; it is desirable for a nanoparticle to degrade and release its payload at the 

target biological site. This is generally accomplished through the use of stimuli-responsive linkers 

that are engineered into the nanoparticle network.118,119 Disulfides are perhaps the most widely 

used functional groups for this purpose, as they are cleaved into two thiols under reducing 

conditions (Figure 1.10). It is generally accepted that a cell’s cytosol is a slightly reducing 

environment and therefore, when a nanoparticle reaches the cytosol, the disulfide bonds holding 

the nanoparticle together will reduce to release the encapsulated payload.120 Ketals/acetals, 

hydrazones, and esters are other common functional groups found in degradable nanoparticles and 

are all cleavable through acid-catalyzed hydrolysis (Figure 1.10).121,122 Most nanoparticles enter 

cells through an endocytic uptake mechanism. Endosomes exhibit an acidic pH (~5.5) and thus, 

nanoparticles bound with acid responsive linkers will cleave and release their payload once in the 

endosome. Peptide linkers are less common in degradable nanoparticle systems than the 

aforementioned linkers and are more predominantly found in antibody-drug conjugates, the most 

common of which is the valine-citrulline (Val-Cit) linker (Figure 1.10, bottom).123 Peptide linkers 
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are more selective than the reducible or acid-sensitive linkers in that they will generally only cleave 

in the presence of an enzyme that selects for that specific peptide sequence. The Val-Cit linker is 

selectively cleaved by cathepsin, a cytosolic proteinase. 

 

Figure 1.10: Common cleavable linkers used in drug delivery applications. 

1.6 Methods for the study of nanoparticle design 

1.6.1 Instrumentation 

There are six main state-of-the-art instrumental techniques used to characterize 

nanoparticles for nanomedicine applications: dynamic light scattering (DLS), nanoparticle 

tracking analysis (NTA), electron microscopy, atomic force microscopy (AFM), Fourier 

transform-infrared (FT-IR) spectroscopy, and UV-vis spectroscopy. Each of these instrumental 

techniques are used to study both physical and chemical properties of nanoparticles.124 

DLS and NTA are both solution-based methods used to measure the hydrodynamic 

diameter (Dh) and polydispersity index (PDI) of a suspension of nanoparticles.125,126 The PDI 
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describes how narrow the nanoparticle population’s Dh is – PDIs close to 0 are the most 

monodisperse and PDIs greater than 0.4 are generally considered polydisperse. DLS is a light 

scattering-based method and DLS instruments are often able to measure the zeta potential of a 

nanoparticle population. NTA is a camera-based method and cannot measure zeta potential, but 

can measure the concentration of nanoparticles in a given sample, reported in number of 

nanoparticles per unit volume. 

Electron microscopy can be subdivided into two categories: transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). Both techniques provide 

nanometer-level resolution inaccessible to optical microscopy techniques, but TEM creates images 

by detecting the electrons that pass through a sample, while SEM detects electrons that are 

reflected from a sample.127–130 Both types of electron microscopy can be used in conjunction with 

energy dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS), 

which are spectroscopic methods for identifying the elemental composition of a sample.131 TEM 

and SEM both provide size and morphology information about a nanoparticle sample and the 

images can be quantified using image analysis protocols. AFM is another technique for imaging 

nanoparticle samples, but rather than using electrons, uses a mechanical cantilever that rasters over 

the surface of the sample to detect texture which is compiled into an image.132 AFM gives size and 

morphological information about a nanoparticle sample similar to TEM and SEM, but can 

additionally provide data on nanomechanical properties using nanoindentation techniques. 
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Figure 1.11: Instrumental techniques for studying nanoparticles. 

 In addition to the physical properties measurable by DLS, NTA, electron microscopy, and 

AFM, chemical properties of nanoparticles can be measured using FT-IR and UV-vis 

spectroscopy.133,134 FT-IR is commonly employed to measure the presence of characteristic 

functional groups present on the surface of nanoparticles, while UV-vis can be used to analyze the 

optical properties of a sample by measuring the absorption of photons across the UV and visible 

regions of the electromagnetic spectrum. UV-vis can additionally be used to measure the 

concentration of nanoparticles suspended in a sample, but requires the sample to absorb photons 

in the UV-vis regime, which not all nanoparticle types do, and requires the development of a 

standard curve against which the sample is measured.135 

 The state-of-the-art techniques for the direct characterization of nanoparticles mainly 

provide data regarding the size, morphology, and surface chemistry of samples. These techniques 

are severely limited in their ability to characterize nanoparticle-environment or nanoparticle-
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biological interactions in situ. A major limitation in the study of nanoparticles for nanomedicine 

applications lies in the difficulty of measuring how all of the design considerations (material 

selection, payload selection, chemistry, physical properties) ultimately influence a particular 

system’s success, or lack thereof, in a biological therapeutic context.  

1.6.2 Fluorescence spectroscopy 

Fluorescence spectroscopy is an instrumental method that undergirds many of the 

ubiquitous bioanalytical techniques used in cell and molecular biology, physiology, and 

biochemistry, including but not limited to fluorescence microscopy, flow cytometry, plate-based 

assays, and DNA sequencing.136 It always involves the labelling of a biomolecular or cellular 

species of interest with a fluorescent dye (also referred to as a fluorophore, chromophore, or dye). 

Fluorophores are usually small molecules with large, π-conjugated ring systems that, upon 

excitation with photons of a defined wavelength, will emit photons at a slightly longer 

wavelength.137 The molecular structure of a fluorophore dictates the specific wavelengths at which 

it can be excited and emit light. For instance, the fluorophore fluorescein isothiocyanate (FITC) is 

excited at 495 nm and emits light at 519 nm (green), while the fluorophore sulforhodamine 101 

acid chloride (Texas Red) is excited at 589 nm and emits light at 615 nm (red). The distance 

between the peak excitation wavelength and emission wavelength of a fluorophore is called the 

Stokes Shift. The process of excitation and fluorescence emission is often illustrated by a Jablonski 

diagram (Figure 1.12A).136 
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Figure 1.12: (A) A Jablonski diagram and (B) steady-state fluorescence excitation and emission spectra of the 

cyanine family of fluorescent dyes. 

A typical Jablonski diagram illustrates the singlet ground, first, and second electronic states 

(S0, S1, and S2) and the triplet first electronic state (T1) of a general molecular species (Figure 

1.12A). When the molecule is given energy in the form of photons, it is absorbed and excited to a 

vibrational energy level greater than that of the ground state, usually S1 or S2.136 If a molecule is 

excited to a vibrational level greater than S1, the molecule generally quickly relaxes to S1 (on the 

order of 10-12
 seconds). From there, the molecule can relax back to the ground state, S0 via three 

pathways: 1) non-radiative decay, 2) fluorescence emission, or 3) phosphorescence emission. In 

the case of non-radiative decay, the absorbed energy dissipates in the form of heat and no photons 

are emitted. In the case of fluorescence emission, a form of radiative decay, the molecule in its S1 

state returns to S0 via the emission of photons.136 In the case of phosphorescence emission, another 

form of radiative decay, the molecule in its S1 state must first undergo a conversion of spin to the 

first triplet state, T1, via a process called intersystem crossing. From there, the molecule can relax 

to the ground state via phosphorescence by the emission of photons. Fluorescence and 

phosphorescence occur on different time scales; fluorescence generally occurs on the order of 10-

8 seconds while phosphorescence occurs many orders of magnitude more slowly, from 10-3 to 103 
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seconds, and the specific decay pathway that a molecular species takes is chemical structure 

dependent.136 

1.6.2.1 Steady-state fluorescence spectroscopy 

Almost all bioanalytical techniques, like those mentioned in the previous section, employ 

the steady-state fluorescence spectroscopic detection of fluorophores. Steady-state fluorescence 

spectroscopy detects the average intensity of emission of a fluorophore when excited at a particular 

wavelength. Fluorophores do not emit photons at a single wavelength. Rather, photons are emitted 

across a range of wavelengths. The average emission intensities of a fluorophore can be plotted 

with respect to wavelength to create an emission spectrum, illustrated in Figure 1.12B as the solid 

green, orange, and red lines. The emission spectrum of a fluorophore is independent of excitation 

wavelength, as long as that excitation wavelength falls within the excitation band. The excitation 

spectrum of a fluorophore can be acquired by measuring the emission intensity at a single 

wavelength as a function of excitation wavelength. These average intensity values can be plotted 

with respect to wavelength to create an excitation spectrum, illustrated in Figure 1.12B as the 

dashed green, orange, and red lines. It is important to note that the excitation spectrum of a 

fluorophore is not the same as the absorption spectrum. Absorption spectroscopy (often referred 

to as UV-vis spectroscopy) involves the irradiation of a sample with light, generally in the UV and 

visible regime, and measures the difference in intensity of incident light from the intensity of light 

that passes through the sample. 

Steady-state fluorescence spectroscopy is useful for microscopists who wish to observe 

where a fluorophore is located spatially, for example in a slice of tissue or within a cell. It is useful 

in flow cytometry for the selective labelling and detection of populations of cells, in plate-based 

assays for the selective labelling and detection of ligands or substrates, and in gel electrophoresis 
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for the selective labelling of nucleic acids and proteins. It does not, however, allow the user to 

measure the lifetime of a fluorescent species.  

1.6.2.2 Time-resolved fluorescence spectroscopy and fluorescence lifetime 

Fluorescence lifetime is defined as the average time a fluorophore spends in its excited 

state when given energy in the form of photons of a particular wavelength.136 The lifetime of a 

small molecule fluorophore dissolved in a good solvent is generally between 1 and 10 ns.138 While 

steady-state fluorescence spectroscopy is a useful tool to label biomolecular species and detect 

them on a spatial level, for instance, with microscopy, time-resolved fluorescence spectroscopy 

(TRFS) can be used to provide more nuanced information about an emissive species’ local 

environment.138 Fluorescence lifetime is: 1) a state function independent of instrumental 

conditions like the wavelength of excitation or exposure duration, 2) independent of fluorescence 

intensity or fluorophore concentration, and 3) sensitive to internal molecular structural factors and 

external environmental factors like temperature, polarity, and the presence of a quenching species.  
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Figure 1.13: (A) Steady-state fluorescence excitation (green dashed) and emission (green solid) spectra for Cy3 

dissolved in THF. The red dashed and solid lines indicate the excitation and emission wavelengths used in a time-

resolved fluorescence spectroscopy experiment, respectively; (B) a general scheme illustrating the process of single 

photon counting at a chosen emission wavelength with respect to time after a fluorophore is given an excitation 

pulse (green); (C) fluorescence lifetime decay curve of Cy3 measured at an emission wavelength of 625 nm when 

excited at 500 nm with a ps diode laser (individual points on decay curve represent photon counts and solid line 

represents third order exponential decay fit with fit residuals plotted below). 

On a practical level, TRFS involves exciting a fluorophore at one given wavelength and 

measuring the time it takes for individual photons to be emitted at a chosen wavelength of 

detection, shown in Figure 1.13A as the dashed and solid red lines overlaid on the excitation and 

emission spectra of Cy3. If a fluorophore is given an excitation pulse at time zero, the photons 

emitted after that excitation pulse are collected until they are no longer being emitted. The 
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distribution of photons and their intensity with respect to time can then be plotted to obtain a decay 

curve (Figure 1.13B). Figure 1.13C illustrates the lifetime curve obtained by measuring the decay 

of Cy3 dissolved in THF, excited at 500 nm and measured at 625 nm. The individual points plotted 

on this curve can be thought of as individual photons being counted and the solid fit line is a third 

order exponential decay function that has been fitted to the raw data, shown in Equation 1.1:136 
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 Each component of the decay function describes a different segment of the overall decay, where 

𝜏1 and α1 describe the early portion of the decay, 𝜏2 and α2 describe the intermediate portion of the 

decay, and 𝜏3 and α3 describe the tail. The 𝜏 values are the component lifetimes and the α values 

can be thought of as the weights for that term in the function. The 𝜏 and α values can be extracted 

from the fit to calculate a 𝜏av, or the average fluorescence lifetime for that specific molecular 

species dissolved in the chosen solvent, according to the weighted average formula shown in 

Equation 1.2:136 
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 Several internal and external factors modulate the fluorescence lifetime of an emissive 

species. External factors like Förster resonance energy transfer (FRET), Dexter electron transfer 

(DET), dynamic quenching, photon reabsorption, and the formation of excimers all affect the 

fluorescence lifetime of a fluorophore.138 These modes of fluorescence lifetime modulation are not 

relevant to the work discussed in this dissertation and therefore will not be discussed here in any 

more detail. Internal factors, like internal rotation, temperature, viscosity, polarity, and excited 

state electron and proton transfer (ESET/ESPT) affect the fluorescence lifetime of a fluorophore. 

One of the major pathways to dissipate the energy of an excited fluorophore and shunt its decay 

toward non-radiative modes is through rotation of the parts of the molecule participating in 
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emission. An increase in internal rotation thus results in a decrease in lifetime.138 It follows, then, 

that any process that increases or decreases a fluorophore’s ability to rotate will consequently 

decrease or increase the fluorophore’s lifetime, respectively. For example, lowering the 

temperature or increasing the viscosity of the system will constrain the internal rotation of a 

molecule, resulting in an increase in lifetime. Fluorescence lifetime also depends on the polarity 

of the system, with the general trend of decreasing lifetime with increasing polarity.139 Finally, 

reversible changes in the distribution of electrons or protons associated with a molecule’s excited 

state can play a role in modulating lifetime.138 In ESET, electrons from the molecule in its excited 

state travel from the donor site to an acceptor site, resulting in a non-fluorescent species that relaxes 

to the ground state via non-radiative decay. ESPT is a similar process, only involving protons and 

generally occurring between two molecules, rather within the same molecule. These transfer 

processes are critical for the function of conducting polymers and fluorescent-based metal sensors. 

In the context of materials and, more specifically, nanoparticles, these processes manifest when a 

fluorophore is embedded within a material’s matrix – increasing its lifetime compared to the free 

fluorophore dissolved in a good solvent (Figure 1.14).140 This principle, combined with the other 

internal factors that influence fluorescence lifetime, particularly polarity, describes many of the 

systems developed in this dissertation. 
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Figure 1.14: A fluorescent anthracene molecule constrained in a polymeric or nanoparticulate matrix exhibits a 

longer fluorescence lifetime than its dissolved counterpart. 

1.6.3 Rational nanoparticle design vs. unbiased screening approaches 

Nanoparticle formulations for drug delivery applications are traditionally optimized in the 

academic literature by low-throughput empirical methods where several rationally designed 

materials are synthesized in batches, individually purified, and screened for biological effect in 

vivo. The formulation that most closely matches the desired therapeutic effect is then selected and 

examined in greater detail. While a tried-and-true method, manual optimization of a small selection 

of formulations neglects the physicochemical complexity of multi-component, high-dimensional 

nanomaterials whose design often hinges on a delicate balance between covalent, ionic, and Van 

der Waals interactions. High-throughput approaches to nanoparticle optimization have emerged in 

the last 10 years as laboratory automation has become cheaper and more accessible.141–143 

Generally, these studies involve synthesizing and purifying large numbers (>100) of 

chemically distinct nanoparticle formulations, screening their biological effect in vitro in parallel, 

and selecting a few top-performing candidates to test in vivo. While effective at identifying 

potential nanoparticle formulation candidates for a specific application or disease pathology, these 

studies often neglect detailed characterization of the nanoparticle libraries, resulting in the 

identification of hit formulations without uncovering underlying structure-property relationships 
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to inform future formulation and experimentation.61,62 The vast majority of characterization 

performed is limited to the study of hydrodynamic diameter and zeta potential via DLS 

measurements. These measurements are straightforward to perform in a high throughput context, 

especially if done using a DLS instrument that accommodates well plates. However, by only 

measuring diameter and zeta potential, these studies neglect the investigation of any of the complex 

nanomaterial-environment and nanomaterial-payload interactions that affect biological outcomes. 

What results, as a consequence, is the publication of a large number of studies employing unbiased, 

high throughput screening approaches to nanoparticle formulation development without providing 

clear information regarding which physicochemical properties of the nanoparticles studied 

resulted in success, and most importantly, the mechanism by which those properties influence 

biological outcomes. Of note, particularly pertaining to the technology described in this 

dissertation, TRFS can be performed in a high throughput context. 

Some pioneering works by the Langer and Anderson groups in the early 2010s employed 

high-throughput approaches to generate non-viral siRNA vector libraries of cationic lipidoid 

nanoparticles, cationic core-shell polymer nanoparticles, and microfluidically-synthesized cationic 

lipid nanoparticle libraries, in addition to polymer-based vectors for small molecule anticancer 

payloads.144–147 While high quality studies, these first high-throughput NP publications lacked 

much in the way of elucidating structure-activity relationships; they merely sought to identify hit 

materials for the application at hand. 

 A 2019 study by Mirkin and coworkers demonstrated that, in a well-defined design space, 

ML algorithms could be deployed to uncover non-linear structural phenomenon for spherical 

nucleic acid NPs synthesized in a combinatorial fashion.148 A 2020 publication by Reineke and 

coworkers surveyed a library of 43 statistical copolymers for use as CRISPR-Cas9 RNP non-viral 
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vectors.88 The authors characterized nine physicochemical properties of each polymer, screened 

them for toxicity, gene editing efficiency, and cellular uptake and used random forest classifiers 

to map the influence of those properties on their three biological outputs. It was found that editing 

efficiency is dependent on hydrophobicity-associated parameters like clogP and nHill while toxicity 

and uptake are dependent on polyplex diameter and cationicity-associated parameters like pKa and 

ζ-potential. A recent publication from Leibfarth and coworkers demonstrated utility in combining 

flow polymer synthesis with ML analysis to discover fluorinated copolymers that exhibit high 

signal intensity and high aqueous solubility for 19F MRI applications.149 

 Pioneering works by Dahlman and coworkers, beginning with their seminal paper 

published in 2017 in Proceedings of the National Academy of Science, have reported methods for 

foregoing the in vitro parallel screen of lipid nanoparticles prior to in vivo testing with a DNA 

barcoding approach to formulation study.60 There is a large body of literature that suggests that in 

vitro identification of hit formulations do not necessarily translate to in vivo success because of 

the increased complexity associated with in vivo nano-bio interactions.61,63 The Dahlman group 

synthesizes libraries of lipid nanoparticles using a microfluidic method and labels each formulation 

with a unique DNA barcode. All the nanoparticle formulations are pooled together and injected 

into a single mouse. After some time, the mouse is sacrificed, the organs and tissues are removed 

and disaggregated, cellular DNA is extracted, and the DNA is subjected to polymerase chain 

reaction (PCR) analysis for the presence of any of the barcodes. With this method, the researchers 

are able to track the biological fate of each formulation. Despite the utility of this method, the 

Dahlman group only characterizes the hydrodynamic diameters of each formulation.  
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1.7 Conclusions 

This chapter detailed an overview of the characteristics that one must consider when 

engineering a new nanoparticle drug delivery system on several length scales, including the atomic 

and molecular scale features of nanoparticle components, the materials that those molecules 

compose, the complex biological barriers that a nanoparticle must overcome to successfully deliver 

a therapeutic payload, and the methods available for the characterization of nanoparticles. After 

surveying this large engineering design space regarding nanoparticle synthesis and deployment, 

I’ve drawn three major conclusions: 

1. The deployment of a successful nanoparticle delivery system requires several length scales 

of coordination – from the atomic level all the way to the organism level. 

2. Rationally engineering nanoparticle delivery systems in such a large and multidimensional 

chemical/materials design space is a historically challenging endeavor, with an extremely 

low rate of clinical translation. 

3. State-of-the-art analytical tools provide limited insight into materials properties and 

material-biology interactions. 

Therefore, I hypothesize that TRFS, coupled with the rational molecular design of self-

reporting nanoparticle structural components, will provide nuanced characterization data 

with respect to nanomaterial-environment and nanomaterial-payload interactions 

inaccessible to state-of-the-art methods. This dissertation aims to address some of the 

shortcomings of the nanoparticle drug delivery field by developing new molecular tools and 

nanoparticle fabrication methods that allow for the study of formulations using TRFS. 
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Chapter 2 – Synthetic Protein Nanoparticles via Photoreactive Electrohydrodynamic 

Jetting 

 

2.1 Authors and Contributions 

This chapter contains text and data from a manuscript under review as of the time of writing as: 

Synthetic Protein Nanoparticles via Photoreactive Electrohydrodynamic Jetting 

Anthony J. Berardi,* Sonja D. Francisco,* Albert Chang, Julio C. Zelaya, Jeffery E. Raymond, 

Joerg Lahann (*denotes equal contribution) 

Macromolecular Rapid Communications 

2.2 Abstract 

Protein nanoparticles are an attractive class of materials for nanomedicine applications due 

to the intrinsic biocompatibility, biodegradability, and intrinsic functionality of their constituent 

proteins. Despite the clinical success of select protein nanoparticles, this class of nanocarriers 

remains understudied and underdeveloped compared to lipid and polymer nanoparticles due to 

challenges related to formulation optimization, large design space, and their structural complexity. 

In this work, we introduce a modular strategy for protein nanoparticle preparation based on the 

concept of photoreactive jetting. The process relies on continuous UV irradiation during 

electrohydrodynamic (EHD) jetting of protein solutions that contain a homobifunctional 

photocrosslinker. The resulting protein nanoparticles exhibit nanogel-like architectures comprised 

of proteins that are linked via synthetic moieties. Compared to conventional protein nanoparticles, 
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this method reduced nanoparticle processing times to minutes, rather than hours to days. The 

inclusion of an emissive structural motif as the molecular scaffold of the photocrosslinker was 

used to study the supramolecular architecture of the stable nanoparticles via time-resolved 

fluorescence spectroscopy. 

2.3 Introduction 

Nanoparticles are attractive vehicles for therapeutics due to their large payload capacity, 

ability to stabilize otherwise insoluble small molecule drugs, improved biodistribution, and low 

off-target toxicity.25 To date, the majority of clinically approved nanoparticles are composed of 

either lipids or polymers.55 These systems feature molecular building blocks that are versatile and 

easy to formulate, but suffer from low degrees of cell and tissue-specificity. Proteins have been 

widely studied as intrinsic therapeutic agents, in the form of monoclonal antibodies (mAbs) and 

antibody-drug conjugates (ADCs).150,151 Other protein therapeutics act as carriers for small 

molecule drugs and nucleic acids for gene therapy.152 Protein nanoparticles (PNP) have been 

fabricated through several methods, including nanoparticle albumin-bound (Nab) processing,153 

emulsification,98,154 desolvation,97,155 and self-assembly.54 Nab technology has been extensively 

used clinically to prepare Nab-paclitaxel (Abraxane®), an albumin-based sPNP loaded with 

paclitaxel for the treatment of metastatic breast cancer.99 The Nab process involves high-pressure 

homogenization of aqueous and organic solutions of proteins and small molecule drugs at high 

shear rates, resulting in nanoparticles with small molecules buried in the hydrophobic domains of 

their composite proteins.54,99 The emulsification and desolvation processes involve the addition of 

an aqueous protein solution to either a surfactant-containing oil phase or antisolvent, respectively, 

resulting in the formation of stable nanoparticles via thermodynamic and entropic forces; the 

resulting nanoparticles are then either thermally or chemical crosslinked.54,97,98,153,154 While highly 
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scalable, these processes suffer from a lack of modularity and versatility, as solution and 

processing parameters need to be optimized for every formulation. Self-assembly is an attractive 

method to produce highly controlled, designer nanomaterials, but requires the de novo design of 

individual protein components. This process is computationally intense, both difficult and 

expensive to execute experimentally, and not compatible with native proteins.156–158 None of the 

aforementioned preparation methods are amenable to high throughput screening workflows, which 

have been extensively employed for the discovery of lipid and polymer nanoparticles but have yet 

to be deployed for protein nanoparticle formulation discovery. 

Synthetic protein nanoparticles (sPNPs)54 are a class of therapeutic drug carriers that 

combine the intrinsic features of proteins with the engineering precision and manufacturability 

observed in synthetic polymer and lipid nanoparticles. Recently, sPNPs have been prepared via 

electrohydrodynamic (EHD) jetting.106 This method involves dilute solutions of protein, 

therapeutic cargo, and a crosslinker that are atomized using high electrical fields. The process 

results in stable nanoparticles with low polydispersity that are collected as a solid powder from the 

collection substrate.104,106,159 sPNPs exhibit a network-like architecture, with individual proteins 

joined together by crosslinkers and therapeutic molecules interspersed throughout the network. 

Protein nanoparticles produced with this method have displayed therapeutic utility in treating 

glioblastoma, melanoma, and lung inflammation in murine models.152,160–162 

Previous studies used homobifunctional crosslinkers based on an NHS ester-oligo(ethylene 

glycol)-NHS ester (NHS-OEG-NHS) architecture to stabilize protein nanoparticles with EHD 

jetting.106,152,159,160 Following EHD jetting, the collection surfaces on which nanoparticles were 

deposited were incubated at 37 °C for several days to ensure complete conversion of the NHS 

groups. While effective in stabilizing sPNPs, the use of the NHS-OEG-NHS crosslinkers comes 
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with its own set of challenges, including batch-to-batch variability in the linkers, the need for 

additional purification steps, and sluggish reaction kinetics of the solid-state crosslinking reaction. 

2.4 Methods 

2.4.1 Materials 

All reagents and solvents were purchased from Sigma Aldrich and used without further 

purification. UltraPure water was purchased from Invitrogen. Silica gel flash chromatography was 

performed using SiliCycle SiliaFlash P60 silica gel. Thin-layer chromatography was performed on 

Supelco TLC plates (pre-coated with a 250 μm layer of a silica gel 60 matrix with fluorescent 

indicator F254) and visualized with a UV hand lamp (254 nm and 365 nm) and potassium 

permanganate stain. 

2.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra were recorded on a Bruker Avance Neo spectrometer operating at 500 MHz. 

Samples were dissolved in CDCl3 for analysis. Chemical shift was referenced to the solvent 

residual peak at 7.26 ppm and 77.16 ppm for 1H spectra and 13C spectra, respectively. 

2.4.3 Liquid Chromatography – Mass Spectrometry (LC-MS) 

Small molecule mass spectra were recorded on an Agilent 6230 ESI-TOF HPLC-MS in 

positive ion mode with a manual injection valve and no column in series before the detector. 

Samples were dissolved at millimolar concentrations in HPLC-grade acetonitrile prior to analysis. 

2.4.4 Steady-state Fluorescence Spectroscopy 

Steady-state excitation and emission spectra (2D and 3D) of small molecules and 

nanoparticles were recorded on a Horiba FluoroMax Plus spectrofluorometer equipped with a 150 
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W xenon arc lamp, Czerny-Turner monochromaters, an R928P photomultiplier tube capable of 

detection from 185-850 nm, and reference photodiode for monitoring lamp output. Excitation and 

emission slit widths were set to 4 nm. 2 was measured in DMSO, nanoparticle samples were 

measured in UltraPure water, and all measurements were performed in quartz cuvettes. 

2.4.5 Time-Correlated Single Photon Counting (TCSPC) 

Fluorescence lifetime measurements of 2 and nanoparticles were acquired on a Horiba 

FluoroMax Plus spectrofluorometer with a Horiba NanoLED 390 nm solid state diode laser (<1.4 

ns pulse duration) driven by NanoLED NL-C2 Pulsed Diode Controller and DeltaHub DH-HT 

TCSPC Controller modules. Sample measurements were recorded at 535 nm with a 1 MHz laser 

repetition rate, measurement range of 200 ns, 950 V detector bias, and histogram set to 512. The 

instrument response function (IRF) was determined from the scattering signal of a suspension of 

Ludox HS-40 silica at 370 nm. Measurements were performed in quartz cuvettes. 

2.4.6 Scanning Electron Microscopy (SEM) 

SEM images were acquired on a Thermo Fisher Nova 200 Nanolab SEM/FIB microscope 

operating at a voltage of 17 kV, a current of 0.14 nA, and a dwell time of 10 μs. Samples were 

prepared by placing a silicon wafer on the collection pans during the EHD jetting process to collect 

spraying nanoparticles directly onto the wafer surface. Wafers were adhered onto a stub with 

double sided copper tape and gold sputter coated for 40 seconds prior to imaging. 

2.4.7 Dynamic Light Scattering (DLS) 

Nanoparticle size and zeta potential measurements were performed on a Malvern Zetasizer 

Nano ZSP equipped with a 633 nm 4mW He-Ne laser at an angle of 173°. All samples were 

equilibrated to ambient temperature before measurement. Particle size and zeta potential were 
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analyzed with the provided Nano DTS software package. Size measurements were recorded in 

disposable low volume cuvettes and zeta potential measurements were recorded in Malvern folded 

capillary disposable cuvettes. 

2.4.8 Synthesis of 1 

The synthesis of 1 was conducted according to previously published reports.163 In a typical 

synthesis, 2,3-dibromomaleimide (1 g, 3.92 mmol, 1 eq.) and sodium acetate (0.81 g, 9.81 mmol, 

2.5 eq.) were added to a 50 mL round bottom flask and dissolved in 20 mL of methanol with 

stirring. The flask was sealed with a septum and 2-mercaptoethanol (0.69 mL, 9.81 mmol, 2.5 eq.) 

was added dropwise via syringe. Upon addition, the reaction mixture turned immediately to a 

bright yellow color. After stirring at room temperature for 2 hours, the reaction mixture was poured 

into a separatory funnel and diluted 3x with water. The mixture was extracted 7-9x with ethyl 

acetate. The organic layer was collected, dried over sodium sulfate, and evaporated. The resulting 

crude residue was purified by standard phase flash chromatography with a 2-15% methanol 

gradient in dichloromethane. 

HRMS (ESI-TOF): calc’d for [M+ACN+Na]+ 313.02, found 313.95. 

1H NMR (500 MHz, CDCl3): δ 3.32 (t, J = 7.6 Hz, 6H), 3.58 (q, J = 7.5, 7.0 Hz, 4H), 4.95 (br, 2H) 

2.4.9 Synthesis of 2 

In a dark room, 1 (1g, 4.02 mmol, 1 eq.), 4-benzoylbenzoic acid (2.72 g, 12.05 mmol, 3 

eq.) and 4-dimethlaminopyridine (49 mg, 0.40 mmol, 0.10 eq.) were added to a 50 mL round 

bottom flask and dissolved in 20 mL of tetrahydrofuran. The flask sealed with a septum, chilled in 

an ice bath, and diisopropylcarbodiimide (1.89 mL, 12.05 mmol, 3 eq.) was added dropwise via 

syringe. The temperature was allowed to come to room temperature. After overnight reaction, the 
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mixture was filtered and concentrated under reduced pressure. The resulting residue was purified 

with standard phase flash chromatography in 20% ethyl acetate in toluene. All purification was 

performed in the dark and the product was always stored in an amber vial wrapped in aluminum 

foil in the dark. 

HRMS (ESI-TOF): calc’d for [M+Na]+ 688.11, found 688.11. 

1H NMR (500 MHz, CDCl3): δ 3.65 (t, J = 5.8 Hz, 4H), 4.51 (t, J = 5.8 Hz, 4H), 7.51-7.62 (m, 

4H), 7.63-7.85 (m, 10H), 8.03 (d, J = 8.4 Hz, 4H) 

2.4.10 Preparation of synthetic protein nanoparticles by EHD jetting 

All sPNPs were prepared via electrohydrodynamic jetting. Human serum albumin (HSA) 

(5 mg) and 2 (at various % w/w relative to HSA) were dissolved in 1 mL of a 20% v/v methanol 

in UltraPure water solution with vortexing and gentle bath sonication, being careful to keep the 

room dark and the sample shielded from light so as not to prematurely trigger a benzophenone 

photoreaction. The solution was drawn into a 1 mL syringe fitted with a 10 G blunt-tipped needle 

and wrapped in aluminum foil and electrical tape to shield the solution from ambient light. The 

solution was flown downward with a syringe pump toward an aluminum collection pan (15 cm 

diameter) at a flow rate of 0.1 mL/hr, situated 8 cm above the collection pan. A voltage of 6-10 

kV was applied to the syringe needle and the collection pan was grounded. Two UV lamps 

(Everbeam, 365 nm, 50 W) were positioned orthogonal to each other and directed toward the 

electrospray. The lamps were run for the duration of the jetting process (Figure 2.6, Figure 2.7). 

Each formulation was jetted for 30 minutes onto a single collection pan. 1 mL of UltraPure water 

was pipetted over the pan surface to collect the resulting nanoparticles. The resulting nanoparticle 

suspensions were analyzed without any further processing for all solution-state measurements. 
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2.5 Results and Discussion 

In this communication, we describe a novel protein nanoparticle fabrication method using 

photoreactive EHD jetting. This strategy is based on the recognition that during EHD jetting, the 

surface area of the atomized fluid increases approximately three orders of magnitude, opening the 

door for ultrafast photoreactions. By replacing the conventional homobifunctional linkers’ NHS 

ester groups with photoreactive moieties, nanoparticle crosslinking was completed in situ, i.e., 

without the need for additional post-processing. This resulted in a fabrication method amenable to 

high-throughput workflows and therefore minimized unnecessary processing and purification 

steps. The process introduced in this study employed spatiotemporal, light-mediated crosslinking 

that only occurred during the EHD jetting process itself, reduced post-jetting crosslinking, 

processing, and purification time to about 1 minute (a four order of magnitude improvement in 

time over previously reported methods) and dramatically increased sPNP yield. Briefly, a solution 

composed of human serum albumin (HSA) and homobifunctional, photoreactive crosslinker 2 was 

prepared in a 20% v/v mixture of methanol in water. The solution was drawn into a syringe and 

accelerated downward through an electric field toward a collection surface. 365 nm UV lamps 

were directed over the jetting path, effectively crosslinking the proteins into nanoparticles as they 

travelled from the syringe tip to the collection surface while solvent evaporated (Figure 2.1, 

Figure 2.6, Figure 2.7). 
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Figure 2.1: (A) Schematic overview of continuous synthetic protein nanoparticle fabrication and crosslinking process 

via electrohydrodynamic jetting, (B) proposed nanoparticle structure, (C) excitation and emission spectra of 

crosslinker 2, and (D) 3D excitation-emission spectrum of crosslinker 2. 

2.5.1 Synthesis and Design of Photocrosslinker 2 

Photocrosslinker 2 is based on a dithiomaleimide scaffold with two benzophenone-

containing arms capable of undergoing photoreactions with nearby macromolecules through a 

carbonyl-centered radical produced upon UV irradiation.115,164 2 was synthesized in a two-step 

process, first through the reaction of 2-mercaptoethanol with 2,3-dibromomaleimide to produce 1, 

and then by coupling the resulting dihydroxyl-bearing synthetic intermediate with 4-

benzoylbenzoic acid to produce 2 (Figure 2.2). A dithiomaleimide scaffold was chosen as the 

basis for this crosslinker for its intrinsic, broadband fluorescence in the 450-650 nm regime 

(Figure 2.1C-D), resulting in a molecule that was photoreactive and stabilizing toward 

biomacromolecules. Additionally, intrinsic bright emission allowed for self-reporting via 

downstream fluorescence detection methods.163,165,166 
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Figure 2.2: Synthetic strategy to prepare crosslinker 2. 

2.5.2 Dry-State sPNP Physical Characterization with SEM 

Following preliminary experimentation which confirmed that the inclusion of a 

homobifunctional photocrosslinker and UV lamps in the EHD jetting process would lead to stable 

sPNPs, we sought to understand the influence that the stoichiometry of photocrosslinker 2 in the 

pre-jetting solution would have on resulting nanoparticle physical properties. To investigate this 

premise, eight sPNP formulations with differing amounts of 2 relative to HSA were EHD jetted, 

in the range of 0-5% w/w. A summary of all formulations is listed in Table 1. From the analysis 

of SEM images of silicon wafers placed on the collection surface during EHD jetting, it was 

determined that all eight formulations resulted in the deposition of spherical sPNPs, 

characteristically similar to those produced in previous investigations (Figure 

2.3A).106,152,159,160,162 All formulations, including the formulation with no crosslinker (black), 

resulted in sPNPs with diameters around 200 nm and circularities greater than 0.8, via SEM image 

analysis (Figure 2.3B-C, Table 2.1, Figure 2.8). The images shown are of a single batch of sPNPs; 

three batches were independently produced to investigate the consistency of this process and no 

significant batch-to-batch variability was observed. 
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Figure 2.3: SEM images (A), distributions of diameters (B), and distributions of circularity (C) of synthetic protein 

nanoparticles formulated at eight different weight percentages of crosslinker 2 relative to HSA. Diameter and 

circularity distributions were calculated from image analysis of at least 200 individual nanoparticles (Scale bar = 5 

μm). 

2.5.3 Hydrated-State sPNP Physicochemical Characterization with DLS 

Next, sPNPs were collected from the collection surfaces after EHD jetting by pipetting 1 

mL of water over the area of the surface and analyzed by a variety of solution-based techniques 

(Figure 2.6). To assess how well the suspended sPNPs, in a hydrated environment, retained their 

previous dry-state shape, hydrodynamic diameters were measured with dynamic light scattering 

(DLS). The transition from 0.25% to 0.1% w/w crosslinker relative to HSA in the formulation 

resulted in a precipitous decrease in hydrodynamic diameter. At % w/w ≥ 0.25%, DLS peak 

diameters in the 130-230 nm range were recorded, suggesting the presence of stable nanoparticles, 
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while at % w/w ≤ 0.1%, DLS peak diameters in the 1-10 nm range were recorded, suggesting a 

predominating presence of free HSA protein (Figure 2.4A-B, Table 2.1). While SEM images of 

either sPNP-0.1 or sPNP-0 confirmed the successful preparation of sPNPs, these nanoparticles 

were not stable in aqueous solutions indicating that the concentration of crosslinker was too low. 

All samples, regardless of their supramolecular architecture, displayed mildly negative zeta 

potentials of approximately -10 mV with no trend as a function of crosslinker stoichiometry 

(Figure 2.4C), consistent with previous studies of HSA-based sPNP surface charge. When plotted 

with respect to the weight percentage of crosslinker in each formulation, DLS peak diameter and 

polydispersity (PDI) displayed inverse trends. Diameter rapidly increased and plateaued around 

200 nm by 0.5% w/w, while PDI decreased from around 0.6 for low % w/w formulations and 

plateaued to approximately 0.2 as the amount of crosslinker increased (Figure 2.4D, Table 2.1). 

These results suggest that for 1% w/w crosslinker or greater, sPNPs produced by photoreactive 

EHD jetting were well-controlled and monodisperse with diameters in the 200 nm range. The DLS 

traces shown are of a single batch of sPNPs; three independent batches were produced and no 

significant batch-to-batch variability was observed (Figure 2.9). Additionally, DLS analysis 

confirmed that both photocrosslinker 2 and UV light were required to prepare stable sPNPs 

(Figure 2.10). 
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Figure 2.4: (A) Number-based DLS size distributions, (B) DLS correlation functions, and (C) zeta potential 

measurements for synthetic protein nanoparticles formulated at 8 different weight percentages of crosslinker 2 relative 

to HSA. (D) Number-based DLS peak diameter and PDI plotted with respect to the weight percentage of crosslinker 

in each formulation, and (E) steady-state excitation (dashed lines) and emission (solid lines) spectra for all 

formulations. Size distribution and correlation function data are shown for one representative batch of nanoparticles. 

Error bars in (C) and (D) represent standard deviation from the mean of three independently produced nanoparticle 

batches. λem=535 nm for all excitation spectra, λex=405 nm for all emission spectra, and all spectra were acquired with 

a 4 nm slit width. 

 

   
Dry-State Physical 

Properties 

Hydrated-State Physical 

Properties 

 
% w/w 

Crosslinker 

Crosslinker:

HSA molar 

ratio 

Mean 

Diameter 

(nm) 

Mean 

Circularity 

Peak 

Diameter, 

nDLS 

(nm) 

PDI 

ζ-

potential 

(mV) 

sPNP-5 5 4.96 262.2 0.840 130.3 0.222 -9.98 

sPNP-3.5 3.5 3.47 202.0 0.892 177.1 0.214 -8.95 

sPNP-2 2 1.99 187.6 0.870 226.3 0.262 -6.60 

sPNP-1 1 0.992 193.4 0.888 182.0 0.233 -13.49 

sPNP-0.5 0.5 0.496 184.3 0.891 199.0 0.277 -6.30 

sPNP-0.25 0.25 0.248 184.1 0.936 148.5 0.415 -7.73 

sPNP-0.1 0.1 0.0992 192.5 0.912 4.9 0.396 -9.27 

sPNP-0 0 0 180.4 0.874 4.4 0.589 -6.56 

Table 2.1: Physical property values for synthetic protein nanoparticles of 8 different weight percentages of 

crosslinker 2 relative to HSA. Dry-state and hydrated-state properties were obtained from SEM and DLS 

characterization, respectively. 
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2.5.4 Time-Resolved Fluorescence Spectroscopy Provides Insight Into sPNP Formulation 

Parameters Inaccessible to SEM and DLS 

With the exception of sPNP-0 (no photocrosslinker), all formulations exhibited broadband 

fluorescence emission from 450-650 nm when excited at 405 nm and two excitation peaks in the 

250-450 nm regime when emission was monitored at 535 nm (Figure 2.4E), as a result of the 

inclusion of photocrosslinker 2. No clear differences in λmax were detectable for either steady-state 

excitation or emission spectra between any of the formulations studied. However, based on 

previous studies in our group and others, we hypothesized that the particle formulations might 

exhibit differences in their fluorescence lifetimes. This might be due differences in internal 

gelation states, solvation states, and physical stress on the crosslinkers based on the local 

environments in the sPNPs, implying that fluorescence lifetime data may provide additional 

information about the architecture of each formulation.165,167 Time-correlated single photon 

counting (TCSPC) was employed to measure nanoparticle fluorescence lifetimes, and the 

measured photon counts appeared to bin to two paths of decay in a fashion analogous to the peak 

diameters recorded via DLS analysis plotted in Figure 2.4A-B (Figure 2.5A, inset). Equation 2.1 

was used to fit the raw photon counts composing the decays to a third-order exponential decay 

function: 

𝐼(𝑡) = 𝑎1𝑒
(−

𝑡

𝜏1
)

+ 𝑎2𝑒
(−

𝑡

𝜏2
)

+ 𝑎3𝑒
(−

𝑡

𝜏3
)
                                                                                                          (2.1) 

where 𝜏n are the component lifetimes of each term and αn represent the amplitude weights 

associated with each component lifetime. The 𝜏n and αn values extracted from fitting for each sPNP 

formulation are summarized in Table 2.2. 

All three component lifetimes, 𝜏1, 𝜏2, and 𝜏3, increased as a function of crosslinker 

stoichiometry in sPNP formulations and plateaued between 1 and 2% w/w crosslinker, in 
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accordance with a one-phase association function (Figure 2.5B, Table 2.2). Interestingly, while 

all component lifetimes increased asymptotically with respect to crosslinker stoichiometry, the 

component lifetime weights, αn, remained constant for each individual decay component (Figure 

2.5C, Table 2.2). It is generally accepted that the shortest component lifetime, 𝜏1, describes the 

intrinsic emission of a fluorophore as impacted by solvent effects and non-radiative decay 

processes. Longer component lifetimes, 𝜏2 and 𝜏3, are often attributed to secondary decay processes 

associated with environmental, electronic, or physical factors beyond solvation, such as 

fluorophore-fluorophore and fluorophore-substrate interactions.136,138,168 These assignments have 

been made in other systems utilizing dithiomaleimide fluorophores extensively.165–168  
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Figure 2.5: (A) Fluorescence lifetime decays fitted to third-order exponential decay functions (top) and fit residuals 

(bottom), (B) individual component lifetimes (𝜏1, 𝜏2, 𝜏3) plotted with respect to the weight percentage of crosslinker 

in each formulation, (C) amplitude weights (α1, α2, α3) corresponding to each component lifetime,𝜏n, plotted as parts 

of a whole, (D) average fluorescence lifetime (𝜏av) and PDI plotted with respect to the weight percentage of 

crosslinker in each synthetic protein nanoparticle formulation, and (E) proposed sPNP supramolecular architectures 

as a function of weight percentage crosslinker in each formulation. (Error bars in (B) and (D) represent standard 

deviation from the mean of three independently produced nanoparticle batches.) 

Extracting 𝜏n and αn terms from the exponential decay deconvolution process, an average 

fluorescence lifetime, 𝜏av, was calculated for each measurement according to Equation 2.2:136 

𝜏𝑎𝑣 =
𝛼1𝜏1

2+𝛼2𝜏2
2+𝛼3𝜏3

2

𝛼1𝜏1+𝛼2𝜏2+𝛼3𝜏3
                                                                                                                                        (2.2) 
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Taken together, the individual component lifetimes and their weights were used to calculate an 

average fluorescence lifetime for each sPNP sample, and the corresponding 𝜏av values were plotted 

with respect to % w/w crosslinker (Figure 2.5D). An asymptotically increasing trend in 𝜏av was 

observed in the range of 12-14 ns with increasing % w/w crosslinker, comparable and inverse to 

the trends in sPNP diameter and PDI, respectively, described previously. All sPNP formulations 

exhibited longer 𝜏av values than 2 dissolved in water (𝜏av = 11.9 ns, Figure 2.11), indicating that 

the EHD jetting/photocrosslinking process resulted in crosslinkers covalently bound to HSA 

proteins, regardless of the crosslinker amount. As % w/w crosslinker increased and stable particles 

began to form, the molecular rotation and solvent relaxation events of  2 decrease, resulting in an 

increase in the observed 𝜏av. 

 𝜏
1
 (ns) 𝜏

2
 (ns) 𝜏

3
 (ns) α

1
 α

2
 α

3
 𝜏

av
 (ns) 

sPNP-5 3.13 11.9 26.1 0.461 0.440 0.100 14.4 

sPNP-3.5 2.95 11.4 25.6 0.458 0.435 0.107 14.3 

sPNP-2 3.15 11.9 26.3 0.470 0.436 0.0934 14.1 

sPNP-1 2.33 10.1 23.2 0.450 0.424 0.126 13.7 

sPNP-0.5 2.85 11.4 25.1 0.479 0.434 0.0868 13.4 

sPNP-0.25 2.07 8.94 20.5 0.453 0.408 0.140 12.5 

sPNP-0.1 1.68 8.00 19.8 0.490 0.372 0.139 12.2 

Table 2.2: Fluorescence lifetime kinetic data for all synthetic protein nanoparticle formulations. Values are derived 

from third-order exponential decay fits generated from raw photon counts. Amplitudes (αn) are normalized to 1. Full 

decay curves, fits, and plots of values can be found in Figure 2.5. 

We speculate that a sol-gel transition occurred across the inflection points of the plots of 

peak diameter, PDI, and 𝜏av (Figure 2.4D, Figure 2.5D) with respect to crosslinker weight 

percentage.169 Below the observed transition regime of about 0.1-1% w/w crosslinker, most of the 

protein and crosslinkers were either unreacted or in an oligomeric state (Figure 2.5E, left). Only 

above the 0.1-1% w/w crosslinker transition regime did the macromolecular components of the 

EHD jetting solution begin to fully polymerize, crosslinking and resulting in stable nanoparticles 

that no longer dissolved into their constituents (Figure 2.5E, middle, right). The DLS data suggest 
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an abrupt transition point between 0.1 and 0.25% w/w crosslinker, where particles formed above 

0.1% w/w  and did not form below 0.25% w/w. The fluorescence lifetime analysis, on the other 

hand, provide a more nuanced mechanistic insight into nanoparticle formation. The observed 

transition is not as abrupt, as lifetimes gradually increased with respect to crosslinker concentration 

until they plateaued between 1-2% w/w as the local environment around individual 2 crosslinks 

stabilized. Therefore, we suggest that the critical crosslinker concentration required to form stable 

sPNPs via photoreactive EHD jetting is approximately 2% w/w relative to protein (sPNP-2), 

corresponding roughly to 2 molar equivalents of crosslinker for every 1 molar equivalent of protein 

(Table 2.1). Notably, this process did not employ a photosensitizer; the benzophenone moieties 

act as the crosslinker. Additionally, the high surface area of the nanoparticles promoted faster 

crosslinking than what would be expected from similar crosslinking reactions in a bulk phase. 

2.6 Conclusion 

In this study, we produced synthetic protein nanoparticles via a photoreactive 

electrohydrodynamic jetting process and employed a fluorescent, benzophenone-based crosslinker 

to stabilize the resulting particles. Engineering an emissive dithiomaleimide moiety into the 

crosslinker backbone allowed us to probe for the optimal crosslinker concentration to result in 

stable nanoparticles with time-correlated single photon counting, which was found to be 2% w/w 

relative to protein. This method provides access to molecular information inaccessible to state-of-

the-art physical characterization techniques like scanning electron microscopy and dynamic light 

scattering. In addition to the implementation of an alternative analytical method to probe 

nanoparticle architecture, the process of protein nanoparticle production via EHD jetting was 

significantly improved, decreasing processing and purification time to approximately one minute, 

an improvement in efficiency by four orders of magnitude. Future work is needed to adapt this 
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photoreactive electrohydrodynamic jetting process to high throughput screening workflows to 

generate protein nanoparticle libraries – work that we believe will significantly impact the field of 

nanomedicine, resulting in improved and more streamlined clinical translation. 

2.7 Supplementary Figures 

 

Figure 2.6: Overview of continuous sPNP crosslinking/production process. A solution containing protein, crosslinker, 

and solvent are flown toward a grounded collection pan while the spray is irradiated with 365 nm light. After 30 

minutes of electrohydrodynamic jetting, the sPNPs are liberated from the collection pan by gently pipetting over the 

surface with 1 mL of water. The resulting sPNP suspension is transferred to a storage tube for analysis. 
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Figure 2.7: Diagram of the continuous EHD jetting/crosslinking setup. Front view (left) and right side view (right). 

Red = power supply, blue = syringe pump, green = UV lamps, purple = collection pan. 
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Figure 2.8: Supplemental to Figure 2.3. Lognormal fitting of diameter histograms calculated from SEM image 

analysis. This data was generated from images presented in Figure 2. At least 200 individual nanoparticle counts were 

analyzed for each sample. 

 

 

Figure 2.9: Number-based DLS size distributions for batch 2 (A) and batch 3 (B). 
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Figure 2.10: (A) DLS traces and (B) correlation functions for samples with 5 wt% crosslinker treated either with or 

without UV during EHD jetting (red) and 0 wt% crosslinker treated with UV. Only the sample with crosslinker and 

UV results in stable sPNPs. 

 

 

Figure 2.11: (A) Fluorescence lifetime decays fitted to third order exponential decay functions (top) and fit residuals 

(bottom), (B) α value weights corresponding to each component lifetime plotted as parts of whole, and (C) 

corresponding kinetic data for crosslinker 2 in DMSO and water. 2 exhibits an ultra-fast lifetime in DMSO, a good 

solvent. In water, a poor solvent for 2, its lifetime is an order of magnitude higher. However, it is still slower than all 

the lifetimes recorded for sPNP formulations – indicating that the longer lifetimes observed for sPNP formulations 

are, indeed, attributable to 2’s interaction with the stabilizing nanoparticle matrix. 
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Chapter 3 – Self-Reporting Therapeutic Protein Nanoparticles 

 

3.1 Authors and Contributions 

This chapter contains text and data from the following accepted manuscript: 

Self-Reporting Therapeutic Protein Nanoparticles 

Anthony J. Berardi, Jeffery E. Raymond, Albert Chang, Ava K. Mauser, Joerg Lahann 

ACS Applied Materials & Interfaces 

3.2 Abstract 

We present a modular strategy to synthesize nanoparticle sensors equipped with emissive 

molecular reporters capable of discerning minute changes in interparticle chemical environments 

based on fluorescence lifetime analysis. Three types of nanoparticles were synthesized with the 

aid of tailor-made molecular reporters and it was found that protein nanoparticles exhibited greater 

sensitivity to changes in the core environment than polymer nanogels and block copolymer 

micelles. Encapsulation of the hydrophobic small-molecule drug paclitaxel (PTX) in self-reporting 

protein nanoparticles induced characteristic changes in fluorescence lifetime profiles, detected via 

time-resolved fluorescence spectroscopy. Depending on the mode of drug encapsulation, self-

reporting protein nanoparticles revealed pronounced differences in their fluorescence lifetime 

signatures, which correlated with burst- vs. diffusion-controlled release profiles. Self-reporting 

nanoparticles, such as the ones developed here, will be critical for unraveling nanoparticle stability 
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and nanoparticle-drug interactions informing the future development of rationally engineered 

nanoparticle-based drug carriers. 

3.3 Introduction 

In nanomedicine, nanoparticles are used as vehicles to deliver therapeutic payloads and as 

contrast agents for imaging.25,170 Considerable attention has thus been directed toward in situ 

monitoring to provide insight into physicochemical processes underlying complex phenomena, for 

example during the rational formulation of nanoparticles168,171,172 or to elucidate biological 

mechanisms of uptake or potency.173 Protein nanoparticles (PNPs) are an emerging class of 

nanocarriers that exhibit advantages over lipid, polymer, and inorganic nanoparticles, due to the 

diversity in their component building blocks, conjugation capabilities, biodegradability, and low 

immunogenicity.54,152,162 Despite the recent encouraging success of nanoparticle-based therapeutic 

delivery systems in the clinic,6–8 several barriers to the clinical translation of PNPs still exist, most 

notably in site-specific targeting, biological barrier transport, and efficient payload delivery.24,174–

176 PNPs offer an engineering design space that is considerably larger, potentially more versatile, 

and more complex than incumbent lipid or polymer nanoparticles due to the biochemical, 

structural, and functional complexity inherent to their composite proteins. Concomitantly, their 

functional properties, including nanomaterial-drug interaction, payload release kinetics and 

dynamics, and stability, are complex and remain understudied.54 High-throughput nanoparticle 

library screens have emerged as promising methods to identify lead formulations with desired 

properties, however, such unbiased approaches have so far fallen short in generating foundational 

knowledge related to structure-property relationships in PNPs.60,88,143,177,178 Therefore, new real-

time monitoring methods are needed to better inform parameterization in high throughput 

screening experiments and clinical translation.24,37  
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Small molecule fluorophores are ubiquitous tools deployed across a wide range of 

scientific disciplines, including drug discovery, cell and tissue imaging, analyte detection, single-

molecule experimentation, and labeling, which all employ fluorescence spectroscopy or 

microscopy detection methods.136 The steady-state excitation and emission spectra of a 

fluorophore are chemical structure-dependent and can probe the molecular environment within 

nanoparticles. For instance, pairs of fluorophores known to engage in Förster resonance energy 

transfer (FRET) are often conjugated to interacting macromolecules or nanomaterials to probe 

their proximity to one another and thus serve as molecular reporters.110,179 These steady-state 

fluorescence methods, however, are dependent on the local concentration of fluorophores 

employed and the fluorophores are often designed on a molecular level with application specificity 

in mind, for example, to report on pH or redox environments.180,181   

Fluorescence lifetime imaging microscopy (FLIM) and time-resolved fluorescence 

spectroscopy are alternative methods to infer knowledge about the molecular environment within 

nanoparticles. Importantly, the fluorescence lifetime of an emissive species is concentration-

independent and is highly sensitive to changes in local physicochemical environments, such as 

temperature, polarity, viscosity, and the presence of external quenchers.136,138,182,183 In addition, 

fluorophores do not have to be designed de novo for a given application. Small molecule 

fluorophores exhibit short average fluorescence lifetimes (𝜏av<3 ns) in good solvents and longer 

lifetimes (𝜏av>3 ns) in bad solvents.184 When immobilized and prohibited from free rotation in 

solvent, for instance, when bound to a nanoparticle, imbedded in a bulk material, or dissolved in a 

viscous liquid, fluorescence lifetimes of fluorophores increase compared to their well-solvated 

counterparts.172,173,185 This phenomenon has been used to monitor polymer micelle assembly and 
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solvation, silica nanoparticle solvation, polymer micelle disassembly in vitro, and pH using 

quantum dots in vitro. 

Dithiomaleimides (DTMs), along with their amine-substituted counterparts, 

diaminomaleimides (DAMs), are an emerging class of compact, non-conjugated fluorophores that 

can be synthesized via conjugate addition reactions in a straightforward manner from halide-

substituted maleimides and thiols or amines, respectively.186–188 DTMs and DAMs have tunable 

emissive properties based on the nature of their substituent groups (e.g., alkyl vs. aromatic)186,187,189 

and have been shown to exhibit solvatochromism.188 Due to their modular nature and 

straightforward preparation, DTMs and DAMs have been implemented across a wide range of 

molecular engineering and nanomaterial applications, including protein engineering,190–192 

polymer labeling,163,193,194 block copolymer micelles,167 and nanogels,140,166 as both structural 

components and fluorescent reporters. Fluorescence lifetime has been used to characterize some 

of these systems, either through distinguishing the assembly state of a polymer micelle,165 

confirming that a DTM had been immobilized in a material,140 or in FRET-based barcoding 

systems.166  

In this chapter, we describe the design and synthesis of three different self-reporting 

nanoparticles of distinct material composition and supramolecular architecture, enabled by the use 

of reactive, emissive molecular reporters as crosslinking components. Deploying the molecular 

reporters as both structural and sensing components allowed for direct monitoring by time-

resolved fluorescence spectroscopy of how the nanoparticles responded to differences in external 

and internal chemical environments caused by exposure to solvent or drug encapsulation.  
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3.4 Methods 

3.4.1 Materials 

All solvents and reagents were purchased from Sigma Aldrich and used without further 

purification unless otherwise specified. Silica gel flash chromatography was performed using 

SiliCycle SiliaFlash P60 silica gel. Thin-layer chromatography was performed on Supelco TLC 

plates (pre-coated with a 250 μm layer of silica gel 60 matrix with fluorescent indicator F254) and 

visualized with a UV hand lamp (254 nm and 365 nm) and potassium permanganate stain. 

3.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra were recorded on either a Varian MR400 spectrometer at 400 MHz or a Bruker 

Avance Neo spectrometer at 500 MHz. All samples were dissolved in either CDCl3 or DMSO-d6. 

Chemical shift for 1H spectra was referenced to the solvent residual peak at 7.26 ppm for samples 

acquired in CDCl3 or the solvent residual peak 2.50 ppm for samples acquired in DMSO-d6. 

Chemical shift for 13C spectra was referenced to the solvent residual peak at 77.16 ppm for samples 

acquired in CDCl3 or the solvent residual peak 39.52 ppm for samples acquired in DMSO-d6. 

3.4.3 Liquid Chromatography – Mass Spectrometry (LC-MS) 

Small molecule mass spectra were recorded on an Agilent 6230 ESI-TOF HPLC-MS in positive 

ion mode with a manual injection valve and no column in series before the detector. Samples were 

dissolved at millimolar concentrations in HPLC-grade acetonitrile prior to analysis. 

3.4.4 Steady-state Fluorescence Spectroscopy 

Steady-state excitation and emission spectra (2D and 3D) of small molecules and nanoparticles 

were recorded on a Horiba FluoroMax Plus spectrofluorometer equipped with a 150 W xenon arc 
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lamp, Czerny-Turner monochromaters, an R928P photomultiplier tube capable of detection from 

185-850 nm, and reference photodiode for monitoring lamp output. Excitation and emission slit 

widths were set to 1 nm. Small molecule samples were measured in DMSO, nanoparticle samples 

were measured in UltraPure water, and both were performed in quartz cuvettes. 

3.4.5 Time-Correlated Single Photon Counting (TCSPC) 

Fluorescence lifetime measurements of small molecules and nanoparticles were acquired on a 

Horiba FluoroMax Plus spectrofluorometer with a Horiba NanoLED 390 nm solid state diode laser 

(<1.4 ns pulse duration) driven by NanoLED NL-C2 Pulsed Diode Controller and DeltaHub DH-

HT TCSPC Controller modules. Sample measurements were recorded at 535 nm with a 1 MHz 

laser repetition rate, measurement range of 200 ns, 950 V detector bias, and histogram set to 512. 

The instrument response function (IRF) was determined from the scattering signal of a suspension 

of Ludox HS-40 silica at 370 nm. Measurements were performed in quartz cuvettes. Prior to the 

measurement of nanoparticle samples, 50 uL aliquots of stock nanoparticle suspensions were 

added to vials, freeze dried, and resuspended in the solvent of choice. Small molecule samples 

were measured at 1 μM in the solvent of choice. 

3.4.6 Size Exclusion Chromatography (SEC) 

SEC measurements were performed with THF as the eluent at 40 C on a Shimadzu system 

equipped with an autosampler, refractive index detector, and photodiode array detector. The 

stationary phase was composed of a Phenomenex Phenogel 10 um Linear(2), 300x7.8mm column 

and calibrated with linear polystyrene standards of molecular weights ranging from 1,000,000 

g/mol to 92 g/mol. 
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3.4.7 Scanning Electron Microscopy (SEM) 

SEM images were acquired on a Thermo Fisher Nova 200 Nanolab SEM/FIB microscope 

operating at a voltage of 17 kV, a current of 0.14 nA, and a dwell time of 10 μs. Samples for sPNP 

were prepared by placing a silicon wafer on the collection pans during the EHD jetting process 

and spraying nanoparticles directly onto the wafer surface. Samples for NG and MC were prepared 

by drop casting suspensions of respective nanoparticles in water onto silicon wafers and drying 

overnight in a dessicator under house vaccum. Wafers were adhered onto a stub with double sided 

copper tape and gold sputter coated for 40 seconds prior to imaging. 

3.4.8 Dynamic Light Scattering (DLS) 

Nanoparticle size measurements were performed on a Malvern Zetasizer Nano ZSP at an angle of 

173 with a 4mW He-Ne laser at 633 nm. All samples were equilibrated to ambient temperature 

before measurement. Particle size and zeta potential were analyzed with the provided Nano DTS 

software package. Measurements were recorded in Malvern folded capillary disposable cuvettes. 

3.4.9 Data Analysis 

All NMR spectra were analyzed and plotted with MestReNova v14. Steady-state emission spectra, 

excitation spectra, 3D emission-excitation spectra, SEC traces, and DLS traces were analyzed with 

Microsoft Excel and plotted with OriginPro. TCSPC fluorescence lifetime decay traces were fitted 

to third order exponential decays with the Horiba EzTime software package and plotted with 

OriginPro. All other plots were generated with OriginPro. SEM micrographs were analyzed using 

Fiji. Some schematic diagrams and illustrations were created with BioRender.com.  
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3.4.10 Small Molecule, Polymer, and Nanoparticle Synthetic Details 

3.4.10.1 Synthesis of 1 

 

The synthesis of 1 was conducted according to a previously published report. In a typical 

batch, 2,3-dibromomaleimide (1 g, 3.92 mmol, 1 eq.) and sodium acetate (0.81 g, 9.81 mmol, 2.5 

eq.) were added to a 50 mL round bottom flask and dissolved in 20 mL of methanol with stirring. 

The flask was sealed with a septum and 2-mercaptoethanol (0.69 mL, 9.81 mmol, 2.5 eq.) was 

added dropwise via syringe. Upon addition, the reaction mixture turned immediately to a bright 

yellow color. After stirring at room temperature for 2 hours, the reaction mixture was poured into 

a separatory funnel and diluted 3x with water. The mixture was extracted 7-9x with ethyl acetate. 

The organic layer was collected, dried over sodium sulfate, and evaporated. The resulting crude 

residue was purified by standard phase flash chromatography with a 2-15% methanol gradient in 

dichloromethane. 

HRMS (ESI-TOF): calc’d for [M+ACN+Na]+ 313.02, found 313.95. 

1H NMR (400 MHz, DMSO-d6): δ 3.32 (t, J = 7.6 Hz, 6H), 3.58 (q, J = 7.5, 7.0 Hz, 4H), 4.95 (br, 

2H) 
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3.4.10.2 Synthesis of 2a 

 

1 (1 g, 4.02 mmol, 1 eq.), 4-benzoylbenzoic acid (2.72 g, 12.05 mmol, 3 eq.), and 4-

dimethlaminopyridine (49 mg, 0.40 mmol, 0.10 eq.) were added to a 50 mL round bottom flask 

and dissolved in 20 mL of tetrahydrofuran. The flask sealed with a septum, chilled in an ice bath, 

and diisopropylcarbodiimide (1.89 mL, 12.05 mmol, 3 eq.) was added dropwise via syringe. The 

temperature was allowed to come to room temperature. After overnight reaction, the mixture was 

filtered and concentrated under reduced pressure. The resulting residue was purified with standard 

phase flash chromatography in 20% ethyl acetate in toluene. 

HRMS (ESI-TOF): calc’d for [M+Na]+ 688.11, found 688.11. 

1H NMR (500 MHz, DMSO-d6): δ 3.65 (t, J = 5.8 Hz, 4H), 4.51 (t, J = 5.8 Hz, 4H), 7.51-7.62 (m, 

4H), 7.63-7.85 (m, 10H), 8.03 (d, J = 8.4 Hz, 4H) 

3.4.10.3 Synthesis of 2b 

 

1 (1 g, 4.02 mmol, 1 eq.), methacrylic acid (0.847 mL, 10.04 mmol, 2.5 eq.), and 4-

dimethlaminopyridine (49 mg, 0.40 mmol, 0.10 eq.) were added to a 50 mL round bottom flask 
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and dissolved in 20 mL of tetrahydrofuran. The flask sealed with a septum, chilled in an ice bath, 

and diisopropylcarbodiimide (1.57 mL, 10.04 mmol, 2.5 eq.) was added dropwise via syringe. The 

temperature was allowed to come to room temperature. After overnight reaction, the mixture was 

filtered and concentrated under reduced pressure. The resulting residue was purified with standard 

phase flash chromatography in 20% ethyl acetate in toluene. 

Methacrylate functional group installation was performed via the acid-alcohol coupling of 1 with 

methacrylic acid instead of the field standard of a base-catalyzed nucleophilic attack of 

methacryloyl chloride with an alcohol. We found that the maleimide nitrogen was quite reactive 

to acid chlorides, in addition to the hydroxyl groups, and sought to keep that site unreacted for 

downstream activation without having to introduce protecting groups.  

HRMS (ESI-TOF): calc’d for [M+Na]+ 408.06, found 408.05. 

1H NMR (500 MHz, CDCl3): δ 1.93 (s, 6H), 3.60 (t, J = 6.2 Hz, 4H), 4.38 (t, J = 6.2 Hz, 4H), 5.59 

(s, 2H), 6.10 (s, 2H) 

3.4.10.4 Synthesis of 3a 

 

2a (0.404 g, 0.61 mmol, 1 eq.) was dissolved in 10 mL of anhydrous THF and added to a 

flame dried 50 mL round bottom flask and kept under a nitrogen atmosphere. N-methylmorpholine 

(0.134 mL, 1.22 mmol, 2 eq.) were added to the flask via syringe and the reaction mixture was 

allowed to stir at room temperature for 15 min. Methyl chloroformate (0.094 mL, 1.22 mmol, 2 
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eq.) was added to the flask via syringe and the reaction mixture was stirred for 1 hr. The reaction 

was quenched by the addition of 100 mL of dichloromethane and extracted 3x with water. The 

organic layer was collected, dried over sodium sulfate, and evaporated. The crude residue was 

analyzed without further purification.  

HRMS (ESI-TOF): calc’d for [M+Na]+ 746.76, found 746.70 

1H NMR (500 MHz, CDCl3): δ 3.74 (t, J = 6.0 Hz, 4H), 4.62 (t, J = 6.0 Hz, 4H), 7.56 (dt, J = 58.1, 

7.5 Hz, 6H), 7.81 (td, J = 8.5, 1.7 Hz, 8H), 8.11 (d, J = 8.4 Hz, 4H) 

3.4.10.5 Synthesis of 3b 

 

2b (0.303 g, 0.79 mmol, 1 eq.) was dissolved in 10 mL of anhydrous THF and added to a 

flame dried 50 mL round bottom flask and kept under a nitrogen atmosphere. N-methylmorpholine 

(0.73 mL, 1.57 mmol, 2 eq.) were added to the flask via syringe and the reaction mixture was 

allowed to stir at room temperature for 15 min. Methyl chloroformate (0.12 mL, 1.57 mmol, 2 eq.) 

was added to the flask via syringe and the reaction mixture was stirred for 1 hr. The reaction was 

quenched by the addition of 100 mL of dichloromethane and extracted 3x with water. The organic 

layer was collected, dried over sodium sulfate, and evaporated. The crude residue was analyzed 

without further purification. 

HRMS (ESI-TOF): calc’d for [M+Na]+ 466.06, found 466.06. 



 72 

1H NMR (500 MHz, CDCl3): δ 1.93 (s, 6H), 3.65 (t, J = 6.1 Hz, 4H), 3.97 (s, 3H), 4.39 (t, J = 6.1 

Hz, 4H), 5.59 (s, 2H), 6.09 (s, 2H) 

3.4.10.6 Synthesis of 4a 

 

3a (0.45 g, 0.622 mmol, 2 eq.) and 1,3-diaminopropane (26.2 μL, 0.311 mmol, 1 eq.) were 

dissolved in dichloromethane and stirred overnight at room temperature. The dichloromethane was 

evaporated and the crude residue was purified with standard phase flash chromatography in 20% 

ethyl acetate in toluene. 

HRMS (ESI-TOF): calc’d for [M+Na]+ 1394.52, found 1394.26. 

1H NMR (500 MHz, CDCl3): δ 1.86 (quint, J = 7.1 Hz, 2H), 3.42 (t, J = 7.2 Hz, 4H), 3.69 (t, J = 

6.3 Hz, 8H), 4.59 (t, J = 6.2 Hz, 8H), 7.42-7.67 (m, 12H), 7.72-7.88 (m, 16H), 8.03-8.19 (m, 8H) 

3.4.10.7 Synthesis of 4b 

 

3b (0.28 g, 0.627 mmol, 2 eq.) and 1,3-diaminopropane (26.4 μL, 0.313 mmol, 1 eq.) were 

dissolved in dichloromethane and stirred overnight at room temperature. The dichloromethane was 
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evaporated and the crude residue was purified with standard phase flash chromatography in 15% 

ethyl acetate in toluene. 

HRMS (ESI-TOF): calc’d for [M+Na]+ 833.15, found 833.15. 

1H NMR (500 MHz, CDCl3): δ 0.77-0.92 (m, 2H), 1.93 (s, 12H), 3.51 (t, J = 7.1 Hz, 4H), 3.59 (t, 

J = 6.2 Hz, 8H), 4.38 (t, J = 6.2 Hz, 8H), 5.58 (s, 4H), 6.10 (s, 4H) 

3.4.10.8 sPNP (synthetic protein nanoparticle) preparation 

sPNP was prepared via electrohydrodynamic (EHD) jetting. Human serum albumin (5 mg) 

and 4a (0.25 mg) were dissolved in 1 mL of a 20 v/v% DMSO in UltraPure water solution with 

vortexing and bath sonication. The solution was flown downward via a syringe pump toward an 

aluminum collection pan (15 cm diameter) at a rate of 0.1 mL/hr through a syringe fitted with a 10 

G blunt-tipped needle. The tip of the syringe needle was situated 15 cm above the collection pan. 

A voltage of 10 kV was applied from the syringe needle to the collection pan. Collection pans 

were changed every 30 min until 8 pans were accumulated. Each pan was placed in a Fisherbrand 

UV Crosslinker and irradiated at 368 nm at maximum power for 30 s. 4 mL of UltraPure water 

were used to collect the resulting nanoparticles from the pan surfaces using gentle agitation from 

a plastic razor blade. The resulting suspension was probe sonicated at 5 A for 30 s and centrifuged 

for 5 min at 4000 rpm. The resulting supernatant was distributed into 2 mL centrifuge tubes and 

centrifuged for 1 hr at 21000 rpm. The supernatant was discarded and the resulting pellets were 

resuspended in 500 uL of UltraPure water. sPNP was characterized by SEM, DLS, steady-state 

absorption, excitation, and emission spectroscopy, and TSCPC. 

3.4.10.9 NG (crosslinked nanogel) preparation 

Sodium dodecyl sulfate (SDS) (1.25 mg), 2-hydroxyethyl methacrylate (HEMA) (46.7 uL, 

384 μmol), 4b (2.5 mg, 3.09 μmol, 5 wt% relative to HEMA), and a few granules of 1,3,5-trioxane 
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were dissolved in 5 mL of UltraPure water in a 5 mL round bottom flask. A 100 μL t0 aliquot was 

withdrawn for later NMR analysis, the flask was sealed with a septum, and purged with nitrogen 

for 30 minutes with stirring. After purging, the mixture was heated to 70 °C in an oil bath and 25 

uL of a degassed, aqueous solution containing potassium persulfate (1.25 mg) was injected in one 

portion via syringe. The mixture was allowed to stir while heating for 3 hours. The flask was 

opened to atmosphere and a 100 μL tf aliquot was withdrawn for later NMR analysis. SDS and 

unreacted HEMA were removed by two wash cycles consisting of centrifugation at 4000 RPM for 

10 minutes and resuspension in UltraPure water. NG was characterized by SEM, DLS, steady-

state absorption, excitation, and emission spectroscopy, and TSCPC. 

3.4.10.10 MC (core-crosslinked micelle) preparation 

 

Synthesis of poly(PEGMA) homopolymer via RAFT polymerization 

Polyethylene glycol methyl ether methacrylate (PEGMA, average Mn 500) (2 mL, 4.32 

mmol, 50 eq.), 2-[[(2-carboxyethyl)sulfanylthiocarbonyl]-sulfanyl]propanoic acid (22.0 mg, 86.4 

μmol, 1 eq.), 4,4′-azobis(4-cyanovaleric acid) (ACVA) (2.42 mg, 8.64 μmol, 0.1 eq.), and a few 

granules of 1,3,5-trioxane were added to a 20 mL Schlenk flask equipped with a stir bar and 

dissolved in 20 mL of 1,4-dioxane. A 100 μL t0 aliquot was withdrawn for later NMR analysis and 

the flask was sealed with a rubber septum. The reaction mixture was purged with nitrogen for 30 

minutes with stirring. After purging, the flask was heated to 70 °C and stirred overnight. The flask 
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was opened to atmosphere and a 100 μL tf aliquot was withdrawn for later NMR analysis. 

Poly(PEGMA) homopolymer was isolated by three repetitions of a wash cycle consisting of 

precipitation into cold hexane with stirring, decanting the hexane supernatant, and redissolution of 

the resulting polymer in tetrahydrofuran. The final polymer was dried following washing and 

characterized via NMR and SEC. 

Monomer conversion = 80%; degree of polymerization (m) = 40; Mn, NMR = 20,254 g/mol; Mn, SEC 

= 24,314 g/mol; Mw, SEC = 31,004; ĐSEC = 1.28 

Synthesis of poly(BMA-b-PEGMA) diblock copolymer via RAFT polymerization 

Butyl methacrylate (BMA) (0.25 mL, 1.57 mmol, 50 eq.), poly(PEGMA) macroCTA 

(0.636 g, 31.4 μmol, 1 eq.), ACVA (0.88 mg, 3.14 μmol, 0.1 eq.), and a few granules of 1,3,5-

trioxane were added to a 10 mL Schlenk flask equipped with a stir bar and dissolved in 10 mL of 

1,4-dioxane. A 100 μL t0 aliquot was withdrawn for later NMR analysis and the flask was sealed 

with a rubber septum. The reaction mixture was purged with nitrogen for 30 minutes with stirring. 

After purging, the flask was heated to 70 °C and stirred overnight. The flask was opened to 

atmosphere and a 100 μL tf aliquot was withdrawn for later NMR analysis. Poly(BMA-b-PEGMA) 

diblock copolymer was isolated by three repetitions of a wash cycle consisting of precipitation into 

cold hexane with stirring, decanting the hexane supernatant, and redissolution of the resulting 

polymer in tetrahydrofuran. The final polymer was dried following washing and characterized via 

NMR and SEC. 

Monomer conversion = 90%; degree of polymerization (n) = 45; Mn, NMR = 26,653 g/mol; Mn, SEC = 

27,982 g/mol; Mw, SEC = 33,274; ĐSEC = 1.19 
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 Degree of 

polymerization 
Mn, NMR (g/mol) Mn, SEC (g/mol) Mw, SEC (g/mol) ĐSEC 

Poly(PEGMA) 40 20,254 24,314 31,004 1.28 

Poly(BMA-b-

PEGMA) 
95 26,653 27,982 33,274 1.19 

Table 3.1: Block copolymer characterization - summary table. 

MC preparation from poly(BMA-b-PEGMA) diblock copolymer 

Poly(BMA-b-PEGMA) diblock copolymer (50 mg, 1.87 μmol, 1 eq.) and 4b (4.6 mg, 5.63 

μmol, 3 eq.) were dissolved in 1 mL of DMSO in a 5 mL round bottom flask. ACVA (0.053 mg, 

0.187 μmol, 0.1 eq.) dissolved in 4 mL of UltraPure water was added to the flask dropwise with 

stirring. The mixture was purged with nitrogen for 30 minutes with stirring. After purging, the 

flask was submerged in a 70 °C an oil bath and stirred for 5 hours. Following micelle self-assembly 

and crosslinking, the reaction mixture was diluted with 5 mL of water and dialyzed against 1 L of 

deionized water for 3 days with a 10 kDa cutoff membrane to remove DMSO. MC was 

characterized by SEM, DLS, steady-state absorption, excitation, and emission spectroscopy, and 

TSCPC. 

3.4.10.11 Calculation of monomer conversion via NMR analysis 

The monomer conversions for the preparation of NG and syntheses of poly(PEGMA) 

homopolymer and poly(BMA-b-PEGMA) diblock copolymer were calculated by the observation 

of the decrease in methacrylate resonance integrals in the 1H NMR spectra of t0 and tf aliquots 

withdrawn before and after polymerization, relative to the signal from an included internal 

standard of 1,3,5-trioxane (Figure C.3). Briefly, 400 uL of DMSO-d6 was added to the t0 and tf 

100 μL aliquots and 1H NMR spectra were acquired of both. Chemical shift was normalized to the 

TMS peak at 0.0 ppm. The singlet at 5.1 ppm (corresponding to 1,3,5-trioxane’s methylene peak) 
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was assigned a normalized integral of 100.0. The two characteristic singlets resulting from 

unreacted methacrylate monomer terminal alkene groups (between 5.0 and 6.0 ppm) were 

integrated relative to the 1,3,5-trioxane singlet. The following equation was used to calculate the 

monomer conversion: 

% 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝐼𝑡𝑓

− 𝐼𝑡0

𝐼𝑡𝑓

∙ 100% 

where 𝐼𝑡0
is the average integral of monomer terminal alkene singlets for the t0 sample and 𝐼𝑡𝑓

 is 

the average integral of monomer terminal alkene singlets for the tf sample. For poly(PEGMA) 

homopolymer and poly(BMA-b-PEGMA) diblock copolymer samples, the calculated monomer 

conversion value was used to calculate the number average molecular weight, Mn, NMR, using the 

following equation: 

𝑀𝑛,𝑁𝑀𝑅 =  𝑀𝑊𝐶𝑇𝐴 + 𝑀𝑊𝑚𝑜𝑛𝑜𝑚𝑒𝑟(% 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∙ 𝐷𝑃𝑡𝑎𝑟𝑔𝑒𝑡) 

where MWCTA is the molecular weight of the chain transfer agent (CTA), 2-[[(2-

carboxyethyl)sulfanylthiocarbonyl]-sulfanyl]propanoic acid (254 g/mol), MWmonomer is the 

molecular weight of the methacrylic monomer used, % monomer conversion is the calculated 

monomer conversion, and 𝐷𝑃𝑡𝑎𝑟𝑔𝑒𝑡  is the target degree of polymerization (50 in both cases). In 

the case of the poly(BMA-b-PEGMA) diblock copolymer, the CTA employed was poly(PEGMA) 

homopolymer as a macroCTA and thus MWCTA = 20,254 g/mol. This method for calculating Mn 

via 1H NMR with a 1,3,5-trioxane internal standard is generalizable for all controlled 

polymerization techniques involving the chain growth polymerization of vinylic monomers, 

including atom transfer radical polymerization (ATRP), nitroxide-mediated polymerization 

(NMP), and reversible addition-fragmentation chain-transfer polymerization (RAFT) where it can 

be assumed that dispersity values (Đ) approach 1. 
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3.4.10.12 PTX sPNP and Nab-PTX sPNP preparation 

PTX sPNP and Nab-PTX sPNP were prepared in the exact same manner as sPNP, 

differing only in the composition of the pre-jetting solution. For PTX sPNP, the pre-jetting 

solution was prepared by dissolving human serum albumin (5 mg), 4a (0.25 mg), and paclitaxel 

(0.5 mg) in 1 mL of a 20 v/v% DMSO in UltraPure water. For Nab-PTX sPNP, the pre-jetting 

solution was prepared by dissolving Nab-paclitaxel (5 mg) and 4a (0.25 mg) in 1 mL of a 20 v/v% 

DMSO in UltraPure water. Nab-paclitaxel was produced using high-pressure homogenization. 

Briefly, paclitaxel (30 mg) was dissolved in 550 μL of chloroform at 37 °C. 5 mL of chloroform 

was added to 35 mL of distilled water in a 50 mL tube and vortexed. The resulting top phase of 

water saturated with chloroform was removed and 30 mL were added to 300 mg of human serum 

albumin. The human serum albumin and paclitaxel solutions were combined, tip sonicated at 50 

A for 1 minute, and high pressure homogenized with an Avestin EmulsiFlex-B15 for 7 cycles at 

24,000 psi. The resulting sample was frozen and lyophilized, resulting in Nab-paclitaxel with a 

theoretical loading of 10 wt% paclitaxel relative to human serum albumin. 

3.5 Results and Discussion 

3.5.1 Design Approach to Self-Reporting Nanoparticle Synthesis 

We sought to develop a nanoparticle synthetic strategy based on a versatile crosslinker 

platform applicable across a variety of material substrates. We hypothesized that incorporating a 

reporting fluorescent moiety in the crosslinker backbone would result in stable, emissive 

nanoparticles. The fluorescence of the nanoparticle crosslinkers enables monitoring of emission 

lifetime variations with time-resolved fluorescence spectroscopy in response to changes in the 

interparticle milieu, like mechanical force, polarity alterations, or the presence of an exogenous 

molecular species (Figure 3.1A). 
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Figure 3.1: Synthesis and photophysical properties of DTM-based reactive reporters. (A) Framework for crosslinked, 

fluorescent nanoparticle fabrication, (B) synthesis of four-arm DTM-based emissive reactive reporters, (C) 2D 

excitation and emission spectra of 4a and 4b (λem = 535 nm for excitation spectra, λex = 415 nm for emission spectra), 

and 3D excitation-emission spectra for 4a (D) and 4b (E). 

3.5.2 Synthesis and Steady-State Photophysical Characterization of Molecular Reporters 

This study is focused on the synthesis and application of two small molecule crosslinking 

reporters based on a modular scaffold consisting of four main variables: 1) valency, 2) reactive 

chemistry, 3) arm composition, and 4) bridge composition (Figure 3.1B). In principle, a vast 

number of chemically distinct reporters is achievable within this design space. A dithiomaleimide 

moiety was chosen as the core for this molecular architecture for its intrinsic fluorescence, relative 

stability to photobleaching, and ease of functionalization. Arm composition can be tuned by 
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choosing an appropriate linear, heterobifunctional linker containing an α-terminal thiol and an ω-

terminal hydroxyl. In the first step of the generalized reaction, primary thiols react with 2,3-

dibromomaleimide to form a substituted dithiomaleimide with two pendant hydroxyl groups (1). 

From there, reactive moieties containing a carboxylic acid can be coupled to the two primary 

hydroxyls in a straightforward manner using carbodiimide-mediated chemistry to yield the two-

arm linkers 2a and 2b. The linkers’ valency can be extended to four by coupling to itself in a two-

step process, first by activating the imide nitrogen on the dithiomaleimide ring with methyl 

chloroformate, forming a carbamate (3a, 3b), and finally through substitution reaction with a linear 

diamino linker. For our purposes, we chose β-mercaptoethanol as the α-thiol-ω-hydroxyl linker, 

4-benzoylbenzoic acid and methacrylic acid as the reactive carboxylic acids, and 1,3-

diaminopropane the linear diamino linker, generating two four-arm linkers, 4a and 4b, with 

benzophenone and methacrylic reactive groups, respectively. Benzophenone moieties can be 

activated with 365 nm light to form a tertiary radical centered at the diphenyl ketone carbon, which 

will abstract hydrogen atoms from nearby macromolecules. Methacrylates are ubiquitously 

employed as the reactive moieties of monomers in chain growth polymerizations.  

Following synthesis, reporting crosslinkers 4a and 4b were characterized by steady-state 

fluorescence spectroscopy in DMSO. In accordance with previous reports, both reporters exhibit 

broadband emission from ~450-700 nm when excited at 415 nm, characteristic of molecules 

containing a DTM moiety. Additionally, both reporters displayed two excitation bands, one near 

300 nm and one near 400 nm, when emission intensity is monitored at 535 nm (Figure 3.1C). 

Plots of 3D excitation-emission spectra reveal that both excitation bands result in emission with 

maxima at 535 nm, in accordance with Kasha’s rule (Figure 3.1D-E).136 Exact excitation and 

emission maxima values are listed in Table 3.3. 
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3.5.3 Chemical Environment-Dependent Fluorescence Lifetime Characterization of Molecular 

Reporters 

Prior to nanoparticle synthesis, we sought to understand how the fluorescence lifetimes of 

neat solutions of 4a and 4b might be modulated by local chemical environments. 1 μM solutions 

of 4a and 4b were prepared in six solvents that represent a wide range of dielectric constants and 

refractive indices (Table 3.2), and time-correlated single photon counting (TCSPC) was used to 

measure fluorescence lifetime decays. A solid state nanoLED diode laser (390 nm, <1.4 ns pulse 

duration) was the excitation source for all samples while monitoring emission decay at 535 nm. 

Fluorescence lifetime decays were fit to third-order exponential decay functions, shown in 

Equation 3.1, below, and plotted in Figure 3.6A-B.  

𝐼(𝑡) = 𝛼1𝑒
(−

𝑡

𝜏1
)

+ 𝛼2𝑒
(−

𝑡

𝜏2
)
+ 𝛼3𝑒

(−
𝑡

𝜏3
)
           (3.1) 

From Equation 3.1, 𝜏 and α component values can be used to calculate the average fluorescence 

lifetime of each sample, according to Equation 3.2 and Equation 3.3,  

𝜏𝑎𝑣,𝐼 =
𝛼1𝜏1

2+𝛼2𝜏2
2+𝛼3𝜏3

2

𝛼1𝜏1+𝛼2𝜏2+𝛼3𝜏3
                                                  (3.2)     

𝜏𝑎𝑣,𝐴 =
𝛼1𝜏1+𝛼2𝜏2+𝛼3𝜏3

𝛼1+𝛼2+𝛼3
              (3.3) 

where 𝜏av, I is the intensity-weighted average fluorescence lifetime and 𝜏av, A is the amplitude-

weighted average fluorescence lifetime. A complete list of all 𝜏n, αn, 𝜏av, I, and 𝜏av, A values for 

decays plotted in Figure 3.3 and Figure 3.6 are listed in Table 3.5. Component lifetimes and 

amplitudes are plotted in Figure 3.7. For conciseness, all 𝜏av values discussed in the main text are 

𝜏av, I values.195  

While fluorescence lifetime is an intrinsic property of all emitting species, its decay profile 

is modulated by a variety of internal factors, like the ability of the molecule to rotate freely in an 
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excited state, undergo intersystem crossing, or undergo excited state electron/proton transfer, as 

well as external factors, such as temperature, viscosity, and polarity.138 Berezin et al. studied the 

effect of solvent polarity on several near-IR polymethine fluorescent probes using solvent 

orientation polarizability (SOP, Δf) as a metric to express polarity.139 SOP is a dimensionless 

expression of solvent polarity that takes dielectric constant (ε) and refractive index (n) into account, 

detailed in Equation 3.4.136  

∆𝑓 =
𝜀−1

2𝜀+1
−

𝑛2−1

2𝑛2+1
               (3.4) 

SOP values for solvents used in this study are listed in Table 3.2: Numerical descriptors for 

solvents employed in this chapter., along with their ε and n values. A wide range of average 

fluorescence lifetimes for both 4a and 4b were measured across six solvents studied, plotted with 

respect to SOP in Figure 3.6 and listed in Table 3.5. 4a gave a 𝜏av range of 2.01-6.30 ns, while 4b 

gave a 𝜏av range of 0.83-8.63 ns, indicating that the fluorescence lifetimes of both sensor molecules 

are SOP-dependent, with a general trend of increasing lifetime with decreasing SOP (Figure 

3.6C). Both 4a and 4b display their shortest lifetimes in DMSO, where 𝜏av  = 2.01 ns and 0.83 ns, 

respectively. In every solvent except for DMSO, 4a’s second lifetime component, 𝜏2 was the 

dominant decay component, whereas 4b’s dominant decay component was 𝜏1, evidenced by the 

amplitude weights of each component lifetime (Figure 3.7D). This suggests that 4b more strongly 

interacts with solvents of a wide range of SOPs compared to 4a, explainable by 4a’s steric bulk in 

the form of four highly aromatic benzophenone moieties which are more difficult to solubilize in 

polar solvents than methacrylic moieties. 
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solvent ε n Δf 

toluene 2.38 1.50 0.013 

ether 4.33 1.35 0.167 

tetrahydrofuran (THF) 7.58 1.41 0.210 

dichloromethane (DCM) 8.93 1.42 0.217 

dimethyl sulfoxide (DMSO) 46.7 1.48 0.263 

methanol 32.7 1.33 0.309 

water 80.1 1.33 0.320 

Table 3.2: Numerical descriptors for solvents employed in this chapter. 

3.5.4 Nanoparticle Synthesis and Physical Characterization 

Three compositionally and architecturally distinct nanoparticle types were prepared using 

4a and 4b. Synthetic protein nanoparticles (sPNP) were prepared via electrohydrodynamic (EHD) 

jetting of 4a with human serum albumin (HSA) (Figure 3.2A). EHD jetting is a technique that 

involves the laminar flow of a macromolecule-containing solution through an electric field toward 

a grounded collection surface. EHD jetting provides nanoscale control over anisotropy, size, shape, 

and composition, and has been used to prepare nanoparticles composed of synthetic polymers and 

proteins, along with Janus varieties of both.106,159,196,197 Following EHD jetting, the deposited 

nanoparticles were exposed to 365 nm light to initiate benzophenone crosslinking through 4a and 

collected into water. The resulting sPNP feature a gel-like structure, with individual HSA proteins 

linked via 4a in a network structure (Figure 3.2A). sPNP were uniformly spherical in shape 

(Figure 3.2D) and displayed a Z-average hydrodynamic diameter (Dh) of 243.9 nm and 

polydispersity (PDI) of 0.160, measured by dynamic light scattering (DLS) (Figure 3.2G).  

 Crosslinked nanogels (NG) were synthesized via emulsion polymerization of 2-

hydroxyethyl methacrylate (HEMA) in surfactant-containing water with 5 wt% 4b relative to 

monomer (Figure 3.2B). Dithiomaleimides have been incorporated into polymethyl methacrylate 

(PMMA) nanogels as fluorescent reporters, but never as both a fluorescent reporter and 
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crosslinker. NG were less spherical in shape than sPNP in the dry state (Figure 3.2E) and 

displayed a similar Dh of 221.4 nm and PDI of 0.024 via DLS (Figure 3.2H). 

 Core-crosslinked block copolymer micelles (MC) were synthesized using a 26 kDa block 

copolymer of butyl methacrylate (BMA) and polyethylene glycol methacrylate (PEGMA) 

(poly(BMA45-b-PEGMA40)) prepared via RAFT polymerization. The block copolymer was 

dissolved in DMSO and water was added dropwise with stirring to prompt micelle self-assembly. 

The polymer was designed such that the RAFT-active trithiocarbonate moiety aggregates in the 

hydrophobic core of the micelle at the end of the BMA block. 3 equivalents of 4b relative to the 

block copolymer were added to the suspension of MC, along with a water-soluble radical initiator, 

and the mixture was heated above the initiator’s decomposition temperature to reinitiate RAFT 

polymerization in the micelle cores, effectively core-crosslinking the nanostructures (Figure 

3.2C).198 The resulting nanoparticles are spherical in nature (Figure 3.2F), but smaller than both 

sPNP and NG in both the dry and hydrated states, with a Dh of 201.7 nm and PDI of 0.239 via 

DLS (Figure 3.2I). The Z-average Dh, PDI, and ζ-potential of each nanoparticle formulation is 

listed in Table 3.3.  
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Figure 3.2: Nanoparticles were prepared using reactive reporters 4a and 4b as crosslinkers. (A, B, C) Synthetic 

schemes, (D, E, F) SEM micrographs, (G, H, I) DLS traces with inset correlation functions, (J, K, L) 2D excitation 

and emission spectra (λem = 535 nm for excitation spectra, λex = 415 for emission spectra), and (M, N, O) 3D excitation-

emission plots of sPNP, NG, and MC, respectively. (SEM image scale bar = 2 μm.) 

3.5.5 Nanoparticle Steady-State Photophysical Characterization 

Following preparation, sPNP, NG, and MC nanoparticles were characterized by steady-

state fluorescence spectroscopy in water to determine the extent to which reactive reporters 4a and 

4b had imbued emissivity to the resulting materials. In all three cases, the nanoparticles exhibit 

broadband emission from ~490-700 nm when excited at 415 nm, the same emission band that 4a 

and 4b exhibit. Additionally, all three nanoparticle samples display the same two excitation bands 

as the small molecule precursors near 300 nm and 400 nm when emission intensity is monitored 
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at 535 nm (Figure 3.2J-L). Despite almost identical excitation and emission bands to 4a and 4b 

(Figure 3.1C), λmax, ex and λmax, em of nanoparticle samples did display slight shifts compared to 

their small molecule precursors. The λmax, em of sPNP exhibited a hypsochromic shift of 13 nm and 

λmax, ex exhibited a bathochromic shift of 8 nm compared to 4a. The λmax, em of NG exhibited a 

bathochromic shift of 9 nm and λmax, ex exhibited a bathochromic shift of 5 nm compared to 4b. 

The λmax, em of MC exhibited a bathochromic shift of 8 nm and λmax, ex exhibited a bathochromic 

shift of 4 nm compared to 4b (Table 3.3). Despite the shifts in maxima, however, all nanoparticles 

were imparted with broadband emissivity after crosslinking with reporters 4a and 4b. 

 λ
max, ex

 (nm)a λ
max, em 

(nm)b D
h 

(nm)c PDI 
ζ-potential 

(mV) 

4a 416 540 - - - 

4b 408 539 - - - 

sPNP 409 527 243.9 0.160 -31.8 

NG 413 548 221.4 0.024 -35.0 

MC 412 547 201.7 0.239 -17.0 

Table 3.3: Steady-state photophysical and physical values for reporters and nanoparticles. (aλem = 535 nm; bλex = 415 

nm; cDh is the Z-average hydrodynamic diameter measured by DLS.) 

3.5.6 Chemical Environment-Dependent Fluorescence Lifetime Characterization of 

Nanoparticles.  

Solvent polarity and the ability for molecular rotation are important external factors that 

modulate the fluorescence lifetime of fluorophores.138 Lower solubility and prevention of 

molecular rotation result in a decrease in non-radiative decay processes and a longer fluorescence 

lifetime.136,138 Thus, we expected each of the three synthesized nanoparticle species to exhibit 

longer average fluorescence lifetimes with less variability than the small molecule sensors alone 

when measured in seven solvents of different orientation polarizability, as embedding 4a and 4b 

into nanostructures should constrain their molecular rotation and have solvent-shielding effects. 

While an increase in fluorescence lifetime compared to free reporter was universally observed for 

sPNP, NG, and MC samples, we discovered that sPNP exhibited a particularly strong response to 
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changes in their chemical environment, demonstrated by the ~20 ns difference in 𝜏av in DMSO 

(5.70 ns) versus DCM (25.92 ns) (Figure 3.3A, Table 3.5). NG and MC were less sensitive to 

SOP than sPNP, with 𝜏av ranges of 6.29-11.29 ns and 6.83-11.69 ns, respectively (Figure 3.3B-C, 

Table 3.5, Figure 3.7). 
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Figure 3.3: Nanoparticles exhibit chemical environment-dependent fluorescence lifetime decays. Fluorescence 

lifetime decay curves (top) for sPNP (A), NG (B), and MC (C) in various solvents fitted to third order exponential 

decay functions with residuals (bottom), (D) intensity-weighted average fluorescence lifetimes with respect to solvent 

orientation polarizability (SOP, Δf), and (E) proposed external and internal structures of sPNP in DMSO and toluene. 

For sPNP in polar solvents (DMSO, methanol, water), fluorescence lifetime decay was 

dominated by the first decay component, 𝜏1, contributing greater than 50% of amplitude weights 

(α1) to the average fluorescence lifetime. In less polar solvents (toluene, ether, THF, DCM), 
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however, the first lifetime decay component was diminished in sPNP, with amplitude weights 

favoring second and third decay components 𝜏2 and 𝜏3 (Table 3.5, Figure 3.7). NG and MC 

samples displayed considerably less fluctuation in the first decay component weight, α1, than 

sPNPs. For both NG and MC samples and across all solvents surveyed, α1’s fraction of all three 

decay component weights never deviated outside the range of 45-75% of the whole and exhibited 

no trend with respect to SOP. The lack of trend and high percentage α1 weights indicate that the 

poly(HEMA) and poly(BMA45-b-PEGMA40) polymers of which NG and MC are composed, 

respectively, do not respond significantly differently across different SOP chemical environments. 

We thus hypothesized that the fluorescence lifetime sensitivity of sPNP across SOPs is attributed 

to the amphiphilic nature of their constituent proteins. In DMSO, sPNP showed an increase of 𝜏av 

from 2.01 ns to 5.70 ns, indicating ordering and rigidification in the local environment of reporter 

4a when immobilized in the nanoparticle matrix. Interestingly, sPNP in DMSO exhibits a faster 

𝜏av than 4a dissolved in toluene, THF, and DCM, indicating that DMSO’s ability to penetrate sPNP 

and solvate the local milieu proximal to 4a is better even than pure small molecule 4a in other 

organic solvents (Table 3.5). Globular proteins, such as HSA, are known to be tolerant to 

denaturation in up to 30 v/v% DMSO in water.
199

 Above that threshold, proteins begin to unfold 

and denature, but the amphiphilic polypeptide chains of which they are composed still remain 

solvated in the amphiphilic environment of DMSO.
200

 We hypothesize that in pure DMSO, sPNP 

exhibits a loosely packed structure owing to both the partial denaturation of the composite HSA 

proteins, illustrated in Figure 3.3E as blue unraveled strands, and the penetration of DMSO solvent 

molecules into the interior of the particle, increasing the solvation and decreasing the rigidification 

of the sPNP core.  
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sPNP exhibits considerably longer lifetimes in less polar organic solvents as the local 

protein-based material environment changes. For example, in toluene, sPNP has a 𝜏av of 20.23 ns. 

Toluene is a hydrophobic, highly aromatic solvent. When proteins are folded into a 3D 

conformation, only hydrophilic residues are presented on their surface, accessible to their native 

biological solvent of water. We hypothesize that the large increase in 𝜏av in toluene is attributed to 

the highly unfavorable interaction of toluene with sPNP’s composite protein material; HSA’s 

hydrophilic surface residues prefer to interact with other HSA molecules composing the sPNP 

rather than toluene, driving solvent out from the interior of the particle, consequently reducing 

solvation and increasing rigidification around internal 4a reporters (Figure 3.3E).  

3.5.7 Effect of Binary Solvent Mixtures of DMSO and Toluene on Fluorescence Lifetime of 

Nanoparticles 

DMSO and toluene have highly disparate SOP values (0.263 and 0.013, respectively) while 

being fully miscible. We hypothesized that a binary mixture of DMSO and toluene would result 

in a chemical environment with an SOP between that of both pure solvents and therefore should 

result in an sPNP fluorescence lifetime between 5.70 ns and 20.23 ns, corresponding to pure 

DMSO and toluene, respectively. To test this hypothesis, we measured the fluorescence lifetime 

of sPNP in a 1:1 mixture of DMSO:toluene and plotted the lifetime decay traces and component 

𝜏 and α values from the third-order exponential decay fits with respect to the lifetime data acquired 

previously in pure solvents (Figure 3.4). We also performed the same experiment and analyses for 

NG and MC samples. 
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Figure 3.4: Nanoparticle fluorescence lifetimes reflect changes to solvent orientation polarizability in binary mixtures 

of DMSO and toluene. Fluorescence lifetime decay curves of sPNP (A), NG (B), and MC (C). 𝜏1 (D), 𝜏2 (E), and 𝜏3 

(F) plotted with respect to solvent toluene fraction, and (G) amplitudes α1, α2, and α3 expressed as fractions of a whole 

and arranged with respect to toluene fraction. 

When the toluene fraction in DMSO was 0.5, sPNP exhibited a 𝜏av of 11.60 ns, placing it 

between the lifetimes observed in pure DMSO and pure toluene environments (Figure 3.4A, Table 

3.4). Component lifetimes 𝜏1, 𝜏2, and 𝜏3 did not change meaningfully as the toluene fraction in 

DMSO was modulated from 0 to 0.5 to 1 (Figure 3.4D-F, Table 3.4). However, the amplitudes 
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associated with those component lifetimes shifted drastically. In a pure DMSO environment, 

average fluorescence lifetime for sPNP is dominated by 𝜏1, with α1 accounting for ~74% of all 

amplitude weights. In 0.5 toluene fraction, α1 decreased to ~57% of amplitude weights, and even 

further to ~45% in pure toluene (Figure 3.4G, Table 3.4). The first lifetime component in a multi-

component decay is associated with fluorophore-to-solvent quenching processes and the decrease 

in corresponding α1 values indicate that fluorescent 4a linkages in the internal network structure 

of sPNP are transitioning from a relatively strong interaction with solvent to a weak one during 

the chemical environment transition from DMSO to toluene. The NG and MC nanoparticles also 

demonstrate dynamic fluorescence lifetime responses to binary mixtures of DMSO and toluene, 

but to a lesser degree than sPNP. NG exhibits a 𝜏av of 9.08 ns in pure DMSO, 8.39 ns in 1:1 

DMSO:toluene, and 6.90 ns in pure toluene. MC exhibits a 𝜏av of 10.53 ns in pure DMSO, 10.22 

ns in 1:1 DMSO:toluene, and 8.51 ns in pure toluene (Table 3.4). This trend indicates that 4b, the 

crosslinking reporter for both NG and MC, is better solvated in toluene than DMSO when 

immobilized in those respective nanoparticles, a trend that is opposite to the one observed for 

sPNP. We attribute this behavior to differences in how each nanoparticle’s composite material 

allows solvents of varying polarity to penetrate. In sum, we’ve shown that sPNP exhibits robust 

differences in fluorescence lifetime as a result of changing SOP, both in unary solvents spanning 

a range of SOPs, and in binary mixtures of solvents of disparate polarities. NG and MC also exhibit 

fluorescence lifetime differences as a consequence of SOP, but to a much lesser degree. 
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DMSO: 

toluene 
𝜏

1
 (ns) 𝜏

2
 (ns) 𝜏

3
 (ns) α

1
 α

 2
 α

 3
 𝜏

av, I
 (ns) 

sPNP 

0:1 1.15 4.60 17.68 0.733 0.243 0.0238 5.70 

1:1 1.75 6.90 22.35 0.571 0.342 0.0871 11.60 

1:0 1.84 6.55 25.05 0.448 0.245 0.307 20.23 

NG 

0:1 1.50 7.06 16.89 0.528 0.385 0.0873 9.08 

1:1 1.48 6.80 18.26 0.551 0.394 0.0550 8.39 

1:0 1.05 4.97 15.49 0.612 0.336 0.0523 6.90 

MC 

0:1 1.86 7.25 16.72 0.390 0.447 0.163 10.53 

1:1 1.50 6.50 16.32 0.375 0.463 0.162 10.22 

1:0 1.07 5.26 16.67 0.588 0.335 0.0768 8.51 

Table 3.4: Fluorescence lifetime kinetic values for nanoparticles in DMSO, 1:1 DMSO:toluene, and toluene for 

third-order exponential decay fits. 

3.5.8 Mode of Drug Encapsulation Impacts Fluorescence Lifetime Decay 

After establishing sPNP’s exceptional ability to discern its chemical environment using 

fluorescence lifetime measurements, we sought to understand how the encapsulation of a small 

molecule drug might modulate the kinetics of fluorescence lifetime decays. We chose paclitaxel 

(PTX) for its widespread clinical use.99 PTX is a hydrophobic drug typically formulated with 

polyethoxylated castor oil as the vehicle for intravenous administration, which has been reported 

to lead to negative side effects.99 Nanoparticle-bound albumin-PTX (Nab-PTX) is a clinically-used 

form of PTX prepared by high pressure homogenization, resulting in HSA aggregates with PTX 

embedded in protein hydrophobic domains.99 We thus compared PTX-loaded sPNP that were 

prepared by either EHD jetting a simple mixture of free PTX with HSA or Nab-PTX, which we 

hypothesized would lead to differences in fluorescence lifetime compared to unloaded 

nanoparticles, due to PTX’s availability, or lack thereof, to interact with reactive reporter 4a. Two 

sPNP formulations, PTX sPNP and Nab-PTX sPNP, were synthesized as illustrated in Figure 

3.5A and Figure 3.5D. PTX sPNP were prepared by first mixing free PTX, HSA, 4a, and solvent, 

followed by EHD jetting of the mixture. The preparation of Nab-PTX sPNP followed an analog 

procedure with the exception that Nab-PTX was included in the jetting solution in place of free 

PTX and HSA. Both formulations contained equal amounts of PTX (10 wt% relative to HSA). 
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Following fabrication and collection, each formulation was resuspended in seven different solvents 

as shown in Figure 3.3, and fluorescence lifetime decay profiles were measured after 2 minutes 

of equilibration (Figure 3.5B and Figure 3.5E). Kinetic values of the third-order exponential 

decay fit, plots of 𝜏av vs. SOP, and pie charts displaying α values for these samples can be found 

in Table 3.6 and Figure 3.8. 

 

Figure 3.5: sPNP crosslinked with 4a can sense the loading configuration of hydrophobic drug, paclitaxel. (A) 

Fabrication and proposed structure of PTX sPNP, (B) fluorescence lifetime decay curves for PTX sPNP in various 

solvents, (C) plot of the fold change in 𝜏av of sPNP compared to PTX sPNP, (D) fabrication and proposed structure 

of Nab-PTX sPNP, (E) fluorescence lifetime decay curves for Nab-PTX sPNP in various solvents, (F) plot of the 

fold change in 𝜏av of sPNP compared to Nab-PTX sPNP. 
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Compared to their drug-free sPNP counterparts, both PTX sPNP and Nab-PTX sPNP 

exhibited a decrease in 𝜏av across all organic solvents (Figure 3.5C and Figure 3.5F), regardless 

of the specific mode of PTX encapsulation. The influx of solvent into the sPNP cores creates a 

more solvent-like environment around reporter 4a, resulting in a decrease in 𝜏av, a consequence of 

the fact that emitted photons are more quickly quenched. However, differing phenomena are 

observed when the nanoparticles are suspended in water. In the case of PTX sPNP, an increase in 

𝜏av is observed relative to sPNP, whereas 𝜏av measured for Nab-PTX sPNP remains almost 

identical to that measured for drug-free sPNPs. These differences in 𝜏av can be attributed to the 

distinct internal environments of the nanoparticles as a result of how homogenously PTX is 

distributed in the nanoparticle cores. These results suggest that the local distribution of PTX 

molecules within PTX sPNP is highly heterogeneous, presumably due to phase segregation during 

particle preparation.  When PTX sPNP are resuspended in water, the highly hydrophobic PTX 

molecules increase the overall hydrophobicity of the sPNP cores, shielding the water molecules 

from entering the nanoparticle and thereby creating a less solvent-rich environment. The result is 

a measurable increase in 𝜏av. In contrast, Nab-PTX sPNP are characterized by a more homogenous 

distribution of PTX molecules throughout the nanoparticle due to high-pressure homogenization. 

Therefore, water molecules interact with the core of Nab-PTX sPNP similar to drug-free sPNP, 

resulting in negligible changes in 𝜏av. This experiment demonstrates that the use of reactive 

reporter 4a to stabilize sPNP not only imbues external chemical environmental sensing, but also 

allows for the direct monitoring of critical formulation differences that might result in fundamental 

differences in their drug delivery responses. 
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3.6 Conclusion 

We developed a self-reporting nanoparticle synthetic strategy, enabled through 

crosslinking with fluorescent molecular reporters applicable across several types of material 

substrates. Two tetravalent reporters, 4a and 4b, were synthesized, equipped with benzophenone 

and methacrylate reactive moieties, respectively. 4a and 4b exhibit emission maxima around 535 

nm and fluorescence lifetime differences in seven different solvents, but generally 𝜏av clustered 

around 4 ns. The reporters were deployed as crosslinkers in three nanoparticle systems and self-

reporting protein nanoparticles (sPNP) exhibited enhanced fluorescence lifetime differences of an 

order of magnitude across chemical environments compared to polymer nanogels (NG) and block 

copolymer micelles (MC), specifically with regard to intraparticle properties, such as solvent 

environment and drug loading distributions. The results in this study regarding drug loading 

distributions corroborate the premise that the loading configuration of paclitaxel in protein 

nanoparticles impacts its release profile; particles loaded with Nab-paclitaxel follow diffusion-

dominated drug release kinetics that are seven times slower than the burst release observed for 

blended particles.201 In sum, this work demonstrates that DTM-based reporters can perceive even 

minute changes in the chemical environment of therapeutic nanoparticles, a feature that we believe 

to be especially important for the study of protein-based nanomedicines, in particular, as their 

internal nanoenvironments are considerably more complex and difficult to predict than lipid and 

polymer nanoparticles. 

This system is applicable to a range of nanomedicine applications where in situ reporters 

are desired to probe dynamic nanomaterial and biochemical environments. Specifically, this 

system, in conjunction with fluorescence lifetime imaging microscopy, has the potential to provide 

valuable spatiotemporal information regarding the various stages of nanoparticle delivery, 
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including cellular uptake, endocytosis, payload release, and degradation, by detecting cellular 

microenvironment differences at each stage. More broadly, this work establishes the utility of time-

resolved fluorescence spectroscopy as a complement to traditional nanoparticle characterization 

techniques, like dynamic light scattering, for its ability to discern nanoparticle-environment and 

nanoparticle-cargo interactions; properties that we believe will be important for the advancement 

of protein-based materials and the nanomedicine field generally. 

3.7 Supplementary Figures and Tables 

3.7.1 Supplementary Figures and Tables Referenced in Chapter 3 

 

Figure 3.6: Supplemental to Figure 3.1. Fluorescence lifetime decays of 4a and 4b in various solvents. Fluorescence 

lifetime decay curves for 4a (A) and 4b (B) in various solvents fitted to third order exponential decay functions with 

residuals for fits plotted below, and (C) plots of intensity-weighted average fluorescence lifetimes with respect to 

solvent orientation polarizability. 

 

 

 

 

 

 

 



 98 

 Solvent 𝜏1 (ns) 𝜏2 (ns) 𝜏3 (ns) α1 α2 α3 𝜏av, I (ns) 𝜏av, A (ns) 

4a 

toluene 1.43 5.15 20.27 0.123 0.862 0.0142 5.91 4.91 

ether 1.44 3.90 19.51 0.303 0.687 0.00997 4.49 3.31 

THF 2.61 5.03 23.34 0.142 0.847 0.0113 5.84 4.89 

DCM 2.10 5.20 25.96 0.0134 0.975 0.0112 6.30 5.39 

DMSO 1.00 2.67 10.68 0.857 0.136 0.00680 2.01 1.29 

methanol 1.03 3.43 27.22 0.394 0.606 0.000630 3.21 2.50 

4b 

toluene 2.27 5.44 21.69 0.961 0.0309 0.00765 3.76 2.52 

ether 1.07 14.86 97.25 0.988 0.0113 0.000810 8.63 1.30 

THF 2.38 3.94 22.08 0.879 0.114 0.00703 3.78 2.70 

DCM 3.12 4.39 28.94 0.823 0.172 0.00496 4.46 3.46 

DMSO 0.71 3.48 - 0.991 0.00897 - 0.83 0.73 

methanol 1.15 2.24 24.72 0.914 0.0853 0.000440 1.52 1.26 

sPNP 

toluene 1.84 6.55 25.05 0.448 0.245 0.307 20.23 10.12 

ether 1.95 7.32 30.13 0.519 0.307 0.174 20.75 8.50 

THF 2.69 8.17 26.75 0.386 0.355 0.259 19.50 10.87 

DCM 5.27 12.01 28.72 0.279 0.112 0.610 25.92 20.32 

DMSO 1.15 4.60 17.68 0.733 0.243 0.0238 5.70 2.38 

methanol 1.85 6.86 25.23 0.610 0.238 0.152 16.70 6.60 

water 4.79 11.64 20.01 0.513 0.373 0.113 11.87 9.07 

NG 

toluene 1.05 4.97 15.49 0.612 0.336 0.0524 6.90 3.12 

ether 1.48 5.99 17.59 0.557 0.393 0.0498 7.58 4.06 

THF 1.75 6.99 17.10 0.488 0.481 0.0301 7.15 4.74 

DCM 0.63 5.67 15.76 0.785 0.192 0.0231 6.29 1.95 

DMSO 1.50 7.06 16.89 0.528 0.385 0.0873 9.08 4.98 

methanol 1.27 6.55 19.60 0.646 0.255 0.0991 11.29 4.43 

water 1.62 7.02 17.54 0.416 0.465 0.120 10.08 6.04 

MC 

toluene 1.07 5.26 16.67 0.588 0.335 0.0767 8.51 3.67 

ether 1.48 6.29 18.64 0.595 0.361 0.0435 7.74 3.97 

THF 1.51 6.66 16.19 0.491 0.457 0.0519 7.56 4.63 

DCM 1.17 5.41 17.08 0.619 0.312 0.0689 8.39 3.59 

DMSO 1.86 7.25 16.72 0.390 0.447 0.163 10.53 6.69 

methanol 1.50 7.88 19.21 0.510 0.361 0.129 11.69 6.09 

water 1.73 5.88 14.56 0.533 0.405 0.0618 6.83 4.20 

Table 3.5: Supplemental to Figure 3.3 and Figure 3.6. Fluorescence lifetime kinetic data for 4a, 4b, sPNP, NG, 

and MC in various solvents, values. Values are derived from third order exponential decay fits generated from raw 

data. Amplitudes are normalized to 1. Full decay curves and fits are shown in Figure 3.3 and Figure 3.6. 
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Figure 3.7: Supplemental to Figure 3.3, Figure 3.6, and Table 3.5. Fluorescence lifetime kinetic data for 4a, 4b, 

sPNP, NG, and MC in various solvents, plots. (A) 𝜏1, (B) 𝜏2, and (C) 𝜏3 values, plotted with respect to solvent 

orientation polarizability, and (D) pie charts displaying α1, α2, and α3 values as parts of a whole. 
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 Solvent 𝜏1 (ns) 𝜏2 (ns) 𝜏3 (ns) α1 α2 α3 𝜏av, I (ns) 𝜏av, A (ns) 

PTX 

sPNP 

toluene 4.18 11.2 26.0 0.684 0.202 0.115 14.2 8.093 

ether 4.10 14.1 38.6 0.546 0.433 0.020 13.8 9.150 

THF 4.37 18.0 34.2 0.799 0.158 0.043 15.0 7.807 

DCM 4.58 11.8 29.7 0.773 0.110 0.117 16.2 8.332 

DMSO 1.22 3.40 16.1 0.884 0.1122 0.00413 2.41 1.527 

methanol 3.31 11.7 23.6 0.423 0.507 0.070 12.6 8.967 

water 5.26 15.4 54.9 0.395 0.597 0.008 15.1 11.717 

Nab-

PTX 

sPNP 

toluene 3.13 7.41 25.3 0.497 0.433 0.0697 11.2 6.531 

ether 3.15 10.3 34.0 0.591 0.375 0.0340 12.4 6.900 

THF 2.71 6.73 24.0 0.379 0.551 0.0693 10.6 6.398 

DCM 4.92 14.4 34.5 0.858 0.110 0.0319 11.8 6.906 

DMSO 1.16 3.85 19.2 0.896 0.096 0.00725 3.43 1.547 

methanol 2.14 8.79 20.2 0.444 0.481 0.0750 10.4 6.692 

water 4.70 13.0 64.8 0.554 0.443 0.00291 11.6 8.547 

Table 3.6: Supplemental to Figure 3.5. Fluorescence lifetime kinetic data for PTX sPNP and Nab-PTX sPNP in 

various solvents, values. Values are derived from third order exponential decay fits generated from raw data. 

Amplitudes are normalized to 1. Full decay curves and fits are shown in Figure 3.5. 
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Figure 3.8: Supplemental to Figure 3.5 and Table 3.6. Fluorescence lifetime kinetic data for PTX sPNP and Nab-

PTX sPNP in various solvents, plots. Intensity-weighted average fluorescence lifetime (A), 𝜏1 (B), 𝜏2 (C), and 𝜏3 (D) 

values plotted with respect to solvent orientation polarizability, and (E) pie charts displaying α1, α2, and α3 values as 

parts of a whole. 

 

*See Appendix C for NMR spectra of all compounds and additional supplementary figures not 

explicitly referenced in this chapter.* 
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Chapter 4 – A Heterobifunctional RAFT System and its Application in Self-Reporting 

Micelles 

 

4.1 Authors and Contributions 

This chapter contains text and data in preparation for publication as: 

A Heterobifunctional RAFT System and its Application in Self-Reporting Micelles 

Anthony J. Berardi, Yeongun Ko, Jeffery E. Raymond, Joerg Lahann 

4.2 Abstract 

In this chapter, we developed a heterobifunctional RAFT system to synthesize linear 

methacrylate-based polymers that can undergo Hetero-Diels–Alder (HDA) and conjugate addition 

(CA) reactions at their respective chain ends immediately following polymerization. This system 

was enabled by the design of a chain transfer agent (CTA) with a diethoxyphosphoryl Z group, 

activating the dithioester’s thiocarbonyl as a dienophile, and a dibromomaleimide-containing R 

group, capable of engaging in conjugate addition reactions with thiol-containing ligands following 

polymerization. The synthesized CTA was used to polymerize hydrophobic, hydrophilic, and 

fluorinated methacrylic monomers, all of which exhibit low polydispersities and react according 

to pseudo first-order kinetics. A homopolymer of triethylene glycol methyl ether methacrylate was 

used as a model substrate to study end group HDA and CA reactions, characterized by 1H NMR 

and a dual-color fluorescence spectroscopic approach. Next, an amphiphilic, diblock copolymer 

was synthesized and functionalized at both end groups and characterized in a similar manner to 
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the homopolymer. The diblock copolymer was subsequently used to prepare micellar 

nanostructures. The dual-color end group labelling strategy provided insight into block copolymer 

assembly state across five binary THF/water solutions of varying volume ratios via time-resolved 

fluorescence spectroscopy, complementary to dynamic light scattering characterization. Finally, 

we used time-resolved fluorescence spectroscopy to detect the core internalization and shell 

association of hydrophobic and hydrophilic silver nanoparticles, respectively. 

4.3 Introduction 

 Controlled, living polymerization techniques have fundamentally changed the field of 

polymer science, enabling the precision synthesis of a wide range of monodisperse polymers of 

diverse monomer composition, multiblock architecture, macromolecular topology, and end group 

functionality.79,202 Nitroxide-mediated polymerization (NMP),203 atom transfer radical 

polymerization (ATRP),80 and reversible addition–fragmentation chain transfer (RAFT) 

polymerization78 are the most widely used methods to produce controlled, living polymers. All 

three of these methods have been used to prepare telechelic polymers with end group functionality 

for post-polymerization chain end functionalization. However, access to bifunctional polymers by 

NMP and ATRP immediately following polymerization is challenging due to the specific 

chemistry of their respective initiator systems, and requires post-polymerization end functional 

group installation, increasing synthetic complexity and contributing to yield loss.204–206 RAFT 

polymerization, on the other hand, can be used to prepare α,ω-heterotelechelic polymer conjugates 

immediately following polymerization by manipulating the Z and R group chemistries of its 

requisite chain transfer agents (CTAs).207–210 To date, however, very few α,ω-heterotelechelic 

RAFT systems have been reported that incorporate two orthogonal end group chemistries for 
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immediate post-polymerization functionalization and do not require multiple transformation steps 

before the final ligand of interest can be conjugated.211–217 

 Heterotelechelic polymers, and heterobifunctional molecules in general, are widely 

applicable across a range of bioconjugate, surface modification, nanomaterial, and 

biotechnological applications.218–222 Hetero-Diels–Alder (HDA) cycloadditions have emerged as 

a promising strategy to conjugate diene-labelled compounds to the intrinsic thiocarbonyl RAFT 

polymer end group by engineering the CTA’s Z group to possess electron donating character.223–

228 These conjugation reactions, developed by Barner-Kowolik and coworkers, can be performed 

in organic and aqueous media and have been used to conjugate small molecules, microparticles, 

synthetic polymers, and proteins to RAFT polymers. Additionally, over the last decade, 

dithiomaleimides (DTMs) have emerged as versatile, fluorescent scaffold moieties that have been 

used as both structural and reporting components across a number of macromolecular and 

nanomaterial applications, like protein engineering,190–192,229 polymer labelling,163,193,194 block 

copolymer nanoparticles,167 and nanogels.140,166 O’Reilly and coworkers reported a 

straightforward procedure to synthesize dibromomaleimide (DBM)-end functional RAFT 

polymers from a DBM-containing CTA that can undergo conjugate additions with thiols to give a 

fluorescent DTM polymer adduct.165,193 While both of these RAFT polymer end group 

modification schemes have seen independent success to perform monofunctional end group 

conjugations to RAFT polymers, neither have been implemented in either homo- or 

heterobifunctional RAFT systems. Additionally, both of these end group modification strategies 

are reversible, as HDA cycloaddition products can degrade at elevated temperature and DTMs can 

undergo exchange reactions with excess thiols or in the presence of reducing agents. This approach 
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unlocks the potential for synthesis of dual stimuli-responsive materials in a RAFT system that 

combines both end group chemistries.230,231 

 In this report, we sought to design a new α,ω-heterotelechelic RAFT system capable of 

orthogonal end group reactions performable immediately following polymer synthesis without the 

need for post-polymerization functional group manipulation or installation. To accomplish this, 

we designed a CTA that incorporates functional groups that can perform both HDA and CA 

reactions following the polymerization of methacrylic monomers and do not interfere with the 

kinetics of RAFT polymerization. In addition to the polymerization of several commercially 

available methacrylic monomers and characterization of end group conjugations to a triethylene 

glycol methyl ether methacrylate-based homopolymer, we synthesized an amphiphilic block 

copolymer from which we fabricated self-assembling polymer nanoparticles with the ability to 

detect the presence of an exogenous metal nanosilver species in a dose-dependent manner. This 

new system is widely applicable across drug delivery, surface chemistry, and biotechnological 

applications, like proteolysis targeting chimeras (PROTACs), where orthogonal molecular 

heterobifunctionality are beneficial. 

4.4 Methods 

4.4.1 Materials 

All solvents and reagents were purchased from Sigma Aldrich and used without further 

purification unless otherwise specified. Aminomethylcoumarin acetic acid was purchased from 

Lumiprobe. 4 nm C18 silver nanospheres were purchased from NanoXact. All methacrylic 

monomers were de-inhibited by filtration through a plug of basic alumina immediately prior to 

use. Silica gel flash chromatography was performed using SiliCycle SiliaFlash P60 silica gel. Thin-

layer chromatography was performed on Supelco TLC plates (pre-coated with a 250 μm layer of 
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silica gel 60 matrix with fluorescent indicator F254) and visualized with a UV hand lamp (254 nm 

and 365 nm) and potassium permanganate stain. 

4.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra were recorded on either a Varian MR400 spectrometer at 400 MHz or a Bruker 

Avance Neo spectrometer at 500 MHz. All samples were dissolved in CDCl3 or DMSO-d6; 

chemical shift was referenced to the solvent residual peak at 7.26 ppm or 2.50 ppm, respectively. 

4.4.3 Liquid Chromatography – Mass Spectrometry (LC-MS) 

Small molecule mass spectra were recorded on an Agilent 6230 ESI-TOF HPLC-MS in positive 

ion mode with a manual injection valve and no column in series before the detector. Samples were 

dissolved at millimolar concentrations in HPLC-grade acetonitrile prior to analysis. 

4.4.4 Steady-state Fluorescence Spectroscopy 

Steady-state excitation and emission spectra of small molecules and nanoparticles were recorded 

on a Horiba FluoroMax Plus spectrofluorometer equipped with a 150 W xenon arc lamp, Czerny-

Turner monochromaters, an R928P photomultiplier tube capable of detection from 185-850 nm, 

and reference photodiode for monitoring lamp output. 

4.4.5 Time-Correlated Single Photon Counting (TCSPC) 

TCSPC measurements of small molecules, polymers, and micelles were acquired on a Horiba 

FluoroMax Plus spectrofluorometer with a Horiba NanoLED 390 nm solid state diode laser (<1.4 

ns pulse duration) driven by NanoLED NL-C2 Pulsed Diode Controller and DeltaHub DH-HT 

TCSPC Controller modules. Sample measurements were recorded at either 425 nm or 600 nm with 

a 1 MHz laser repetition rate, measurement range of 100 ns, 950 V detector bias, and histogram 
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set to 512. The instrument response function (IRF) was determined from the scattering signal of a 

suspension of Ludox HS-40 silica at 370 nm. Measurements were performed in quartz cuvettes. 

4.4.6 Size Exclusion Chromatography (SEC) 

SEC measurements were performed with THF as the eluent at 40 C on a Shimadzu LC system 

equipped with an autosampler, refractive index detector, and photodiode array detector. The 

stationary phase was composed of a Phenomenex Phenogel 10 um Linear(2), 300x7.8mm column 

and calibrated with linear polystyrene standards of molecular weights ranging from 1,000,000 

g/mol to 92 g/mol. Molecular weight distributions and polydispersity indices were determined 

from chromatograms using the provided LCsolution software package. 

4.4.7 Dynamic Light Scattering (DLS) 

Nanoparticle size measurements were performed on a Malvern Zetasizer Nano ZSP at an angle of 

173 with a 4mW He-Ne laser at 633 nm. All samples were equilibrated to ambient temperature 

before measurement. Particle size and zeta potential were analyzed with the provided Nano DTS 

software package. Measurements were recorded in Malvern folded capillary disposable cuvettes. 

4.4.8 Data Analysis 

All NMR spectra were analyzed and plotted with MestReNova v14. Steady-state emission spectra, 

excitation spectra, SEC traces, and DLS traces were analyzed with Microsoft Excel and plotted 

with GraphPad Prism 11. TCSPC fluorescence lifetime decay traces were fitted with the Horiba 

EzTime software package and plotted with GraphPad Prism 11. All other plots were generated 

with GraphPad Prism 11. All chemical structures were generated with ChemDraw 20. 

4.4.9 Small Molecule, Polymer, and Micelle Synthetic Details 



 108 

4.4.9.1 Synthesis of 1 

 

4,4-azobis(4-cyanovaleric acid) (4.00 g, 14.3 mmol, 1 eq.), 3-bromo-1-propanol (2.84 mL, 31.4 

mmol, 2.2 eq.), and 4-dimethylaminopyridine (0.174 g, 1.43 mmol, 0.1 eq.) were added to a round 

bottom flask and dissolved in 75 mL of THF with stirring. The flask was chilled in an ice bath and 

N,N’-diisopropylcarbodiimide (4.92 mL, 31.4 mmol, 2.2 eq.) was added dropwise via syringe. The 

reaction was allowed to come to room temperature and stirred overnight. THF was removed by 

rotary evaporation and the resulting crude was redissolved in dichloromethane, then extracted 2x 

with a saturated aqueous solution of sodium bicarbonate, 1x with 1M HCl, and 1x with brine. The 

organic layer was collected, dried over sodium sulfate, and removed via rotary evaporation. The 

resulting crude was purified by normal phase flash chromatography in 6:4 hexane:ethyl acetate. 

The resulting product was a clear oil. Yield: 2.92 g. 

HRMS (ESI-TOF): calc’d for [M+K-2H]- 556.96, found 556.99 

1H NMR (500 MHz, CDCl3): δ 1.70 (d, J = 27.5 Hz, 6H), 2.19 (quint, J = 3.8 Hz, 4H), 2.45 (m, 

8H), 3.46 (t, J = 4.0 Hz, 4H), 4.26 (qd, J = 6.2, 3.8 Hz, 4H) 

4.4.9.2 Synthesis of 2 

 

2,3-dibromomaleimide (3.15 g, 12.3 mmol, 2.2 eq.) and potassium carbonate (2.92 g, 12.3 mmol, 

2.2 eq.) were dissolved in 50 mL of acetone with stirring. 1 (2.92 g, 5.61 mmol, 1 eq.) was 

dissolved in a minimal amount of acetone and added to the stirring flask in one portion. The 
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reaction mixture was stirred for 48 hours at room temperature. Acetone was removed by rotary 

evaporation and the resulting crude was redissolved in ethyl acetate, then extracted 3x with brine. 

The organic layer was collected, dried over sodium sulfate, and removed via rotary evaporation. 

The resulting crude was purified normal phase flash chromatography in 6.5:3.5 hexane:ethyl 

acetate. The resulting product was a yellow oil. Yield: 1.10 g. 

1H NMR (500 MHz, CDCl3): δ 1.71 (dd, J = 28.5, 3.3 Hz, 6H), 2.19 (m, 4H), 2.44 (m, 8H), 3.46 

(t, J = 6.5 Hz, 4H), 4.26 (t, J = 6.2 Hz, 4H) 

4.4.9.3 Synthesis of 3 

 

The procedure for the synthesis of 3 was adapted and refined from a previous report.232 NaH (0.753 

g, 31.36 mmol) was added to a round bottom flask with 40 mL of dry THF. Diethyl phosphite (4 

mL, 31.05 mmol) in 5 mL of dry THF was added dropwise to the same flask under inert conditions. 

The reaction refluxed for 10 minutes without any added heat and with stirring. The flask was then 

chilled to -78 °C in a dry ice/acetone bath. Carbon disulfide (4.015 mL, 66.75 mmol) was added 

dropwise to the chilled flask via syringe. The reaction was allowed to come to room temperature 

and stir for 2 hours. During this time, the reaction mixture turned a turbid, dark orange color. The 

flask was chilled in an ice bath, opened to atmosphere, and bromotriphenylmethane (10.136 g, 

31.36 mmol) was added to the reaction mixture in one portion. The flask was allowed to come to 

room temperature and stir for 3 hours. The reaction mixture turned a violet color during this time. 

Following reaction, the mixture was filtered to remove insoluble particles, THF was removed by 
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rotary evaporation, and the resulting viscous, violet material was purified by normal phase flash 

chromatography in diethyl ether. The final product is a vibrant violet crystalline material. 

HRMS (ESI-TOF): calc’d for [M+H]+ 457.10, found [C19H15]• 243.12 

1H NMR (500 MHz, DMSO-d6): δ 1.32 (t, J = 7.0 Hz, 6H), 4.05-4.26 (m, 4H), 7.11-7.38 (m, 15H) 

4.4.9.4 Synthesis of 4 

 

2 (1.10 g, 1.27 mmol, 1 eq.) and 3 (0.578 g, 1.27 mmol, 1 eq.) were added to a 25 mL Schlenk 

flask and dissolved in 20 mL of toluene. The flask was sealed and deoxygenated with three freeze-

pump-thaw cycles. The flask was heated to 70 °C and stirred overnight. The reaction mixture was 

then allowed to come to room temperature and the toluene was removed by rotary evaporation. 

The resulting crude was immediately purified by normal phase flash chromatography in 4:6 

hexane:ethyl acetate. The final product is a vibrant magenta oil. Yield: 0.400 g.  

HRMS (ESI-TOF): calc’d for [M+H]+ 632.91, found 632.91 

1H NMR (500 MHz, CDCl3): δ 1.38 (td, J = 6.2, 2.9 Hz, 6H), 1.86 (s, 3H), 2.19 (quint, J = 6.3 Hz, 

2H), 2.42 (m, 2H), 2.63 (m, 2H), 3.47 (t, J = 6.4 Hz, 2H), 4.25 (m, 6H) 

4.4.9.5 Synthesis of 5 

 

Aminomethylcoumarin acetic acid (0.100 g, 0.429 mmol, 1 eq.), trans,trans-2,4-hexadien-1-ol (63 

mg, 0.643 mmol, 1.5 eq.), and 4-dimethylaminopyridine (7.8 mg, 0.0643 mmol, 0.1 eq.) were 
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added to a 20 mL round bottom flask and dissolved in DMF with stirring. The flask was chilled in 

an ice bath and N,N’-diisopropylcarbodiimide (0.100 mL, 0.643 mmol, 1.5 eq.) was added 

dropwise. The reaction was allowed to come to room temperature and stirred overnight. The 

reaction mixture was poured into a separatory funnel, along with 30 mL of dichloromethane, and 

extracted 5x with water and 1x with brine. The organic layer was collected, dried over sodium 

sulfate, and dichloromethane was removed by rotary evaporation. The resulting crude was purified 

by normal phase flash chromatography in 5% methanol in dichloromethane. The resulting product 

is a white solid. 

HRMS (ESI-TOF): calc’d for [M+Na]+ 336.12, found 336.12 

1H NMR (500 MHz, CDCl3): δ 1.75 (d, J = 6.7 Hz, 3H), 2.33 (s, 2H), 4.11 (s, 2H), 4.61 (d, J = 6.6 

Hz, 2H), 5.68 (ddt, J = 49.2, 14.3, 6.7 Hz, 2H), 6.15 (dt, J = 99.2 Hz, 18.5 Hz, 2H), 6.56 (m, 2H), 

7.40 (d, J = 8.5 Hz, 1H) 

Steady-state fluorescence (THF): λmax, ex = 346 nm (λex 435 nm), λmax, em = 420 nm (λex 348 nm) 

 

 

 

300 400 500 600

Wavelength (nm)

In
te

n
s
it

y
 (

a
u

)

excitation 
(lem 435 nm)

emission 
(lex 348 nm) 



 112 

4.4.9.6 Synthesis of 6 

 

2,3-dibromomaleimide (1 g, 3.92 mmol, 1 eq.) and sodium acetate (0.81 g, 9.81 mmol, 2.5 eq.) 

were added to a 50 mL round bottom flask and dissolved in 20 mL of methanol with stirring. The 

flask was sealed with a septum and 2-mercaptoethanol (0.69 mL, 9.81 mmol, 2.5 eq.) was added 

dropwise via syringe. Upon addition, the reaction mixture turned immediately to a bright yellow 

color. After stirring at room temperature for 2 hours, the reaction mixture was poured into a 

separatory funnel and diluted 3x with water. The mixture was extracted 7-9x with ethyl acetate. 

The organic layer was collected, dried over sodium sulfate, and evaporated. The resulting crude 

residue was purified by standard phase flash chromatography with a 2-15% methanol gradient in 

dichloromethane. 

HRMS (ESI-TOF): calc’d for [M+ACN+Na]+ 313.02, found 313.95. 

1H NMR (500 MHz, CDCl3): δ 3.32 (t, J = 7.6 Hz, 6H), 3.58 (q, J = 7.5, 7.0 Hz, 4H), 4.95 (br, 2H) 

Steady-state fluorescence (THF): λmax, ex = 399 nm (λex 510 nm), λmax, em = 512 nm (λex 400 nm) 
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4.4.9.7 Synthesis of all polymers (P1, P2, P3, P4) in Figure 4.2 

 

4 (10.0 mg, 15.7 μmol, 1 eq.), 2 (1.37 mg, 1.57 μmol, 0.1 eq.), and a methacrylic monomer (788 

μmol, 50 eq.) were added to a 5 mL Schlenk flask and dissolved in 3 mL of 1,4-dioxane. A few 

granules of 1,3,5-trioxane were added to the reaction mixture for use as an internal 1H NMR 

standard. A 100 μL aliquot was taken and reserved for later NMR analysis. The flask was sealed 

and the mixture was purged with nitrogen gas for 30 minutes. The flask was heated in an oil bath 

at 70 °C for 14 hours. The flask was removed from the oil bath, opened to atmosphere, and allowed 

to come to room temperature. A 100 μl aliquot was taken and reserved for later NMR analysis. 

Polymers were isolated by repeated precipitation into a suitable, chilled antisolvent (either hexane 

or methanol in all cases), redissolved in a suitable good solvent, transferred to a tared vial, and 

dried by rotary evaporation. The resulting purified polymers were analyzed by NMR and SEC. 

Monomer abbreviations: 

BMA – n-butyl methacrylate (MW = 142.20 g/mol, D = 0.984 g/mL) 

TEGMA – triethylene glycol methyl ether methacrylate (MW = 232.27 g/mol, D = 1.027 

g/mL) 

HMA – hexyl methacrylate (MW = 170.25 g/mol, D = 0.863 g/mL) 

TFEMA – trifluroethanol methacrylate (MW = 168.11, D = 1.181 g/mL) 

Polymer abbreviations: 

 P1 – poly(BMA) 

 P2 – poly(TEGMA) 
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P3 – poly(HMA) 

P4 – poly(TFEMA) 

4.4.9.8 Method for the analysis of RAFT polymerization kinetics and Mn, NMR via 1H NMR 

analysis 

Kinetics for the RAFT polymerization of BMA and TEGMA were calculated by observing the 

decrease in methacrylate resonance integrals in the 1H NMR spectra of 100 μL aliquots withdrawn 

from the reaction mixture at defined time points, relative to the signal from an included internal 

standard of 1,3,5-trioxane (Figure 4.2). An aliquot was withdrawn before polymerization initiation 

(t0) and at 1 hour increments until 6 hours had passed (t1 – t7). 400 μL of DMSO-d6 was added to 

each 100 μL aliquot and 1H NMR spectra were acquired for all samples. Chemical shift was 

normalized to the TMS peak at 0.0 ppm. For each spectrum, the singlet at 5.1 ppm (corresponding 

to 1,3,5-trioxane’s methylene peak) was assigned a normalized integral of 100.0. The two 

characteristic singlets resulting from unreacted methacrylate monomer terminal alkene groups 

(between 5.0 and 6.0 ppm) were integrated relative to the 1,3,5-trioxane singlet. The following 

equation was used to calculate the monomer conversion at each defined time point: 

% 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝐼𝑡𝑛

− 𝐼𝑡0

𝐼𝑡𝑛

∙ 100% 

where 𝐼𝑡0
is the average integral of monomer terminal alkene singlets for the t0 sample and 𝐼𝑡𝑛

 is 

the average integral of monomer terminal alkene singlets for the sample in question (tn). The 

calculated % monomer conversion for each sample was plotted with respect to time to yield Figure 

4.2B. The following expression was used to calculate y-values for the first-order kinetic plot seen 

in Figure 4.2C: 

ln (
𝐼𝑡0

𝐼𝑡𝑛

) 
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To calculate Mn, NMR values for the four polymers recorded in Table 1, the following equation was 

used: 

𝑀𝑛,𝑁𝑀𝑅 =  𝑀𝑊𝐶𝑇𝐴 + 𝑀𝑊𝑚𝑜𝑛𝑜𝑚𝑒𝑟(% 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∙ 𝐷𝑃𝑡𝑎𝑟𝑔𝑒𝑡) 

where MWCTA is the molecular weight of chain transfer agent 4 (634 g/mol), MWmonomer is the 

molecular weight of the methacrylic monomer used, % monomer conversion is the calculated 

monomer conversion at tf, and 𝐷𝑃𝑡𝑎𝑟𝑔𝑒𝑡  is the targeted degree of polymerization (100 in all cases). 

This method for calculating Mn via 1H NMR with a 1,3,5-trioxane internal standard is generalizable 

for all controlled polymerization techniques involving the chain growth polymerization of vinylic 

monomers, including atom transfer radical polymerization (ATRP), nitroxide-mediated 

polymerization (NMP), and reversible addition-fragmentation chain-transfer polymerization 

(RAFT) where it can be assumed that polydispersity values (Đ) approach 1. 

4.4.9.9 Synthesis of P5 – hetero-Diels–Alder (HDA) end group reaction to P2 homopolymer 

 

P2 (20 mg, Mn, NMR = 18,127 g/mol, 0.0110 mmol, 1 eq.), 5 (0.41 mg, 0.0132 mmol, 1.2 eq.), and 

ZnCl2 (0.18 mg, 0.0132 mmol, 1.2 eq.) were added to a vial and dissolved in 4 mL of chloroform. 

The vial was stirred overnight at 50 °C. Following reaction, the chloroform was removed via rotary 

evaporation and the crude was redissolved in 1 mL of DMSO. The polymer was purified by 

centrifugation 5x through a 5 mL spin column packed with Sephadex G-10 (swollen for at least 1 

hr in DMSO).233 The resulting polymer in DMSO was dialyzed against acetone with a 1 kDa 
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membrane and dried via rotary evaporation. Fluorescent polymer conjugate P5 was analyzed by 

1H NMR and fluorescence spectroscopy. 

4.4.9.10 Synthesis of P6 – conjugate addition (CA) end group reaction to P2 homopolymer 

 

P2 (20 mg, Mn, NMR = 18,127 g/mol, 0.0110 mmol, 1 eq.) and imidazole (9.0 μL, 20 mg/mL stock 

solution, 0.0265 mmol, 2.4 eq.) were added to a vial and dissolved in 4 mL of DMSO. Phenylethyl 

mercaptan (18.3 μL, 20 mg/mL stock solution, 0.0265 mmol, 2.4 eq) was added to the vial and the 

reaction was stirred overnight at room temperature. Following reaction, the polymer was purified 

by centrifugation 5x through a 5 mL spin column packed with Sephadex G-10 (swollen for at least 

1 hr in DMSO).233 The resulting polymer in DMSO was dialyzed against acetone with a 1 kDa 

membrane and dried via rotary evaporation. Fluorescent polymer conjugate P6 was analyzed by 

1H NMR and fluorescence spectroscopy. 

4.4.9.11 Synthesis of diblock copolymer P7 – RAFT chain extension of P2 with BMA 

 

P2 (60 mg, Mn, NMR = 18,127 g/mol, 0.0331 mmol, 1 eq.), BMA (53 μL, 0.331 mmol, 100 eq.), and 

2 (0.0927 mg, 3.31 μmol, 0.1 eq.) were added to a 4 mL vial and dissolved in 1 mL of 1,4-dioxane. 

A few granules of 1,3,5-trioxane were added to the reaction mixture for use as an internal 1H NMR 
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standard. A 50 μL aliquot was taken and reserved for later NMR analysis. The vial was sealed with 

a septum and the mixture was purged with nitrogen gas for 30 minutes. The flask was heated in an 

oil bath at 70 °C for 14 hours. The flask was removed from the oil bath, opened to atmosphere, 

and allowed to come to room temperature. A 50 μl aliquot was taken and reserved for later NMR 

analysis. The resulting diblock copolymer was isolated by precipitation into cold hexane, 

redissolved in THF, transferred to a tared vial, and dried by rotary evaporation. Resulting diblock 

copolymer P7 was analyzed by NMR and SEC. 

Mn, NMR = 24,280; Mn, SEC = 24,267; Mw, SEC = 33,808; Đ = 1.39; m = 75; n = 43 

 

4.4.9.12 Synthesis of P8 – orthogonal hetero-Diels–Alder and conjugate addition reactions to 

P7 

 

HDA and CA reactions were performed sequentially in an identical fashion to the procedures 

outlined above for homopolymers. Sephadex and dialysis purification was performed after each 

step as described above.233 The resulting fluorescent copolymer was analyzed by fluorescence 

spectroscopy to confirm fluorescent end group presence (Figure 4.3). 
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4.4.9.13 Polymer micelle preparation from P8 

 

End group-conjugated pTEGMA-b-pBMA diblock copolymer was dissolved in THF at a 

concentration of 20 mg/mL). 50 uL of polymer solution in THF was added dropwise to 1 mL of 

UltraPure water stirring vigorously in a 4 mL vial. The resulting suspension of micelles was 

allowed to stir for at least an hour and bath sonicated prior to use. Polymer micelles were 

characterized by DLS and fluorescence spectroscopy (Figure 4.3). 

4.5 Results and Discussion 

 Inspired by the work of both Barner-Kowolik and coworkers223–225,227,228 and O’Reilly and 

coworkers,165,193,194 we designed a RAFT chain transfer agent (CTA) 4 with a diethoxyphosphoryl 

Z group and dithiomaleimide R group. The diethoxyphosphoryl Z group is capable of activating 

the thiocarbonyl as a hetero-dienophile in a hetero-Diels–Alder (HDA) reaction with a diene post-

RAFT polymerization and the dibromomaleimide R group is capable of engaging in CA reactions 

with thiols resulting in fluorescent DTMs pre- and post-RAFT polymerization (Figure 4.1). The 

synthesis of CTA 4 was completed in three steps, starting from 4,4-azobiscyanovaleric acid 

(ACVA), a common water-soluble radical initiator. ACVA was first esterified with 3-bromo-1-

propanol to give dibromo compound 1, which was then substituted at the primary bromides with 

dibromomaleimide to give 2. The final CTA was isolated following the radical exchange of 2 with 

triphenylmethyl diethoxyphosphoryldithioformate (3).232 
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Figure 4.1: Three-step synthesis of heterobifunctional RAFT agent capable of performing orthogonal hetero-Diels–

Alder and conjugate addition reactions post-polymerization. 

 Following the synthesis of CTA 4, several commercially available methacrylic monomers 

were RAFT polymerized in 1,4-dioxane at 70 °C, with 2 as the thermal radical initiator to prevent 

any end group loss during polymerization (Figure 4.2A). The RAFT polymerization of two 

hydrophobic monomers (n-butyl methacrylate (BMA) and hexyl methacrylate (HMA)), one 

hydrophilic monomer (triethylene glycol methyl ether methacrylate (TEGMA)), and one 

fluorinated monomer (trifluoroethyl methacrylate (TFEMA)) all resulted in low-dispersity 

polymers (Đ < 1.2) and achieved at least 60% conversion after 16 hours of reaction (Figure 4.2D, 

Table 4.1). The polymerization kinetics of BMA and TEGMA were monitored by 1H NMR 

spectroscopy for the first six hours of reaction relative to an internal 1,3,5-trioxane internal 

standard and both reactions followed pseudo-first order kinetics, characteristic of RAFT 

polymerization (Figure 4.2B, C). 
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Figure 4.2: (A) RAFT polymerization of four diverse methacrylate monomers, (B) monomer conversion vs. time and 

(C) first order kinetic plot for BMA and TEGMA RAFT polymerization, and (D) molecular weight distributions for 

all polymers synthesized, measured by SEC. 

 

 Monomer 
Reaction 

time (hr) 

Monomer 

Conversion (%) 
M

n, NMR
 M

n, GPC
 M

w, GPC
 Đ 

P1 BMA 16 60 9,174 17,122 19,755 1.15 

P2 TEGMA 16 75 18,127 22,766 27,443 1.20 

P3 HMA 16 68 12,138 19,477 23,111 1.18 

P4 TFEMA 16 60 10,826 11,305 13,736 1.21 

Table 4.1: Molecular weight distribution characterization data for polymers synthesized in Figure 4.1. 

 We developed a dual-color fluorescence strategy to assess the ability of polymers 

synthesized using CTA 4 to undergo orthogonal end group reactions. The CA of thiols or amines 

to the dibromomaleimide end of the polymer is fluorogenic and results in an emissive adduct with 

broadband emission from ~500-700 nm (λmax, ex = 410 nm,  λmax, em = 530 nm).193,194 To probe HDA 

reactions to the opposite end of polymers we sought to select a fluorescent dye that would emit in 

the blue or red regimes that could be readily functionalized with a diene. Aminomethylcoumarin 

acetic acid (AMCA), a blue dye with λmax, ex = 348 nm and λmax, em = 435 nm, was selected for this 

purpose and esterified to the diene-functional version fit for our purpose with 2,4-hexadien-1-ol to 
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give 5. P2, the 18 kDa poly(TEGMA) synthesized for Figure 4.2 was chosen as the polymer 

substrate to probe end group reactions. 

 An HDA reaction between P2 and 5 was performed in chloroform with a catalytic amount 

of ZnCl2 and purified by gel filtration through Sephadex followed by dialysis. In parallel, a CA 

reaction between P2 and phenylethyl mercaptan was performed in DMSO, mediated by imidazole 

as a base catalyst, purified identically to the HDA reaction (Figure 4.3A). Phenylethyl mercaptan 

was chosen as the thiol-containing ligand for this experiment for its aromatic functional group, 

detectable by 1H NMR in the aromatic region from 6.5-8 ppm and away from the characteristic 

downfield resonances of P2. Both the HDA and CA reaction products, P5 and P6, respectively, 

were characterized by 1H NMR spectroscopy, steady-state fluorescence spectroscopy, and time-

resolved fluorescence spectroscopy (Figure 4.3B-F). In both cases, the appearance of aromatic 

proton peaks corresponding to those labelled in red (Figure 4.3A, B) was observed in the NMR 

spectra of purified polymer conjugates. Additionally, each polymer exhibited fluorescence 

emission as a consequence of the addition of an emissive end group moiety resulting from 

conjugation. The HDA conjugation of 5 to P2 imbued the resulting conjugate P5 with blue 

emission (λmax, em = 405 nm). The fluorogenic CA of phenylethyl mercaptan to P2 resulted in 

conjugate P6 exhibiting green emission characteristic of a dithiomaleimide moiety (λmax, em = 535 

nm) (Figure 4.3D). 
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Figure 4.3: (A) Orthogonal hetero-Diels–Alder and conjugate addition end group reactions with AMCA-diene and 

phenylethyl mercaptan, respectively, (B) full 1H NMR spectra of end group reaction products, (C) aromatic region of 
1H NMR spectra of end group reaction products, (D) steady-state excitation and emission spectra of end group reaction 

products, (E) fluorescence lifetime decays of 5 and P5 with exponential decay fit residuals shown below, and (F) 

fluorescence lifetime decays of 6 and P6 with exponential decay fit residuals shown below. λem = 425 nm and λex = 

325 nm for steady-state excitation and emission spectra of P5. λem = 535 nm and λex = 405 nm for steady-state excitation 

and emission spectra of P6. Fluorescence lifetime decays were measured at λem = 425 nm and λem = 600 nm in (E) and 

(F), respectively. All samples were dissolved in THF prior to fluorescence analysis. 

 We employed time-resolved fluorescence spectroscopy to corroborate evidence of polymer 

end group conjugation from 1H NMR and steady-state fluorescence measurements. Equation 4.1 

was used to fit the raw photon counts composing the decays to a third-order exponential decay 

function: 

𝐼(𝑡) = 𝑎1𝑒
(−

𝑡

𝜏1
)

+ 𝑎2𝑒
(−

𝑡

𝜏2
)

+ 𝑎3𝑒
(−

𝑡

𝜏3
)
            (4.1) 

where 𝜏n are the component lifetimes of each term and αn represent the amplitude weights 

associated with each component lifetime.136l The 𝜏n and αn values extracted from fitting for each 

end group and % v/v THF/H2O are summarized in Table 4.2. 𝜏n and αn terms from the exponential 
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decay deconvolution process were used to calculate an average fluorescence lifetime, 𝜏av, for each 

measurement according to Equation 4.2:136 

𝜏𝑎𝑣 =
𝛼1𝜏1

2+𝛼2𝜏2
2+𝛼3𝜏3

2

𝛼1𝜏1+𝛼2𝜏2+𝛼3𝜏3
                                                                                                                           (4.2) 

The fluorescence lifetime of an emissive species is known to increase when bound to a 

macromolecule or immobilized in a material matrix, such as a nanoparticle.138 Compared to free 5 

dissolved in THF, a good solvent, the HDA polymer conjugate, P5, exhibits a shift to a longer 

fluorescence lifetime, suggesting that the reaction occurred and 5 is covalently bound to P6 

(Figure 4.3E). Similarly, compared to analogous dihydroxyethyl-functionalized dithiomaleimide 

6 dissolved in THF, CA polymer conjugate P6 exhibits a shift to a longer fluorescence lifetime 

(Figure 4.3F). 

 

Figure 4.4: (A) End group-conjugated, amphiphilic, diblock copolymer micelle formation as a function of THF 

concentration, (B) DLS traces of polymer micelles in varying % v/v THF/H2O, (C) Z-ave diameter and PDI of polymer 

micelles as a function of % v/v THF/H2O, (D) steady-state emission spectra of end group-conjugated, amphiphilic, 

diblock copolymer micelles in H2O, and (E) average fluorescence lifetime of polymer micelles as a function of % v/v 

THF/H2O. Fluorescence lifetime decays were measured at λem = 425 nm and λem = 600 nm to probe the hetero-Diels–

Alder and conjugate addition polymer ends, respectively. 

 After confirming the ability for heterobifunctional P2 synthesized with CTA 4 to undergo 

both HDA and CA end group reactions, we sought to extend the utility of this system to a 
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nanomaterial context. Unmodified P2 was chain extended via RAFT polymerization with BMA to 

synthesize amphiphilic diblock copolymer P7. Sequential HDA and CA reactions were performed 

on P7 with 5 and phenylethyl mercaptan, respectively, to yield dual-color diblock copolymer P8. 

Since both end groups of P8 are emissive at different wavelengths, we hypothesized that they 

could be simultaneously and independently probed with time-resolved fluorescence spectroscopy 

to give insight into how the amphiphilic polymer might behave and assemble in a selective 

environment (Figure 4.4A). 

We prepared five binary solutions of THF and water, with pure THF being the least 

selective due to P8’s complete solubility, and pure water being the most selective due to P8’s 

amphiphilic nature. P8 was resuspended in 0, 25, 50, 75, and 100% v/v THF/water and DLS 

measurements were recorded for all five samples (Figure 4.4B). In 0% v/v THF, 75 nm particles 

were observed with a highly monodisperse PDI value of 0.2. At 25 and 50% v/v THF, particle Z-

average diameter increased to 85 and 125 nm, respectively, while PDI remained constant around 

0.2. We hypothesize that as the volume fraction of THF increases, the hydrophobic BMA block 

becomes better solvated and less compact, increasing the particle diameter, but not necessarily the 

PDI, as the population size distribution remains consistent. However, between 50 and 75% v/v 

THF, a major transition was observed as P8 decreased in Z-average diameter to 14 nm while PDI 

increased to 0.7, corresponding to a breakdown of the micellar particle architecture and a transition 

to a unimeric state. In 100% v/v THF, a slight size increase was observed, while PDI stayed 

constant at 0.7, indicating a reorganization to an oligomeric, but not micellar, state. 
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λ
em

 (nm) 
% v/v 

THF/H
2
O 

𝜏
1
 (ns) 𝜏

2
 (ns) 𝜏

3
 (ns) α

1
 α

2
 α

3
 𝜏

av
 (ns) 

425 

0 0.408 3.71 7.48 0.831 0.157 0.0116 2.92 

25 0.375 3.64 6.79 0.840 0.148 0.0122 2.82 

50 0.405 3.75 9.56 0.837 0.160 0.00240 2.71 

75 0.684 3.55 11.1 0.598 0.399 0.00286 3.05 

100 1.05 3.22 15.0 0.468 0.530 0.00169 2.88 

600 

0 0.779 5.52 28.4 0.711 0.244 0.0452 13.9 

25 0.650 5.03 29.5 0.761 0.210 0.0283 12.7 

50 0.700 4.78 32.9 0.755 0.218 0.0269 14.0 

75 1.17 5.30 36.6 0.656 0.302 0.0419 16.8 

100 1.55 6.94 33.6 0.618 0.328 0.0533 15.4 

Table 4.2: Fluorescence lifetime kinetic values for polymer micelles in mixtures of THF and H2O measured at λem = 

425 nm and λem = 600 nm. Values are derived from third-order exponential decay fitting of raw decay curves. 

 In conjunction with DLS characterization, we measured each of the five samples with time-

resolved fluorescence spectroscopy which we hypothesized would provide complementary 

information about local environmental differences near each end group. First, we confirmed the 

presence of both fluorescent end groups by measuring steady-state fluorescence spectra, exciting 

the 0% v/v THF sample at 345 nm and 450 nm, corresponding to the HDA and CA chain ends, 

respectively. Two independent emission peaks emerged, dependent on excitation wavelength, 

confirming dual-color fluorescent end group presence (Figure 4.4D). Next, we excited all five 

THF/water mixture samples at 390 nm with a picosecond pulsed diode laser and recorded their 

fluorescence lifetimes at two different emission wavelengths, 425 nm and 600 nm, corresponding 

to the HDA and CA chain ends, respectively. A trend analogous, but inverse, to the diameter data 

emerged for both end groups, with average fluorescence lifetimes remaining relatively constant 

from 0 to 50% v/v THF, transitioning to longer lifetimes at 75% v/v THF, and slightly decreasing 

from there at 100% v/v THF (Figure 4.4E).  

Despite following the general diameter trend, the HDA end group’s average fluorescence 

lifetime only fluctuates across a range of approximately 0.34 ns, while the CA end group’s lifetime 

fluctuates across a considerably larger range of 5.5 ns. From 0 to 50% v/v THF, P8 exists in a 
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micellar state, regardless of swelling and size differences, and thus the phenylethyl 

dithiomaleimide CA end group is hidden in the hydrophobic core of the micelle. Since the end 

group itself is hydrophobic we posit that, despite being buried in the core, it is better solvated and 

more freely rotating than when the micelle disassembles and the system enters a unimeric state at 

75% v/v THF. Upon disassembly, the end group is no longer hidden from the polar THF/water 

environment, resulting in poorer solvation and a longer fluorescence lifetime. When the system 

oligomerizes at 100% v/v THF, the CA chain ends aggregate with each other and the hydrophobic 

P8 blocks, decreasing its fluorescence lifetime. The 5-functionalized HDA end group experiences 

significantly less perturbation across the THF/water paradigm due to its presence on the surface of 

the micelle. From 0 to 50% v/v THF in the micellar state, the end group exists at the interface of 

the micelle and solvent, either interacting with solvent molecules or nearby PEGMA chains and 

𝜏av falls between 2.71 and 2.92 ns (Figure 4.4E, Table 4.2). When the micelle disassembles into 

unimers at 75% v/v THF, the HDA end group experiences a very modest increase in 𝜏av to 3.05 

ns, possibly indicating that solvent shielding may be occurring, with one possible reason being 

proximity-related interactions with hydrophobic P8 blocks. By 100% v/v THF, however, the 𝜏av 

returned back to the original range at 2.88 ns, potentially due to reorganization into a slightly more 

ordered oligomeric state. 

The ability for time-resolved fluorescence spectroscopy to both corroborate physical 

characterization data (i.e. DLS) and provide added information about the assembly state of 

heterobifunctional P8 encouraged us to explore if it could also be used to discern the micelle 

system’s interaction with exogenous species. Nanosilver has been widely deployed as an 

antibacterial polymer additive and surface coating for medical device applications. However, it 

has recently come under scrutiny regarding its toxicity profile, bioaccumulation, and impact on 
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microbe populations. New methods of nanosilver detection are thus required. The proximity of a 

plasmonic species to a fluorophore is known to both enhance the intensity of fluorescence, while 

simultaneously decreasing the lifetime of emission, due to so-called metal-enhanced fluorescence 

(MEF).234–236 We hypothesized that a hydrophobically-modified nanosilver species, like the kind 

that is doped into an antibacterial polymer, would be readily internalized into the hydrophobic core 

of the P8 micelle and decrease the fluorescence lifetime of the core-localized dithiomaleimide 

fluorophore. Additionally, a hydrophillically-modified nanosilver species, would interact with the 

hydrophilic shell of the P8 micelle and not interact with the core-localized dithiomaleimide 

fluorophore.  

To test this hypothesis, we incubated a suspension of P8 micelles in water at a constant 1 

mg/mL concentration with increasing amounts of both hydrophobically-coated silver 

nanoparticles (C12 Ag NPs) and hydrophilically-coated silver nanoparticles (PVP Ag NPs) (Figure 

4.5A, C) and measured the fluorescence lifetime of the system at both 425 nm and 600 nm to probe 

the shell and core emissive ends of the composite polymer. With regard to C12 Ag NP incubation, 

𝜏1 and 𝜏2 values from lifetime measurements acquired at 425 nm did not change appreciably over 

the measurement range and the slight increase in α1 from 0.9 to 1.0 was the main factor driving 

the decrease in 𝜏av (Figure 4.7C, D). P8 incubation with PVP Ag NPs resulted in a similar trend 

when measured at 425 nm (Figure 4.7E, F), indicating that regardless of surface chemistry, Ag 

NPs do not have a large MEF effect on the shell fluorescent polymer end group. 

Considerably more information can be drawn about this system through the consideration 

of the fluorescence lifetime measurements of the core dithiomaleimide-functionalized end group 

of the P8 micelles. In the case of incubation with C12 Ag NPs, the lifetime decay curves measured 

at 600 nm exhibited a transition to shorter decays as C12 Ag NP concentration increased from 0-
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250 ug/mL (Figure 4.5B). 𝜏1 decreased from 0.666 ns to 0.243 ns and α1 increased from 0.780 to 

0.991 (Figure 4.5C, Table 4.3),  suggesting an increasing amount of plasmon-active Ag NPs in 

the micelle core which significantly decreased the fluorescence lifetime of core-localized 

fluorophore in a concentration-dependent manner via MEF. In the case of incubation with PVP 

Ag NPs, the lifetime decay curves measured at 600 nm did not change significantly as PVP Ag 

NP concentration increased (Figure 4.5E). 𝜏1 decreased from 0.831 ns to 0.578 and α1 only 

increased from 0.727 to 0.833 (Figure 4.5F, Table 4.3). In both silver nanoparticle cases, 𝜏2, 𝜏3, 

α2, and α3 did not significantly contribute to 𝜏av. The observed significant differences in 

fluorescence lifetime behavior with increasing concentrations of C12 and PVP Ag NPs validated 

our hypothesis and suggests that time-resolved fluorescence spectroscopy is a practical, 

straightforward instrumental technique that provides characterization data about complex 

nanomaterial-environment interactions inaccessible to state-of-the-art techniques like DLS. 
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Figure 4.5: (A) P8 polymer micelles mixed with C12-coated hydrophobic silver nanoparticles, (B) fluorescence 

lifetime decays of polymer micelles mixed with increasing amounts of C12-coated hydrophobic silver nanoparticles 

measured at λem = 600 nm, (C) 𝜏1 and α1 of polymer micelles as a function of C12-coated hydrophobic silver 

nanoparticle concentration measured at λem = 600 nm, (D) polymer micelles mixed with PVP-coated hydrophilic silver 

nanoparticles, (E) fluorescence lifetime decays of polymer micelles mixed with increasing amounts of PVP-coated 

hydrophilic silver nanoparticles measured at λem = 600 nm, and (F) 𝜏1 and α1 of polymer micelles as a function of PVP-

coated hydrophilic silver nanoparticle concentration measured at λem = 600 nm.  
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Ag NP 

coating 

μg/mL Ag 

NPs 
𝜏

1
 (ns) 𝜏

2
 (ns) 𝜏

3
 (ns) α

1
 α

2
 α

3
 𝜏

av
 (ns) 

C12 

0 0.666 5.26 29.7 0.780 0.193 0.0273 12.7 

5 0.625 5.25 30.0 0.800 0.177 0.0236 12.4 

25 0.500 5.20 32.3 0.876 0.111 0.0134 11.9 

37.5 0.427 5.28 36.1 0.913 0.0782 0.00850 12.1 

50 0.386 5.23 38.3 0.935 0.0590 0.00606 11.8 

75 0.353 5.36 43.5 0.955 0.0405 0.00406 12.3 

100 0.298 5.46 55.7 0.976 0.0219 0.00220 14.2 

125 0.288 5.26 61.4 0.981 0.0174 0.00176 15.0 

150 0.253 5.62 84.3 0.989 0.0103 0.00112 20.7 

200 0.235 5.45 91.1 0.991 0.00806 0.000873 21.1 

PVP 

0 0.831 4.95 30.1 0.727 0.248 0.0250 11.3 

5 0.814 5.00 31.4 0.742 0.236 0.0222 11.4 

25 0.836 4.99 32.2 0.732 0.245 0.0225 11.7 

37.5 0.816 4.97 32.0 0.747 0.232 0.0213 11.5 

50 0.762 4.92 32.2 0.761 0.220 0.0189 11.2 

75 0.660 4.81 32.7 0.794 0.190 0.0159 11.1 

100 0.578 4.71 33.2 0.828 0.159 0.0129 10.9 

125 0.571 4.73 33.5 0.838 0.149 0.0123 10.9 

150 0.559 4.75 35.7 0.841 0.147 0.0115 11.5 

200 0.578 4.81 40.2 0.833 0.155 0.0118 13.5 

Table 4.3: Fluorescence lifetime kinetic values for polymer micelles incubated with increasing amounts of C12 and 

PVP coated silver nanoparticles measured at λem = 600 nm. Values are derived from third-order exponential decay 

fitting of raw decay curves. 

4.6 Conclusions 

 We developed a heterobifunctional RAFT system to synthesize linear methacrylate-based 

polymers that can undergo HDA and CA reactions at their respective chain ends, via a thiocarbonyl 

(hetero-dienophile) and dibromomaleimide, respectively. CTA 4 was synthesized in three 

straightforward steps from 4,4-azobiscyanovaleric acid, a commonly used water-soluble radical 

initiator, and employed to polymerize hydrophobic, hydrophilic, and fluorinated methacrylic 

monomers, all of which exhibit low polydispersities approaching 1 and polymerize according to 

pseudo first-order kinetics. A homopolymer of triethylene glycol methyl ether methacrylate was 

used as a model substrate for orthogonal end group reactions, characterized by 1H NMR and a 

dual-color fluorescence spectroscopic approach through the HDA cycloaddition of a fluorescent 

diene to the thiocarbonyl polymer end and the fluorogenic transformation of the 
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dibromomaleimide polymer end to a dithiomaleimide with a primary thiol. Amphiphilic, diblock 

copolymer P7 was synthesized with chain transfer agent 4, and functionalized with emissive 

moieties at both chain ends to yield P8. The dual-color end group labelling strategy provided 

insight into block copolymer assembly state across five binary THF/water solutions of varying 

volume ratios via time-resolved fluorescence spectroscopy, complementary to dynamic light 

scattering characterization. Finally, we used time-resolved fluorescence spectroscopy to detect the 

core internalization and shell association of hydrophobic and hydrophilic silver nanoparticles, 

respectively, with dual-color end group functionalized P8 micelles. 

4.7 Supplementary Figures and Tables 

 

Figure 4.6: Supplemental to Figure 4.3. (A) DLS correlation functions of P8 polymer micelles in varying % v/v 

THF/H2O, (B) fluorescence lifetime decays of polymer micelles in varying % v/v THF/H2O measured at λem 425 nm, 

(C) fluorescence lifetime decays of polymer micelles in varying % v/v THF/H2O measured at λem = 600 nm, (D) 𝜏1, 

𝜏2, and 𝜏3 component lifetimes of polymer micelles in varying % v/v THF/H2O measured at λem = 425 nm, (E) 𝜏1, 𝜏2, 

and 𝜏3 component lifetimes of polymer micelles in varying % v/v THF/H2O measured at λem = 600 nm, and (F) α1, α2, 

and α3 lifetime weights of polymer micelles in varying % v/v THF/H2O plotted as parts of a whole. 
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Figure 4.7: Supplemental to Figure 4.4. (A) DLS trace of P8 polymer micelles in H2O prior to silver nanoparticle 

addition, (B) TEM image of 4 nm C12 silver nanoparticles, (C) fluorescence lifetime decays of polymer micelles mixed 

with increasing amounts of C12 Ag NPs measured at λem = 425 nm, (D) 𝜏1 and α1 of polymer micelles as a function of 

C12 Ag NP concentration measured at λem = 425 nm, (E) fluorescence lifetime decays of polymer micelles mixed with 

increasing amounts of PVP Ag NPs measured at λem = 425 nm, (F) 𝜏1 and α1 of polymer micelles as a function of PVP 

Ag NP concentration measured at λem = 425 nm. 
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Chapter 5 – Summary 

Over thirty years and billions of dollars in research and development expenditure later, the 

nanomedicine field has produced only three FDA approved nanoformulated gene therapies, all for 

very rare diseases with narrow clinical impact. Each of the three approved therapies are standard 

lipid nanoparticle formulations that do not employ active targeting mechanisms. The 

multifunctional, overengineered nanoparticle systems that pervade the scientific literature provide 

very little information to address the major obstacles the nanomedicine must overcome in order 

for widespread clinical adoption to occur. Several major questions in the nanomedicine field 

remain unanswered or under-answered, including but not limited to: Which chemical motifs and 

materials properties result in nanoparticle systems that target specific tissues and cell types? What 

type of nanomaterial should be chosen for a given application? How much of the injected dose 

actually accumulates at the target site? Is the enhanced permeability and retention (EPR) effect 

real or just theory? How reproducible are obtained biological results? Can the nanomaterial being 

studied be produced in a scalable manner? 

These questions have failed to be answered due to the highly complex nature of 

nanomedicine formulations (across many orders of magnitude of length scales) and the biological 

interactions and barriers that must be overcome for successful payload delivery to a target site. 

Three major technical barriers previously mentioned in the abstract of this dissertation stand in the 

way of the successful clinical translation of nanomedicines: 1) the chemical and materials design 

space for the rational engineering of nanoparticle delivery systems is highly complex and 

multidimensional so the design specifics of an appropriate nanoparticle for a given therapeutic 
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application is unclear, 2) after administration, the successful delivery of a nanoparticle’s 

therapeutic payload to the target physiological site requires a coordinated spatiotemporal 

interaction and negotiation with complex biological environments and barriers, and 3) state-of-

the-art analytical tools and methods provide limited insight into how the chemical and materials 

properties of a nanoparticle delivery system interact with those complex biological environments. 

In this dissertation, time-resolved fluorescence spectroscopy (TRFS) is presented as a readily 

accessible, cheap, and high-throughput method for the study of nanoparticle formulations, 

providing insight into nanoparticle formulation design, nanoparticle-environment interactions, 

nanoparticle architecture, and nanoparticle assembly inaccessible to characterization methods like 

dynamic light scattering and electron microscopy, which only provide information about physical 

properties like hydrodynamic diameter and morphology. 

In Chapter 1, an overview of the nanomedicine field was discussed, focused on the main 

variables that one must consider when designing a nanoparticle delivery system. These variables 

include the chemistry used to synthesize nanomaterials, the four main categories of nanomaterials 

commonly employed in delivery applications, gene therapeutic payloads, biological barriers that 

nanomaterials must overcome for successful payload delivery, and the experimental methods 

available for the study of nanoparticle properties – with a focus on TRFS and how it complements 

state-of-the-art techniques. 

In Chapter 2, a new, scalable method for the production of protein nanoparticles via 

photoreactive electrohydrodynamic jetting was introduced, which represents a four order of 

magnitude improvement in processing and purification time compared to previous methods. These 

production and processing improvements were enabled by designing a fluorescent small molecule 
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photocrosslinker that both stabilizes protein nanoparticles and reports on the stability, crosslinking 

density, and size of protein nanoparticle formulations via TRFS. 

In Chapter 3, the reactive valency of the fluorescent photocrosslinker developed in Chapter 

2 was increased and other reactive variants were synthesized which enabled the production of 

polymer nanoparticles, in addition to protein nanoparticles. TRFS was used to probe how both 

protein and polymer nanoparticles responded to different chemical environments and it was found 

that protein nanoparticles, in particular, exhibit order of magnitude differences in fluorescence 

lifetime across chemical environments of an orientation polarizability range of 0.307. 

Additionally, protein nanoparticles stabilized with the fluorescent photocrosslinker developed in 

this chapter sensed differences in loading configuration of small molecule cancer therapeutic 

paclitaxel. 

 In Chapter 4, a heterobifunctional linear RAFT polymer system was developed that could 

undergo orthogonal end group conjugations via a Hetero-Diels–Alder reaction or a nucleophilic 

conjugate addition at the ends of the polymer. Several linear, monodisperse polymers were 

prepared from methacrylic monomers of diverse chemistries were synthesized and the kinetics of 

polymerization were characterized, indicating that all monomers polymerized according to 

pseudo-first order kinetics. Two different color fluorescent probes were conjugated to the 

functional ends of an 18 kDa poly(triethylene glycol methyl ether methacrylate) polymer to 

confirm end group reactivity, confirmed by TRFS. An amphiphilic block copolymer was 

synthesized, end group conjugated with the two different color probes, and the assembly state of 

the polymer was characterized with TRFS across selective and non-selective solvents. Finally, 

TRFS was used to probe the interaction of the amphiphilic block copolymer assembled into a 

micelle with hydrophilic and hydrophobic exogenous nanosilver. 
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 A variety of nanoparticle properties inaccessible to state-of-the-art methods were probed 

using TRFS in this dissertation in an ex vitro setting, laying the foundation for in vitro and in vivo 

studies of nanoparticle-biology interactions in the future. TRFS can be coupled with microscopy 

to provide lifetime mapping in a spatial context via fluorescence lifetime imaging microscopy 

(FLIM) and the nanoparticles studied in this dissertation in an ex vitro context can easily be studied 

in an in vitro context. TRFS was used to measure the fluorescence lifetime of nanoparticles in 

diverse chemical environments and assembly states in this dissertation and order of magnitude 

differences in lifetime were recorded. In a biological setting, the range of lifetimes measured, for 

instance, in a single microscope image, will most likely not measure across an order of magnitude. 

However, we do expect to observe lifetime differences in biochemically distinct inter- and 

extracellular locations. The fluorescence lifetime of a nanoparticle in the extracellular matrix will 

certainly be different than in an endosome or in the cytosol due to differences in pH, viscosity, and 

polarity. We anticipate that studying nanoparticle uptake with FLIM will provide nuanced 

information regarding how certain materials interact with different stages of barrier interaction and 

transport, not accessible to typical microscopic assays. 

 Furthermore, because FLIM images can be acquired in well plates, we anticipate that 

libraries of chemically diverse nanoparticles stabilized with fluorescent crosslinkers can be 

screened in parallel in a straightforward manner. The data obtained from these images will be more 

complex, more multidimensional, and more informative than typical biological well plate assays, 

which generally use the average fluorescence emission intensity in a single well as the readout to 

study attributes of the nanoparticle delivery process, like nucleic acid transfection efficiency. The 

considerably larger amount of data obtained from FLIM measurements unlocks the potential to 

employ deep learning and artificial intelligence methods for analysis. Overall, the approaches to 
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nanoparticle formulation detailed in this dissertation enabled through the rational design of 

fluorescent crosslinkers to suit specific preparation methods, coupled with measurement via TRFS, 

provide a new framework for the study and development of therapeutically relevant nanomaterials. 

  



 138 

Appendices 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 139 

Appendix A: Synthesis of Stimuli-Responsive, Fluorescent Crosslinkers for Material 

Crosslinking 

Introduction 

In addition to the tetravalent fluorescent photocrosslinkers developed in Chapter 3 (denoted 

as 4a and 4b),  two analogous compounds were synthesized that contain stimuli-responsive bridge 

moieties instead of the previously reported non-degradable propyl bridge. These structures will 

not be published in a peer reviewed journal article, but they are novel and have never been reported 

before. In this appendix I will discuss the synthesis of both crosslinkers. Figure AA1, below, 

illustrates the two alternative crosslinkers to be discussed. One contains benzophenone reactive 

groups and a disulfide bridge moiety, degradable under reducing conditions (3), and the other 

contains methacrylate reactive groups and a ketal bridge moiety, degradable under acidic 

conditions (6). 

 

Figure A.1: Structures of stimuli-responsive, fluorescent crosslinkers synthesized in this appendix. 

Disulfide-containing, reducible photocrosslinker 

 The synthesis of the disulfide-containing, reducible photocrosslinker was accomplished in 

a three-step process, starting from 2,3-dibromomaleimide. 1 and 2 were synthesized as described 
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in Chapter 3. Finally, 2 was coupled to itself through the disubstitution reaction of bis(2-

bromoethyl) disulfide to give tetravalent, disulfide-containing photocrosslinker 3. 

 

Figure A.2: Synthetic strategy to prepare disulfide-containing, reducible photocrosslinker 3. 

The synthetic protocol to synthesize 3 from 2 is as follows:  

Bis(2-bromoethyl) disulfide (0.30 g, 1.8 mmol) was added to a stirring solution of 2 (0.6 g, 0.90 

mmol), potassium carbonate (0.24 g, 1.8 mmol), and tetrabutylammonium iodide (0.033 g,  0.090 

mmol) in acetone. Following overnight reaction at room temperature, insoluble salts were filtered 

off, acetone was removed by rotary evaporation, and the resulting brown oil was purified via 

normal-phase silica gel flash chromatography  in 5% ethyl acetate in toluene to isolate the product. 

HRMS (ESI-TOF): calc’d for [M+K]+ 1488.63, found 1488.19 

1H NMR (500 MHz, CDCl3): 
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Figure A.3: 1H NMR spectrum of reducible photocrosslinker. 

Optical spectroscopy: 

 

Figure A.4: Optical spectra of reducible photocrosslinker. 

Ketal-containing, acid-degradable crosslinker 

The synthesis of the ketal-containing, acid degradable crosslinker was accomplished in a 

four-step process, starting from 2,3-dibromomaleimide. 1, 4, and 5 were synthesized as described 

in Chapter 3.  
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Figure A.5: Synthetic strategy to prepare ketal-containing, acid-degradable crosslinker 6. 

The synthetic protocol to synthesize 6 from 5 is as follows: 

2,2-bis(aminoethoxy)propane (0.040 mL, 0.25 mmol) was added to a stirring solution of 5 (0.22 

g, 0.50 mmol) dissolved in dichloromethane. The reaction mixture was allowed to stir overnight 

at room temperature. Dichloromethane was removed via rotary evaporation and the resulting oil 

was purified via normal-phase silica gel flash chromatography in 1:3 ethyl acetate:toluene to 

isolate the product. 

HRMS (ESI-TOF): calc’d for [M+Na]+ 921.20, found 921.20 

1H NMR (500 MHz, CDCl3): 

 

Figure A.6: 1H NMR spectrum of acid-degradable methacrylate crosslinker. 
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Optical spectroscopy: 

 

Figure A.7: Optical spectra of acid-degradable methacrylate crosslinker. 

The presence of three excitation bands is a result of a sample that was too concentrated. At more 

dilute concentrations, the excitation spectrum resembles the excitation spectrum reported for 3.
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Appendix B: Failed Approaches and Alternative Strategies to Heterobifunctional RAFT 

Polymer Design and Synthesis 

Several strategies for the synthesis of heterobifunctional RAFT agents (chain transfer 

agents, CTAs), and therefore, polymers, were pursued prior to the synthesis of CTA 4 reported in 

Chapter 4 of this dissertation. While the synthesis of several heterobifuntional CTAs were 

successful, following polymerization with methacrylic monomers and purification, these CTAs 

proved difficult to end group functionalize via their chosen end group chemistries. In this 

appendix, I will summarize these systems and provide some commentary regarding the challenges 

I faced in their end group functionalization. All CTAs synthesized contained the 

diethoxyphosphoryl moiety adjacent to a dithioester reported in Chapter 4 which activates the 

thiocarbonyl group as a dienophile in Hetero-Diels–Alder (HDA) reactions with dienes. 

 

Figure B.1: General scheme for the synthesis of heterobifunctional CTAs. 

 Generally, the synthesis of heterobifunctional CTAs followed the strategy illustrated in 

Figure AB1, based on previously published radical exchange chemistry.232 Triphenylmethyl 

diethoxyphosphoryldithioformate 1 was first synthesized in a three-step, one-pot reaction from 
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diethyl phosphite. General diazo-containing compound 2 was either purchased from a 

commercially available source or synthesized to contain the desired R functional group. 1 and 2 

were refluxed in toluene to yield general heterobifunctional CTA 3 via a radical exchange reaction. 

 

Figure B.2: Synthesis of heterobifunctional CTA 5. 

 The first heterobifunctional CTA screened was 5 (Figure AB2), synthesized by first 

functionalizing 4,4-azobiscyanovaleric acid (ACVA) with linear alkyne-containing propargyl 

alcohol via a carbodiimide-mediated esterification to yield 4, and finally through the radical 

exchange reaction with 1 to give 5. 5 can perform HDA reactions via the left side of the compound 

through its thiocarbonyl dienophile and copper-catalyzed azide-alkyne click (CuAAC) reactions 

with azides via the right side of the compound. Preliminary experimentation showed that this 

molecule could successfully RAFT polymerize a variety of methacrylic monomers (Figure AB3A, 

Table 12). The kinetics of the RAFT polymerization of three monomers (n-butyl methacrylate 

(nBMA), triethylene glycol methyl ether methacrylate (TEGMA), and dimethylaminoethyl 

methacrylate (DMAEMA)) were characterized and each followed pseudo-first order kinetics, 

characteristic of RAFT polymerization (Figure AB3B, C). 

 

Figure B.3: (A) Methacrylic monomers synthesized with 5 via RAFT polymerization, (B) plot of monomer 

conversion vs. time, and (C) first-order kinetic plot of ln[M]/[M0] vs. time. 
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Monomer Conv. (%) Mn, theo Mn, GPC Mw, GPC ÐGPC 

n-butyl methacrylate 81 14,597 26,366 30,979 1.17 

methyl methacrylate 76 10,389 13,427 14,995 1.12 

iso-butyl methacrylate 76 14,597 24,051 29,355 1.22 

triethylene glycol methyl ether 

methacrylate 
87 20,377 13,820 16,357 1.18 

dimethylaminoethyl methacrylate 85 13,722 - - - 

Table B.1: Size exclusion chromatographic characterization data for methacrylic monomers polymerized via RAFT 

polymerization. 

 Following polymerization, the TEGMA polymer (pTEGMA) was subjected to end group 

reactions to demonstrate polymer heterobifunctionality. First, pTEGMA and acid-terminated 

diene A were reacted via HDA reaction to yield A-pTEGMA (Figure AB4A, middle polymer 

conjugate). Reaction success was monitored by the disappearance of the UV-vis band at 325 nm 

(Figure AB4B) and the appearance of 1H NMR alkene peaks at 5.8 ppm (Figure AB4D). Finally, 

A-pTEGMA HDA conjugate and 3-azido-7-hydroxycoumarin (B), a fluorogenic dye that emits 

following reaction with an alkyne, were reacted via CuAAC reaction to yield fluorescent product 

A-pTEGMA-B. Successful click conjugation was monitored by the appearance of the emission 

band around 470 nm (Figure AB4C) and the appearance of 1H NMR aromatic peaks (Figure 

AB4D). 
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Figure B.4: (A) Scheme for the end group functionalization of heterobifunctional pTEGMA prepared from 5, (B) 

UV-vis spectra of starting materials and products, (C) emission spectra for starting materials and products (λex = 400 

nm), and (D) 1H NMR spectra of starting materials and products. 

 Unfortunately, however, these results could never be replicated, specifically regarding the 

click reaction. I tried a variety of copper-ligand and copper-reducing agent systems, including 

CuBr/PMDETA, CuBr/bipyridine, CuSO4⋅H2O/ascorbic acid, in a variety of solvents, including 

DMF, THF, DMSO, and water, and under dry and inert conditions, to no avail. The inability to 

perform CuAAC reactions with the pTEGMA synthesized from CTA 5 prompted me to redesign 

the CTA to include a functional group that can undergo click reactions and does not require a 

copper catalyst, which I suspected to be the culprit. 

 

Figure B.5: Synthesis of heterobifunctional CTA 7. 
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 To mitigate this issue, I pursued an electron-deficient alkyne as the functional group 

additional to the thiocarbonyl dienophile. Electron-deficient alkynes have been shown to undergo 

copper-free click reactions and are considerably easier and cheaper to synthesize and ligate to 

macromolecular systems than dibenzocyclooctyne (DBCO) and bicyclononyne (BCN) groups and 

the Lahann Lab has experience implementing these functional groups in chemical vapor deposition 

polymerization-prepared functionalized paracyclophanes.237–240 First, 4,4-azobis(4-cyano-1-

pentanol) was reacted with propiolic acid via a carbodiimide-mediated esterification to yield 6, 

which was refluxed with 1 to yield heterobifunctional CTA 7. Despite the fact that the electron 

deficient alkyne does not require the use of a copper catalyst to click react with azides, I was not 

able to successfully perform click reactions with polymers synthesized from this CTA, despite 

troubleshooting across several solvents, reactant stoichiometries, and dry/inert conditions.  

 Next, I turned to the synthesis of an azide-containing CTA, assuming that maybe there was 

something intrinsic to the chemistry of 7 that might be interfering with its ability to click. First I 

synthesized 8 by reacting 3-azido-1-propanol with ACVA (Figure AB5). The radical exchange of 

8 with 1 to yield target CTA 10 proved not successful. For the previous two CTAs synthesized, 5 

and 7, both products were a magenta color and a color change was observed over the course of the 

reaction as the royal blue color of 1 dissolved in toluene changed. In the case of this reaction, the 

blue color of 1 disappeared to a light-yellow color. TLC analysis showed a several products in the 

reaction mixture, none of which were identifiable after column chromatographic separation. An 

alternative approach to synthesize 10 was pursued, first by reacting ACVA with 1 to yield acid-

terminated 9 and then functionalizing 9 with 3-azido-1-propanol to yield 10. 9 was successfully 

synthesized and isolated according to a previously published report, but when reacted with 3-
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azido-1-propanol, the same color change to a light-yellow was observed and target 10 could not 

be isolated.  

 

Figure B.6: Unsuccessful strategies for the synthesis of azide-containing heterobifunctional CTA 10. 

 Finally, the synthesis of alcohol-terminated CTAs were attempted by reacting 1 with both  

4,4-azobis(4-cyano-1-pentanol) and 2,2'-azobis(2-methyl-N-(2-hydroxyethyl)propionamide). 

Both reactions were unsuccessful, resulting in the color change of 1 from blue to light-yellow, 

similar to what was observed for the attempted synthesis of 10. A summary of the structures of the 

successfully and unsuccessfully synthesized heterobifunctional CTAs is shown in Figure AB6. 
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Figure B.7: Summary of heterobifunctional CTAs synthesized successfully and unsuccessfully. 

The heterobifunctional CTA synthesized for the work performed in Chapter 4 of this 

dissertation was developed after screening the failed approaches outlined in this appendix. 
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Appendix C: Supplementary Figures Not Referenced in Chapter 3 

 

Figure C.1: Detailed reactive molecular reporter synthetic strategy. 

 

Figure C.2: Block copolymer characterization: SEC. Molecular weight distributions of poly(PEGMA) 

homopolymer (block 1, blue) and poly(BMA-b-PEGMA) diblock copolymer (block 2, red) calculated from SEC 

chromatograms. 
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Figure C.3: Block copolymer characterization: 1H NMR. (A) t0 – pPEGMA homopolymer, (B) tf – pPEGMA 

homopolymer, (C) t0 – pPEGMA-pBMA diblock copolymer, and (D) tf – pPEGMA-pBMA diblock copolymer. 

Methacrylate peaks are integrated relative to a trioxane internal standard (~5.1 ppm). 
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Figure C.4: Confirmation of MC core crosslinking. (A) DLS traces and (B) correlation functions of uncrosslinked 

and crosslinked BCPs. Samples were redispersed in DMSO following self-assembly in selective solvent (water) and 

subsequent evaporation of water. As expected, the uncrosslinked samples disaggregate in the non-selective solvent 

of DMSO, evidenced by a trimodal DLS distribution with peaks at 1 nm, 10 nm, and 100 nm, and a poor-quality 

correlation function. Crosslinked samples in DMSO are identical to the same sample measured in water (see Figure 

3.2 I). 

 

Figure C.5: 1H NMR spectrum of 1 in DMSO-d6. 
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Figure C.6: 13C NMR spectrum of 1 in CDCl3. 

 

Figure C.7: 1H NMR spectrum of 2a in CDCl3. 



 155 

 

Figure C.8: 13C NMR spectrum of 2a in DMSO-d6. 
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Figure C.9: 1H NMR spectrum of 2b in CDCl3. 

 

Figure C.10: 13C NMR spectrum of 2b in CDCl3. 
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Figure C.11: 1H NMR spectrum of 3a in CDCl3. 
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Figure C.12: 13C NMR spectrum of 3a in CDCl3. 
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Figure C.13: 1H NMR spectrum of 3b in CDCl3. 

 

Figure C.14: 13C NMR spectrum of 3b in CDCl3. 
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Figure C.15: 1H NMR spectrum of 4a in CDCl3. 



 161 

 

Figure C.16: 13C NMR spectrum of 4a in CDCl3. 
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Figure C.17: 1H NMR spectrum of 4b in CDCl3. 
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Figure C.18: 13C NMR spectrum of 4b in CDCl3. 
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