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ABSTRACT 

 

Charged therapeutics such as nucleic acids and proteins can treat a vast range of human 

diseases that are traditionally undruggable. Their broadness in treating disease is due to 

their ability to influence cellular function. However, their high charge density and 

physiological barriers such as enzymatic degradation, hinder the deliverability of these 

molecules to the sites of disease. Polyelectrolyte complex (PEC) micelles are core-corona 

nanostructures that can encapsulate charged molecules and offer a platform for delivery. 

PECs form the core, when two oppositely charged polyelectrolytes are mixed in an 

aqueous solution, and the micelle corona is a neutral hydrophilic polymer that is 

conjugated to either one or both polyelectrolytes. The core promotes the encapsulation 

of charged therapeutics, while the corona offers protection, biocompatibility, and can be 

decorated with targeting ligands for improved bioavailability. PEC micelles can be highly 

tunable systems, allowing for features such as on-demand release capabilities to be 

engineered by altering the corona or core properties. In the first part of the dissertation, 

we use a thermoresponsive polymer to change the corona properties and study the 

structural changes at a physiologically hyperthermic temperature using dynamic light 

scattering (DLS) and small-angle x-ray scattering (SAXS). The structural changes were a 

function of the composition of the corona, with severe structural loss with a fully 

thermoresponsive corona and a preserved structure within larger aggregates for a 

partially thermoresponsive corona. Understanding the encapsulation capabilities and the 

effect of the PEC core properties on the micellar shape and size is of fundamental 

significance to the design of these micelles as drug delivery carriers. Using several 
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physiochemical characterization techniques such as optical microscopy, fluorescence 

spectroscopy, DLS, SAXS, Förster resonance energy transfer (FRET) and transmission 

electron microscopy (TEM), we determined fundamental properties affecting the 

encapsulation capabilities and studied the structural changes and molecular dynamics of 

PEC micelles.  
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1. INTRODUCTION 

*Reprinted with permission from: Shah, S. and Leon, L. (2021). Structural Dynamics, 

Phase behavior and Applications of Polyelectrolyte Complex Micelles. Current Opinion in 

Colloid and Interface Science. 53, 101424.[1]  

*Reprinted with permission from: Shah, S., Eyler, A., Tabandeh, S. and Leon, L. (2019). 

Electrostatically driven self-assembled nanoparticles and coatings. In: E. Chung, L. Leon 

and C. Rinaldi, ed., Nanoparticles for Biomedical Applications: Fundamental Concepts, 

Biological Interactions and Clinical Applications, 1st ed. Amsterdam, Netherlands: 

Elsevier, pp.349-370.[2]  

1.1 Motivation 

Nanoparticle drug delivery was developed to improve bioavailability and reduce 

systemic toxicity of therapeutics.[3] These particles, being on the nanometer size-scale, 

are able to diffuse through tissue and can even be endocytosed by cells. In addition, 

certain drugs, such as doxorubicin used to treat cancer, cause cardiotoxicity.[4] 

Therefore, uptake of toxic therapeutics through targeted delivery can greatly reduce 

adverse effects on healthy tissue. The accumulation of circulating therapeutics in 

diseased tissue is a challenge due to inter- and intratumoral heterogeneity, which can 

also be addressed by nanoparticles as they can extravasate through tissue.[4], [5] 

Nanoparticle drug delivery systems are highly customizable vehicles for encapsulation, 

transport, and delivery of sensitive therapeutics, while using a fraction of the dosages 

used in conventional delivery methods. 
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One facet of nanoparticle drug delivery covers the encapsulation and delivery of 

nucleic acids. Nucleic acids play a key role in suppressing or promoting protein 

expression, making them ideal for treating a wide range of diseases.[6], [7] For example, 

an absent functional protein as a result of genetic mutation causes diseases such as 

hemophilia or adenosine deaminase-linked severe combined immunodeficiency.[8] The 

delivery of nucleic acids that inhibit the expression of mutated genes or promote the 

expression of functional genes to cell nuclei or cytosol would tackle the fundamental root 

cause of a disease. However, biological systems are equipped with mechanisms and 

barriers to prevent the intrusion of external genetic material, including metabolically.[9]  

The two primary approaches to delivering nucleic acid therapeutics are by using 

viral or non-viral vectors.[7] However, viral vectors pose their own set of problems, 

causing risks of immunogenicity and undesirable genetic mutations.[7] There are several 

non-viral delivery platforms that have been shown to be successful for ex vivo and in vivo 

applications, such as lipid nanoparticles (LNPs) [10], [11], polyplexes[12], and gold 

nanoparticles[13]. Lipid nanoparticles today, evolutionary cousins of liposomes, have 

emerged as the most advanced non-viral delivery platforms for nucleic acids, proteins, 

and small molecules for applications in immune-oncology, infectious disease, and rare 

diseases. [10], [11] The two approaches to encapsulating nucleic acids is through 

electrostatic complexation or through conjugation. However, conjugation can lead to 

alterations in the nucleic acid’s function, which is undesirable. The high negative charge 

of nucleic acids disrupts the cell membrane but offers the means to encapsulate 

electrostatically. Polyelectrolyte complexes (PEC) are polymeric self-assemblies in 
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aqueous environments that form by mixing oppositely charged polymers and are being 

explored for their application in drug delivery. Polyelectrolyte complex micelles are 

nanoscale versions of these assemblies with several additional advantageous features. 

These are formed when either one or both oppositely charged polymers are conjugated 

to a neutral hydrophilic polymer, which restricts the growth of the PEC phase to the 

nanoscale and forms a protective corona around a PEC core. This is shown schematically 

in Figure 1. The corona of these micelles provide protection to the therapeutics from being 

metabolized in physiological environments, can be tuned to provide targeting properties, 

and can be engineered to have stimulus-responsive mechanisms for control-triggered 

release of cargo. The highly charged core of these systems offers an environment to 

easily neutralize and encapsulate charged therapeutics such as nucleic acids and 

proteins. This work intends to expand our fundamental understanding of the mechanisms 

involved in developing a PEC micelle system that can encapsulate charged therapeutics, 

such as nucleic acids and proteins, and leverage a thermoresponsive corona that can be 

triggered to control the release and localization of therapeutics in a specific tissue. In the 

first part of the dissertation, the thermoresponsive corona evaluated transitions from a 

hydrophilic to a hydrophobic state at an elevated temperature, influencing the structure 

of the micelles. This study aims to provide significant insight into the pre-transition and 

post-transition structures of various thermoresponsive PEC micelles in a variety of 

solution conditions, evaluate their capability of and selectivity in encapsulating charged 

molecules, and optimize a release mechanism. In the second half of the dissertation, the 

encapsulation properties of PEC micelles are more closely investigated. Here, the 
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selectivity in encapsulation of singly charged molecules versus polyions is identified and 

attributed to the strong interactions that form the complex core. This understanding is 

fundamental to the design of the charged blocks to leverage secondary interactions such 

as hydrophobic ones or hydrogen bonding to promote the encapsulation of smaller 

molecules with fewer charges. And finally, the effect of the mechanisms involved in the 

assembly of PEC micelles on the stability of the encapsulated payload was studied. 

Effectively, the dynamics of molecular exchange of the encapsulated molecules between 

the PEC micelles was studied as a function of the PEC core phase behavior. The results 

from this would be essential to the fundamental design parameters of PEC micelles as 

drug delivery carriers. 

 

 

Figure 1. Schematic showing the formation of PEC micelles between a block copolymer and a 
homopolymer, or between two block copolymers. Reprinted with permission from Shah et al. [1]. 
Copyright 2021, Elsevier Ltd. 
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1.2 Polyelectrolyte complex micelles 

Polyelectrolyte complex (PEC) micelles have drawn significant interest for their 

ease of application in the encapsulation and delivery of therapeutics, particularly charged 

molecules such as nucleic acids and proteins.[14]–[16] PECs form when two oppositely 

charged polyelectrolytes are mixed in an aqueous solution. For PEC micelles, at least 

one polyelectrolyte needs to be conjugated to a neutral hydrophilic polymeric block, 

forming a core-corona structure, where the PEC forms the core and the neutral 

hydrophilic polymer forms the corona. PEC micelles have been shown to dramatically 

improve physiological circulation times, bioavailability, cellular uptake, and efficacy of 

therapeutics and can also be decorated with targeting molecules.[17]–[21]   

 

PECs are polymer-rich phases that form due to a combination of enthalpic 

interactions between oppositely charged polymers, and due to the entropic contributions 

from the release of counterions and hydration water during complexation.[22]–[24] The 

polymer-rich phase can be liquid, called a complex coacervate, or instead form a glassy 

solid precipitate.[25]  Phase behavior has been controlled by factors such as ionic 

strength, charge density, chirality, and hydrogen bonding.[26]–[29] The primary 

determinant in the solid or liquid phase separation is based on the degree of intrinsic 

(polymer-polymer) or extrinsic (polymer-salt ion) ion pairing[26], [30], where a higher 

degree of intrinsic ion pairing leads to the formation of solid precipitates.  Excessive 

shielding due to the addition of salt prevents complex formation altogether and the 

concentration at which this occurs is called the critical salt concentration (CSC). Besides 
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electrostatic interactions, short-range forces, combined with steric packing and hydration, 

can influence the physical state of the PECs.[29] Liquid coacervate phases contain a 

larger amount of water as compared to solid precipitates, and have low interfacial tension 

with water.[31] This favors the processability of liquid coacervates that have a variety of 

applications such as encapsulation of drugs[32]–[36] and flavors,[37]–[39] 

compartmentalization,[40], [41] adhesives,[42],[43],[44] and nano/bio reactors.[45],[46]  

 

1.3 Formation of PEC micelles 

1.3.1 Assembly of PEC micelles 

As mentioned above, there are several factors that affect the formation and 

morphology of PEC micelles that have been studied for about two decades.[16], [34] The 

majority of this work is dedicated to the static properties of PEC micelles related to 

comicellization with biological molecules like proteins and nucleic acids[2], [34], [47], 

stimuli responsiveness[48]–[50] and application in biological systems for the delivery of 

therapeutics[20], [51]. However, studying the kinetics leading to the formation of PEC 

micelles and eventual dissolution due to modified solution conditions has been a recent 

endeavor. Intuitively, attempting to adopt theories from the significantly better understood 

systems of neutral micelles is a viable starting point. The two commonly proposed 

mechanisms of formation of neutral micelles are single-chain insertion/expulsion, and 

micelle fusion/fission.[52], [53] Although hydrophilicity/hydrophobicity can also factor into 

the formation of PEC micelles, situations unique to charged polymers such as the release 

of counterions upon complexation, demand further examination of the formation kinetics. 
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The initiation of micelle formation is by ion-pairing between the oppositely charged 

polyelectrolytes.[54], [55] However, the mechanism following this is in dispute.  

While there is consensus that clusters of polymers are formed via initial 

electrostatic interaction, the charge distribution and size of these clusters remain in 

question. One set of results seem to indicate the formation of larger aggregates that may 

not be charge neutral due to an unhomogenized complex core, but chain redistribution 

over time leads to the decrease in cluster size and the formation of charge neutral micelles 

(Figure 2).[55]  Another study by Wu et al., shows the formation of smaller clusters that 

are thought to be charge neutral, which grow over time due to merging clusters (described 

as cluster-micelle insertion).[54] While Wu et al. were unable to observe kinetics within 

the first 100ms due to instrumental limitations, Amann et al. suggest that the initial cluster 

formation occurs within 2.6ms of mixing. This, nearly instantaneous, mechanism is 

suggested to be favored by electrostatic interactions and thought to occur without 

enthalpic barriers.[55] The variation in the two theories likely stems from the choice of 

polyanion used in each case. Amann et al. use poly(styrene sulfonate) (pSS) and Wu et 

al. use poly(acrylic acid) (pAA). pSS has been shown to form kinetically-trapped solid 

precipitate complexes with poly(vinyl benzyl trimethylammonium chloride) (pVBTMA) that 

are larger at first but redistribute over time into smaller structures with the addition of 

salt.[56] Amann et al. too observe significantly slower kinetics with longer cationic blocks, 

citing the formation of a frozen non-equilibrium state.[55] These observations suggest that 

solid-core micelles and liquid-core micelles defined by the nature of the PEC core, may 

differ in their mechanisms of formation and possibly even dissociation. Additionally, both 
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studies were also able to demonstrate longer relaxation times with increasing block 

lengths of the neutral block and polycationic block, while also mentioning no observable 

changes to the formation kinetics with change in solution polymer concentration. It should 

be noted that simulation work  by Bos et al. recently confirmed ultrafast ion-pairing, but 

suggested that neutral clusters were formed.[57] While these studies have all chosen to 

probe PEC micelle systems made using a BCP and a HP, it is likely that the mechanism 

of formation would not differ for a system made using two BCPs, since ion-pairing and 

cluster formation can proceed in the same manner. The decreased freedom of 

rearrangement of a BCP compared to a HP would however, slow the relaxation step.  
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Figure 2.Schematic describing a proposed kinetic pathway for PEC micelle formation. Reprinted with 
permission from Amann et al. [55]. Copyright © 2019, American Chemical Society. 

 

Thus far, we have discussed the kinetics of formation, but several factors 

contribute to the resulting structures at thermodynamic equilibrium. The morphology of 

the formed structures predominantly relies on the ratio of the lengths of the charged and 

neutral blocks, analogous to neutral block copolymer self-assembly.[58] Previous 

experimental work on PEC micelles has shown that nanoscale stabilization was not 

possible with shorter neutral block lengths as compared to the charged blocks.[59] 
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However, simulation work with updated coacervation theory models has shown that 

micelle formation with shorter neutral blocks is possible at lower polymer and salt 

concentrations.[60] For charged to neutral block length ratios of 5 or more, there is 

macrophase separation and the neutral blocks are incorporated into the bulk phase. 

However, for the studied charged to neutral block length ratios of 2 and 3, there is 

microphase separation. The phase diagram indicates that micelles form at lower polymer 

fractions, then as the polymer fraction is increased a hexagonal phase forms, followed by 

lamellae at even higher polymer fractions.[60] These structures are similar to those 

observed experimentally for mixtures of oppositely charged triblock polyelectrolytes.[61]  

Other discrete nanoparticle structures are also possible. For example, polyion 

complex vesicles (PICsomes) form when the neutral block polymer fraction is less than 

10%, forming a bilayered PEC shell with a vacant cavity.[62], [63]  The bilayer is a PEC 

membrane with a pEG-shell layer on the inside and outside of the vesicle, with Kim et al. 

reporting a membrane thickness between 11-17 nm.[62] Also, Lui et al. demonstrated 

that through in-situ polymerization of charged monomers, selectively complexed domains 

in various nanostructures were created.[64] The resulting structures were dependent on 

molecular weight of the resulting polycation, ranging from micelles to nanosheets to 

nanocages with increasing degree of polymerization.[64] The polyanion was conjugated 

to a solvent-immiscible polymeric block, which formed its own clusters within the 

structures. This method demonstrates that multicompartment nanostructures can be 

formed, which could facilitate the codelivery of a diverse range of therapeutics. 
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1.3.2 Effects of stoichiometry and order of mixing 

The early work by Kataoka and colleagues was done using pEG-p(aspartic acid) 

(pEG-p(Asp)) with pLK and pEG-pLK to study the formation of PEC micelles, the effects 

of block lengths on the Rh, Rg, radius of the core, pEG density, and the effects of whether 

two oppositely charged block copolymers were used or a block copolymer with an 

oppositely charged homopolymer was used.[34], [65], [66] This work was done at a 

stoichiometric ratio, where the molar concentration of cations contributed by the 

polycation were equal to that of the anions contributed by the polyanions. PEC micelle 

formation, as with the formation of PECs, is significantly dependent on this ratio of 

charges, called the 𝑓+ value. 𝑓+  is defined as the ratio of molar concentration of positive 

charges to the cumulative molar concentration of positive and negative charges, where 

𝑓+  = 0.50 is an equal ratio of positive to negative charges.[67] For a constant total 

polymer concentration, the amount of complex formed is less for ratios of 𝑓+  ≠ 0.50, as 

compared to when 𝑓+ = 0.50. This can be observed for PEC micelles using light scattering 

studies while titrating the two oppositely charged species against each other; true for a 

pair of oppositely charged diblock copolymers (DCP/DCP) or for a diblock copolymer and 

oppositely charged homopolymer (DCP/HP). When a lower number of micelles are 

formed (i.e. 𝑓+ ≠ 0.50), the scattering intensity is lower as there are fewer scatterers. 

However, in addition to the stoichiometry of mixing, the order of addition of the 

polyelectrolytes is an important synthesis parameter, when the samples are made in low 

ionic strength solutions.[68] For samples to be reproducible and independent of the order 

of mixing, either thermal or salt annealing can be used.[68]  
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1.3.3 Effects of block lengths 

Parameters such as the individual and relative block lengths of the charged and 

neutral blocks fundamentally affect the micelle morphology. This is not unlike the effects 

of the head-group size and tail length affecting amphiphilic micelle morphology, which 

defines the critical packing parameter.[69] For a certain fixed length of charged block 

length, a longer neutral block would yield spherical micelles, while a shorter neutral block 

would form more elongated structures.[67] Additionally, a corona block that is significantly 

shorter than the charged block would not allow the complex stabilization on the nanoscale 

and instead promote macroscopic phase separation.[59] Rumyantsev et al. developed a 

scaling theory that dictates the morphology of PEC micelles.[70] For a fixed neutral block, 

increasing the degree of ionization of the charged block or decreasing the salt 

concentration influences the morphology to transition from lamellar, to cylindrical to 

spherical. However, if a constant charged block length was used, a decreasing head-

group size (neutral block) would cause cylindrical micelles to form rather than spherical 

ones. In addition to the block lengths, the rigidity of the charged blocks also influences 

the morphology. Due to the high energy cost to molecular rearrangement, rigid charged 

blocks tend to form non-spherical micelles.[67], [71] 

Another approach to evaluating the effects of the corona-forming group on the 

micelle morphology was studied by Kataoka and coworkers. They have shown that the 

pEG corona density, which is the ratio of the association number of the pEG chains to the 

surface area of the PEC core, affects the micelle morphology.[66], [72] When shorter 

charged blocks are used, smaller cores are formed, which effectively increases the 
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curvature, hence increasing the corona density as the pEG chains are outwardly 

stretched.[34] The stretched corona segments due to increased core curvature decrease 

the conformational entropy which compensates for the lower interfacial energy of the 

core-corona interface.[66] The balance between the conformational entropy and 

interfacial energy, and the repulsion of the more compact pEG chains due to osmotic 

pressure which increases the core curvature[71], allows for spherical micelles to form. In 

a DCP/HP system, where the number of corona-forming segments are reduced, at a 

certain point the formation of lamellar or cylindrical structures is energetically favorable 

as the pEG density it too low.[73] Further, the inability of DCP/DCP systems of unequal 

charged blocks to form micelles leads to a selectivity in micelle formation in a polydisperse 

polymeric solution. This phenomenon was termed as chain-length recognition, as in a 

milieu of several charged block lengths, micelles would selectively only form between 

DCPs of equal charged block lengths.[66], [74] This phenomenon is uniquely observed in 

PEC micelles and not a feature displayed by amphiphilic micelles.[74] 

 

1.3.4 Effects of salt concentration, pH, and micelle disassembly 

The addition of salt to PECs affects their formation as well.[75] The addition of salt 

increases the number of extrinsic ion pairs formed, thereby screening the number of 

intrinsic pairs formed.[30],[76] Effectively, this decreases the would-be entropic gain due 

to counterion release, increasing their water content, and swelling the PECs.[77] This also 

causes solid precipitates to transition to liquid coacervates.[78] An excessive addition of 
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salt prevents the formation of any intrinsic pairs, which does not allow any PEC formation, 

called the critical salt concentration (CSC). PEC micelles behave similarly with added salt 

as bulk complexes, and also have their own CSC.[79] However, the increase in the PEC 

core size would decrease the curvature, enabling the addition of salt to be used to cause 

structural transitions in PEC micelles from spherical to worm-like.[80]  

As briefly mentioned earlier, pH changes may be used as triggers for disassembly 

of PEC micelles, primarily through the controlled ionization of the charged sites. Typically, 

the motivation for pH-responsive PEC micelles is to cause disassembly for release of 

therapeutics in the extracellular environments of diseased tissue which is known to be at 

a lower pH.[81] In the past, there are several studies that have shown promise exploring 

this mechanistic avenue.[49], [82]–[84] More recently, a PICsome was studied for its 

ability to disassemble due to the acidic pH cytosol environment and subsequently 

degrading the lysosomal membrane with the released cationic unimers to promote 

therapeutic effects of the cargo.[63] This work is part of a growing trend to optimize pH-

sensitive drug delivery platforms.[85]–[89] However, more recently, pH has been also 

used as a parameter to control complexation and manipulate PEC micelle formation and 

salt stability.[90], [91] Qiu et al. and Wang et al. have explored the complexation and 

encapsulation of charged dendrimers. Dendrimers have interior pockets of space that can 

enable the encapsulation or trapping of small molecules. Primarily, the authors are in 

agreement that completely ionized surface charges (depending on pH) yield small, narrow 

distribution spherical micelles. An interesting observation made by both studies shows 

that the charge contribution made by the diblock copolymer remains constant, while the 
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number of dendrimers changes based on the dendrimer generation and charge 

concentration. Qiu et al. also evaluated the stability against salt and found that the higher 

dendrimer rigidity as compared to that of linear polyelectrolytes likely increases the critical 

salt concentration.  

 Understanding the disassembly of PEC micelles is just as necessary as 

understanding their formation. For therapeutic delivery, for instance, an effective mode 

for release is necessary. For example, pH may be used as a trigger to cause such a 

transition[92] although the exact mechanism remains unclear. The addition of salt 

decreases polyelectrolyte interactions by shielding of charges which may also serve as a 

trigger for PEC micelle disassembly.[93] As with bulk PECs, the addition of salt to PEC 

micelles at first induces swelling due to water uptake with decreased strength of 

polyelectrolyte interaction.[26], [94] Thus, one proposed mechanism suggests core 

fragmentation into two charge neutral micelle-like entities that have overlapping corona 

segments, which then separate into smaller micelles.[93] There is also evidence of PEC 

micelles being highly dynamic systems, with the possibility of continuous dimer 

expulsion/insertion events and fusion/fission events.[57] In dilute systems, recent results 

have indicated Coulombic forces of the PEC core do not extend beyond the micellar 

corona, and the corona segments tend not to overlap with interacting micelles.[95] 

Collectively, it seems that the micelles tend to enforce charge neutrality in all cases, as 

identified using 𝜁-potential measurements of PEC micelle solutions.[45] The tendency to 

maintain charge neutrality has also been observed in bulk PEC solutions.[96] However, 

no specific investigation of the effects of solid-core vs. a liquid-core micelles have been 
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performed including how PEC phase and effectively the interfacial tension with water 

affects core fragmentation and/or expulsion/insertion events.  

 

1.4 Complex phase behavior 

Recently, a significant amount of effort has gone toward studying the phases of 

PECs, and the factors that affect it.[25], [26], [29], [68], [97] Previous work has shown that 

micelles with coacervate (liquid) cores made using polypeptides tend to form smaller 

spherical structures with low dispersity as compared to micelles with hydrogen bonded 

solid cores.[29] Similar observations have been made for kinetically trapped systems 

without hydrogen bonding effects[98] including polycations and double stranded nucleic 

acids.[68], [99] Probing the phase behavior of the complexes in the micellar core has its 

limitations and hence the bulk phase is often studied as a proxy. Here, we look at recent 

work to revise our understanding of the complex phase and how factors such as strength 

of polyelectrolyte interactions, charged block rigidity, hydrogen bonding, and 

characteristics of encapsulated small molecules affect it. 

Fundamentally, the strength of polyelectrolyte interactions and content of water in 

the PEC dictates the phase behavior. In addition to the discussed properties of PEC 

micelles that are affected by the phase behavior of the PEC core, their applicability to 

drug delivery is also affected, specifically in the encapsulation and disassembly for 

delivery therapeutic molecules. Our group has recently studied two solid-core PEC 

micelles and observed selectivity in encapsulation of polyion molecules over monovalent 

molecules, which will be further discussed in Chapter 3.[100] We hypothesized that the 
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strong interactions between the polyelectrolytes prevented the encapsulation of 

monovalent dye molecules and were ejected from the PEC as counterions would be. 

Others have explored utilizing physiological saline environments as triggers for 

dissolution and release of therapeutics.[48] Understandably, identifying the state of the 

micelle core (solid precipitate or liquid coacervate) and its properties is necessary.  

 Complexation is generally considered to be predominantly an entropically driven 

process, however certain enthalpic contributions may determine the content of salt and 

water within the complex phase. The content of water in the PEC phase is moderated by 

the strength of polyelectrolyte interaction, where weaker polyelectrolyte interactions 

cause the complexes to contain more water and vice versa. Enthalpic contributions from 

the fraction of ions acting as counterions, the condensation of polyelectrolytes, and the 

structure of water within the PEC phase dictate the content of water and salt in the 

complex.[94] As a result, an endothermic complexation process allows for greater salt 

partitioning than an exothermic one.[94] Collectively, the available free volume in the 

complex governs phase behavior.[94], [101] It is important to note, that solid- vs liquid-

core micelles would also behave differently as seen with thermoresponsive systems, 

where micelles with presumably liquid-cores form reversible structure but those with solid 

cores do not.[102] 

 While these studies pertain to bulk phase complexes, the investigation of these 

phenomenon in their nanoscale counterparts is difficult. Setting steric repulsion between 

corona forming segments aside, certain factors such as the mechanism of complexation 

and response to added salt should remain consistent. Micelles formed using stronger 
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polyelectrolytes (characterized by pKa values and high charge density) have been shown 

to have larger Rg values due to greater aggregation numbers, but also higher interfacial 

tension with water due to a lower water content.[103] With PEC micelles however, light 

scattering and x-ray/neutron scattering can be used to determine Rh and Rg values 

respectively. The shape factor (Rg/Rh) for a uniform density sphere is 0.77.[104] 

Qualitatively, a comparison between the shape factor values may potentially be used to 

identify PEC micelles with denser solid-cores. The shape factor value would however be 

impacted not only by the core density but also shape of the micelle itself, and hence would 

differ widely from system-to-system. Krogstad et al. and Ortony et al. used small-angle 

neutron scattering (SANS) to study the complex core domains in hydrogels.[105], [106] 

Through contrast variation analysis, Ortony et al. found  the complex phase to be highly 

fluidic with as much as 47% water by volume.[106] Krogstad et al. found that the addition 

of NaCl to the hydrogels caused the interfacial thickness of the complex-matrix interface 

and a decrease in the inter-complex-domain radius.[105] This was also verified by them 

using cryo-TEM (Figure 3) when the domains appeared less ordered with increasing salt 

concentration – like a solid to liquid transition of the PEC phase. 
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Figure 3. Cryo-TEM images of a DCP/DCP system at 10% polymer concentration, prepared at (a) 0M, (b) 
0.5M, and (c) 1M NaCl. The darker spots indicate the PEC complexes. The inset images are fast Fourier 
transforms of the micrographs, the edges of which become more diffuse or less ordered with increasing 
salt concentration. The scale bars are 100nm. Reprinted with permission from Krogstad et al.[105] 
Copyright © 2014, American Chemical Society 

  

The Tirrell group has recently produced interesting results concerning 

complexation with single- and double-stranded nucleic acids, in both the bulk phase and 

within PEC micelles.[28], [99] In the bulk phase, the complexation was investigated as a 

function of length of the polyelectrolytes, hybridization of nucleotides, salt concentration, 

and temperature. Through their work, a few generalizations could be made. Complexation 

with a single-stranded nucleic acid (ssDNA) leads to coacervation (liquid PEC), while 

complexation with nucleic acids with 40% or more double-stranded nature (dsDNA), 

formed precipitates (solid PEC).[28] Due to the nature of the nucleic acids, the higher 

charge density of the double-stranded nucleic acid was determined to be the primary 

factor leading to precipitate formation. When translated to micelles, pEG-pLK with ssDNA 

formed spherical micelles while with dsDNA, worm-like micelles were formed due to 

coaxial stacking of the helices (Figure 4).[68] Using a series of polyelectrolyte lengths, 
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micelle size was found to be independent of DNA length, but instead dependent on 

polylysine length given that the polylysine block was conjugated to the neutral block. [99] 

With the knowledge that ssDNA and dsDNA form coacervates and precipitates 

respectively, albeit with different salt stabilities, the PEC micelle morphologies could still 

be controlled with block length ratio of the charged to neutral block. 

 

Figure 4. (a) WAXS data shows long range order of packed dsDNA, indicated by the sharp peak at 

0.236Å−1, and amorphous ssDNA. (b) Head-on and (c) side-on TEM micrographs of packed dsDNA into 
hexagonal structures due to coaxial stacking. Reprinted with permission from Lueckheide et al.[68] 
Copyright © 2018, American Chemical Society 
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Short range interactions, such as hydrogen bonding, have also been shown to form 

solid complexes in bulk PEC phases and PEC micelles. [28], [29] These interactions may 

not only affect phase behavior but also dictate the encapsulation ability of these 

systems.[27], [107] For example, to deliver certain proteins such as brain-derived 

neurotrophic factor (BDNF), the presence of H-bonding is favorable and has shown to 

improve micelle stability and enable intranasal delivery of the nanoformulation.[108] 

Similarly, interactions such as 𝜋 − 𝜋 interactions may alter the micellar cores from being 

liquid-like to having solid-cores, observed with higher concentrations of a model dye 

(Brilliant blue G (BBG)) with bulk complexes.[107]  

 

1.5 Applications of PEC micelles 

1.5.1 Nucleic acid delivery 

Nucleic acids have the ability to suppress or promote gene expression with high 

specificity, which can be used to treat diseases. Typically, this is accomplished by 

introducing nucleic acids such as deoxyribonucleic acid (DNA), plasmid DNA (pDNA), 

messenger ribonucleic acid (mRNA), small interfering RNA (siRNA), micro RNA (miRNA), 

or antisense oligonucleotides.[2], [109], [110] Nucleic acid delivery is made difficult by 

their high negative charge and susceptibility to physiological degradation due to the 

presence of nucleases.[111] The added challenge for nucleic acid delivery is the 

requirement for these therapeutics to be transfected across cellular and sometimes 

nuclear membranes.[112] This transport is made possible with the use of nanoscale 

carriers made of lipids, polymers or even metals, and many of these platforms and 
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delivery strategies have been reviewed elsewhere.[18] While features such as size, 

composition, and surface properties can be tuned and engineered to provide efficient 

biocompatible delivery platforms, PEC micelles are uniquely poised to be ideal carriers 

for nucleic acids as they can easily be formed by complexation between nucleic acids 

and diblock copolymers with cationic blocks. Some of the earliest work on PEC micelle 

nucleic acid carriers was that of Kataoka.[113] While that work was primarily to investigate 

the formation and stability of the PEC micelles with DNA, significant strides involving both 

in vitro and in vivo work have been made showing promising results for site specific 

targeting, efficient cellular transfection, and anti-cancer and disease treatment.[34], 

[114]–[116]   

The typical challenges for utilizing PEC micelles as vectors for nucleic acid delivery 

are insufficient bioavailability and loss of therapeutic through polyion exchange reactions 

with physiologically present anionic biomacromolecules.  Primarily, this requires the 

formation of stable micelles. Notably, the charge related stoichiometry of mixing of 

polycations to nucleic acids is fundamental to their stability. For carriers with nucleic acids 

specifically, the charge ratio is defined as the N/P ratio (ratio of amines of the polycations 

to the phosphates of the nucleic acids).  

 Recent studies suggest that overcharging PEC micelles with higher N/P ratios 

(greater than 1), lead to the formation of higher stability micelles. [117]–[120] Specifically 

with more rigid nucleic acids like mRNA, where packaging them into significantly smaller 

PEC cores is difficult, the higher N/P ratio micelles offer more colloidal stability.[120] This 

is likely due to the greater number of binding sites available. Other factors that have been 
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shown to affect micelle stability is charge density and chain flexibility of the cationic 

block.[117], [120] Higher charge density allows for tighter packing of the nucleic acid. A 

recent study comparing the mRNA delivery potential of a pEG-pLK system with modified 

pLK side-chains implemented FRET (Förster resonance energy transfer) to identify more 

compact packaging of mRNA with polycations with higher charge density and greater 

binding potential due to higher electrostatic interaction.[117]  The study also compared 

the efficacy of disulfide crosslinking of the PEC core for additional micelle stability, a 

technique used previously.[121]  

 The packaging of nucleic acids when complexed with histone to form chromatin is 

how these extremely long molecules can be confined to cellular nuclei, and this 

phenomenon has been mimicked to encapsulate nucleic acids in PEC micelle 

cores.[119], [122] The packaging of DNA in PEC micelles has been studied as a function 

of the lengths of the cationic and neutral blocks used. Concisely, the block lengths control 

the morphology of the subsequently formed particles, ranging from globular, rod-like, to 

toroidal.[122] A decrease in cationic block length causes a transition from globular to rod-

like micelles.[122] However, this may not always be possible due to the large persistence 

length of DNA.[123] An alternative to packaging DNA is demonstrated by Jiang et al. who 

developed a hybrid system using a triblock copolymer with a neutral hydrophilic block, a 

cationic block, and a hydrophobic block.[119] Referred to as “micelleplexes” (Figure 5), 

the rigid pDNA used, bridges multiple micelles to form a supramolecular assembly 

resembling “beads on a chain”.[119] Interestingly, it was observed that increasing the 

corona forming block decreased the number of micelles per micelleplex, due to increased 
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distancing between micelles. However, the number of pDNA chains remained constant; 

two per complex.[119] With this work, the colloidal stability of the carriers is a function of 

the length of the corona forming block.  

 

 

Figure 5. An increase in the length of the pEG block decreases the hydrodynamic radius, as well as 
decreases the number of micelles per micelleplex. This is an example of a unique method of packaging 
rigid nucleic acids like pDNA. Reprinted with permission from Jiang et al.[119] Copyright © 2018, 
American Chemical Society 

 

As previously mentioned,  complexes of polycations with more rigid chains 

(dsDNA) form precipitate-like complexes, and consequently those solid-core micelles are 

likely to be irregularly shaped.[99] A recent study looked at the effects of altered chain 
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flexibility of the cationic block on the encapsulation ability and micelle stability instead of 

attempting to alter the nucleic acid.[120] Flexible nucleic acids increased conformational 

entropy, improving micelle stability. Miyazaki et al. argued that the conformational entropy 

contribution may be made by the polycation as well.[120] In agreement with that 

hypothesis, the micelles formed using flexible cationic blocks were more stable against 

attack from anionic biomolecules like heparin, showing improved bioavailability and 

cellular uptake.[120] In this article, the importance of PEC phase has been stressed upon 

several times. The higher chain flexibility of the cationic block is considered to improve 

binding with mRNA, but at the cost of hydration. This is perhaps another example where 

kinetically trapped PEC micelles withstand physiologically harsh environments better. 

 Beyond differences in flexibility, ssDNA and dsDNA also exhibit differences in 

therapeutic efficacy. However the adeno-associated virus has shown ssDNA to active 

dsDNA conversion upon cell transfection, suggesting a possible mechanism of making 

ssDNA therapeutically effective.[124] There are also other mechanisms to make dsDNA 

more effective. For example, recent work has demonstrated that linearization of dsDNA 

through heating enabled better encapsulation stability and the formation of smaller 

spherical micelles, facilitating extravasation through dense stroma of pancreatic cancer 

tumors.[118] In addition to showing gene transfection and the production of antitumor 

effects, this work also highlighted the ability of PEC micelles to encapsulate significantly 

larger amount of cargo after linearization. This was shown by comparing the basepair 

capacity of this micellar system (11,000 base pairs) and that of a viral vector (4,800 base 
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pairs).[118] Unfortunately, the authors of this work were unable to comment on the exact 

mechanism involved in gene transfection. 

 

1.5.2 Drug delivery to the brain 

One of the more complex challenges in drug delivery has been the safe passage 

of therapeutics and/or vehicles past the brain-blood barrier (BBB), a very selectively 

permeable membrane of endothelial cells. Recent work shows promising results in the 

transport of PEC micelles through the BBB via the conjugation of a glucose transporter 

protein (Glut-1) to the micelle corona, as shown in Figure 6.[125], [126]  The work by Xie 

et al. synthesized antibody fragment (Fab) carrying micelles labeled with glucose 

transporter molecules to treat Alzheimer’s disease by inhibiting aggregation of amyloid 

beta (A𝛽) peptides in brain parenchyma, claiming the highest brain accumulation of 

antibody agents reported thus far.[125] The pEG-pLK system complexed with charge-

modified Fab and partial disulfide crosslinking for stability, were evaluated both in vitro 

and in vivo.[125] Using a reductive and acidic medium, that mimicked the conditions in 

brain parenchyma and intracellular endosomes respectively, caused micellar 

disassembly and 90% release of the Fab. The efficacy of this system against various 

controls was studied using a mouse model, reporting a 7-fold increase in circulation time 

compared to free Fab, about a 42-fold increase Fab accumulation in the brain with virtually 

no accumulation in peripheral organs, and 56% reduction in A𝛽 aggregation. Another 

system by Min et al. also targeted brain parenchyma, but instead demonstrated the 

encapsulation and delivery of antisense oligonucleotides, synthetic nucleic acid 
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molecules that are designed to target and regulate RNA and protein. [127], [126] Here, 

the translocation occurred along the same pathway as the previous study, using the Glut-

1 transporter molecule. 

 

Figure 6. This schematic represents the translocation of Glut-1 decorated PEC micelles across the 
endothelial cells of the brain-blood barrier (BBB). Reprinted with permission from Nakakido et al.[125] 
Copyright © 2020, American Chemical Society.  

 

1.5.3 Protein and peptide delivery 

In a manner comparable to nucleic acid encapsulation and delivery, PEC micelles 

have also been applied to the encapsulation and delivery of proteins. Proteins provide 

high specificity and efficiency in the treatment of diseases, but as with nucleic acids, are 

prone to degradation by enzymes. Being composed of various sequences of amino acids, 
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proteins vary vastly in terms of charge density, charge distribution, and hydrophobicity. 

This means that they are not only sensitive to environmental conditions such as pH and 

salt concentration, but it also means that encapsulation in PEC micelle cores may be 

mediated by interactions apart from solely electrostatic ones. In addition, proteins can 

serve as polyion scaffolds for PEC micelles as well, which is discussed well in other 

articles.[128], [129] In a recent study, the monomer branches of the anionic block of a 

block copolymer were modified with varying lengths of hydrocarbon spacers to vary 

hydrophobicity to observe its effects on protein encapsulation and salt stability.[130] This 

not only increased the hydrophobicity, but effectively also increased chain flexibility. Our 

group has recently demonstrated improved stability against salt with increased 

hydrophobicity, but in bulk complexes.[27] This was also observed with the 

hydrophobically modified PEC micelles, however there were competing effects of  

insufficient binding due to charge distribution. It was found that while increasing the 

spacer length, i.e. going from poly(acrylic acid) (pAA) to poly(acryloylaminooctanoic acid) 

(pAAOA), there was an initial decrease in salt stability as shorter spacers were unable to 

stretch between the surface charges of the protein followed by an increase in salt stability 

with pAAOA as the spacers were long enough to allow improved binding. Conversely, the 

inverse was true in terms of stability against acidic pH, which allowed for improved release 

in cancer cell spheroids. Non-electrostatic interactions such as hydrophobic interactions 

were also considered in another recent study, indicated by a deviation from the charge 

stoichiometric ratio of polyanion to polycation upon addition of a third component with 

hydrophobic branches.[131] This work sought to improve the stability of PEC micelles as 
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protein carriers by introducing another polyelectrolyte (poly(styrene sulfonate) (pSS))with 

same charge as the protein. While the stability of the micelles against salt did improve, 

the amount of protein encapsulated decreased with increasing pSS and the protein was 

selectively excluded from the complex with added salt. [131] 

There have also been improvements in electrostatically mediated encapsulation. 

While it is possible to alter the charge distribution of the protein by changing the pH[131], 

there may be undesirable effects on protein folding and hence the therapeutic efficacy of 

the molecule. One approach to increasing electrostatic interactions is by increasing the 

charge density of the charged block of the block copolymer.[132] This was achieved by 

grafting short poly(L-glutamic acid) chains along the charged block. The micelle system 

displayed protein loading stability and retained bioactivity for at least 1 month when stored 

at 4oC, and the improved binding enabled slower release kinetics.[132] However, while 

no intentional changes are made to the protein, interactions with the oppositely charged 

polymers may nullify therapeutic efficacy as seen with melittin and poly(methacrylic acid) 

(pMAA).[133] This effect may be specific to polymer-protein combinations, and should be 

considered into the design parameters of protein delivery platforms. 

 

1.5.4 Small Molecule Drug delivery 

While nucleic acids and proteins are becoming increasingly effective in addressing 

a wide range of diseases, small molecule drugs, such as the anticancer drug Doxorubicin 

(DOX), also need delivery vehicles. DOX carries a single positive charge and has 

relatively high hydrophobicity. The low charge and hydrophobic nature make it a 
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challenge to encapsulate in PEC micelle cores. One approach for encapsulation was 

demonstrated in a recent study where the polyelectrolytes and DOX were mixed in 

dimethyl sulfoxide (DMSO) and water, after which DMSO was removed via dialysis. This 

system showed about 42% loading efficiency, and was able to release up to around 90% 

of the loaded DOX in an acidic environment.[86] Alternatively, the DOX may be modified 

by conjugating a charged ligand, thereby promoting encapsulation via complexation.[134] 

This approach showed similarly low cell viability of HepG2 cells compared to free DOX, 

but it is necessary to note that DOX is highly toxic to healthy tissue as well.[134] Thus the 

micelle likely reduces non-specific accumulation and increases DOX efficiency. Figure 7 

schematically demonstrates the intracellular delivery of DOX via the disassembly of PEC 

micelle due to acidic pH conditions in the cytosol. 

 

Figure 7. The delivery of smaller therapeutic molecules such as doxorubicin using PEC micelles as 
delivery vectors is schematically shown here. Reprinted with permission from Zheng et al.[134] Copyright 
© 2020, American Chemical Society.  
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1.5.5 Imaging, diagnostics, and theranostics  

In addition to the delivery of therapeutics, PEC micelles can also be used for 

disease detection and monitoring. Work by Wang et al. highlighted the ability of PEC 

micelles to encapsulate coordination metal complexes, lending to their application as 

contrast agents for magnetic resonance imaging (MRI).[135] The metal ion formed a 

coordination structure with an anionic ligand which was then complexed with a cationic 

block copolymer. In their previous work, a smaller and more flexible anionic ligand with 2-

fold symmetry in conjunction with a cationic block copolymer was used, which lacked 

stability against the addition of salt.[136] Here, a ligand with higher metal coordination 

complexity is used, increasing the rigidity and available binding sites (and hence degree 

of crosslinking) per supramolecular assembly. Ligand coordination with Mn, Fe, Zn, and 

Ni displayed the versatility of the system. In vivo studies using a mouse model showed 

high MRI contrast 2 hours after a tail vein injection, with the greatest brightening found in 

the liver and kidney.[135]  

Another example of the encapsulation of inorganic species within PEC micelles is 

shown by Nguyen et al, where polystyrene-graft-poly(2-vinylpyridine) is used to template 

magnetite nanoparticles (Fe3O4) and then complexed with poly(acrylic acid)-block-poly(2-

hydroxyethyl acrylate) to form PEC micelles with Fe3O4 nanoparticles in the core.[137] 

These micelles were shown to produce marginally low cytotoxicity (91% cell viability) and 

displayed up to 80% cellular internalization. The goal of this work was to use 

radiofrequency magnetic fields to produce and modulate local hyperthermia to cause 

apoptosis in diseased tissue such as cancer tumors.[137] Exposure to the magnetic field 
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after internalization and rinsing produced hyperthermia, where cell viability decreased 

from about 75% to about 30% with greater exposure and higher micellar 

concentration.[137] This system displayed high stability across a range of pH values (3 - 

9.5) and also caused the targeted death of cancer cells while preventing any significant 

macroscopic heating.  

 

1.5.6 Characterization of delivery aspects 

While many successful demonstrations of therapeutic delivery using PEC micelles 

have been made, the specific interactions between polyelectrolytes and biological entities 

such as cells and tissue are less understood. Although the ability to observe these 

phenomena in live biological systems such as animal models would be ideal, there does 

not seem to be any non-invasive approach yet. However, a new application of a light-

sheet microscopy on 3D multicellular spheroids offers a method for greater depth 

penetration while using lower light intensity that other methods (confocal laser scanning 

microscopy and fluorescence lifetime imaging microscopy).[138] Two iterations of a 

fluorescently labeled anionic diblock copolymer were complexed with a fluorescently 

labeled cationic protein (hen egg white lysozyme), where one had a crosslinked PEC core 

and one did not. Using the traditional approach of incubating the micelles in 2D cultured 

human breast cancer cells and confocal laser scanning microscopy suggested that the 

cells retained the polymer but discarded the protein. This result was in stark contrast to 

the observation made using light-sheet microscopy on a 3D cancer spheroid (400 𝜇m 

diameter). The micelles with no crosslinking showed retention of the polymer at the 
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spheroid surface, with uniform distribution of protein within the spheroid, suggesting 

complete disassembly of the micelles likely due to other competing charged species and 

an acidic environment. The micelle with crosslinking however, showed the presence of 

intact micelles within the spheroid as well as some protein, with significantly less polymer 

at the surface.[138] This work elegantly demonstrates a new technique in probing 3D 

cellular environments, while also showing the inability to draw parallels between 2D cell 

culture studies and physiological applications. Some of the other studies discussed here 

have also applied this technique to investigate similar therapeutic distributions.[130], [133] 

Not a lot is known about the internal trafficking of exogenous therapeutics and carriers in 

dense tissue environments and thus this technique could shed light on the fate of many 

PEC micelles in diverse applications.    

 

1.5.7 Other applications 

In addition to the medical applications mentioned, PEC micelles have also been 

studied in other contexts such as biosensing.  As discussed, several environmental 

conditions can impact PEC micelle structure and stimuli responsive features can be 

engineered such as ligands on the corona. The versatility of these features makes them 

excellent biosensors.[139]–[141] Recently, a study encapsulated an alkaline 

phosphatase enzyme in a PEC micelle with a functionalized corona that would undergo 

crosslinking under UV-light.[142] The micelles, colloidally stable at first, precipitate and 

form a thin film on a substrate upon UV-irradiation. The enzyme used is fluorescently 
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activated when reconstituted with Zn2+, and hence is used as a heavy metal sensor with 

high selectivity for Zn2+ with sensitivity as low as 50 ppb.[142] 

Another area of application of PEC micelles is in that of catalysis. One of the more 

critical parameters of catalysts is the access of the reactants to large surface areas. PEC 

micelles are nanoparticles with high colloidal stability that can provide very high surface 

area per mass of material, making them ideal candidates as nanoreactors to promote 

catalytic activity. Recently, gold (Au) nanoparticles were encapsulated in PEC micelles 

via electrostatic interactions. Au nanoparticles are known to be effective catalysts in the 

reduction of 4-nitrophenol, a water pollutant. A molar ratio of 0.00125 of Au in Au-

containing PEC micelles to 4-nitrophenol showed complete conversion to 4-aminophenol 

in 8 minutes. PEC micelles were also used recently in templating, to direct the 

mesostructure of silica by modulating the polyelectrolyte interactions, the pEG-silanol 

interactions, and silica condensation rate using pH.[143] Varying pH levels altered the 

above mentioned interactions and led to the formation of a range of different mesoporous 

structures, with long-range ordered 2D hexagonal structures at lower pH to cylindrical 

pore morphologies at higher pH. Due to high order porosity, these structures may be 

applied to catalysis, adsorption, and separation. 

 

 

  



35 
 

2. PNIPAM-BASED THERMORESPONSIVE POLYELECTROLYTE 

COMPLEX MICELLES 

*Adapted from: Shah, S. and Leon, L. (2019). Structural transitions and encapsulation 

selectivity of thermoresponsive polyelectrolyte complex micelles. Journal of Materials 

Chemistry B, 7(41), pp.6438-6448.[100] 

 

2.1 Introduction 

The modularity of PEC micelles allows for different corona-forming segments, and 

the application of a thermoresponsive corona block has piqued interest. Primarily, poly(N-

isopropyl acrylamide) (pNIPAM) is used, a neutral and hydrophilic polymer that can easily 

be conjugated to a charged segment. pNIPAM has a lower critical solubility temperature 

(LCST) of about 32 oC, where it undergoes a hydrophilic to hydrophobic transition due to 

dehydration of the monomer branches.[144] The idea is to apply these thermoresponsive 

carriers to deliver therapeutics, and use temperature as a trigger to cause structural 

changes driven by changes in hydrophobicity to release or protect cargo.  

Preliminary work on these systems showed that spherical or worm-like micelles 

could be formed, depending on ratio of block lengths used, and upon temperature-

triggered transition, aggregation was observed.[50], [145], [146] This aggregation blurred 

the identification of the micelle structure above the transition temperature. More recently, 

robust tools such as SAXS have been used to study these thermoresponsive structures. 

Fehér et. al. and Hees et. al. looked at the effects of salt concentration and temperature 

on pNIPAM-based PEC micelle systems. With the addition of salt, similar phenomena 
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were observed across both studies: a decrease in scattering intensity at low salt 

concentrations followed by a sharp increase.[102], [147] The effect of NaCl on the 

solubility (hence, LCST) of pNIPAM is well documented, with decreasing solubility with 

increasing salt concentration as the sodium ions disrupt H-bonding between the amide 

oxygen and water.[148] At low salt concentrations, the approximated aggregation number 

is observed to decrease with lowered scattering intensity as the charges are shielded 

between the polyelectrolytes while pNIPAM remains largely unaffected. However, at 

higher salt concentrations, the aggregation increases due to the decreased solubility of 

pNIPAM, which was reported to produce conformations resembling Gaussian stars.[102] 

In both studies, it is reported that at high ionic strengths and temperatures above the 

LCST, aggregation occurs. The power-law of q-4 in the Porod region of the SAXS profile 

above the LCST indicates dense clusters due to the increased hydrophobicity of the 

pNIPAM blocks. The transition of the power-law from q-2 to q-4 coupled with the increased 

hydrophobicity of pNIPAM, suggests the formation of inverted structures is likely, though 

colloidally not stable.[102] The work by Hees et al. also records a similar transition, 

however, due to the shorter pNIPAM block lengths, compact domains of pNIPAM are 

formed in a PEC hydrogel matrix.[147] Thus, it is possible that an inversion takes place 

with increasing temperature, but this likely depends on the ratio of the pNIPAM length to 

the charged block length. While temperature induced structural changes are investigated 

as a mode of delivery, a recent study has used a thermoresponsive block in a triblock 

copolymer to improve micelle stability.[149] Although the thermoresponsive block was not 

pNIPAM (but poly(2-n-propyl-2-oxazoline) instead), principally it operates the same way, 
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with a hydrophilic to hydrophobic transition above the LCST. The thermoresponsive 

polymer formed the middle block of the triblock configuration with a hydrophilic neutral 

block on one side and poly(L-lysine) (pLK) on the other side. At physiological temperature, 

the thermoresponsive polymer was in its hydrophobic state, which significantly improved 

circulation stability, bioavailability, and cellular uptake.[149] 

 In this chapter we will be discussing our work on two thermoresponsive PEC 

micelle systems – (i) single pNIPAM corona forming block with a PEC core, and (ii) 

pNIPAM and poly(ethylene glycol) (pEG) corona forming blocks with the same PEC 

core.[100] Our observations were in line with those reported by Feher and Hees, with 

aggregation caused at elevated temperature. In our work however, interestingly, the 

micelles with a mixed corona (pNIPAM and pEG) displayed aggregation but SAXS data 

revealed that the micelle structure was retained and kept stable by the pEG, while the 

pNIPAM collapsed onto the core forming a core-shell-corona micelle. Our single pNIPAM 

corona micelle lost its structural integrity above the LCST, but without significant contrast 

between the core and corona forming segments, we were unable to discern the fate of 

the core. Although unclear, differences in the observations made across these studies 

could result from differences in the nature of the polyelectrolyte complex core, which will 

be discussed further below. 

 

2.2 Materials 

The poly(N-isopropyl acrylamide)70-b-pol(acrylic acid)49 (pNIPAM–pAA) used in 

this study was purchased from Polymer Source Inc. (Dorval, Quebec, Canada). The 
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poly(L-lysine)50 (pLK) hydrochloride and poly(ethylene glycol)113-b-poly(L-lysine)50 

(pEG–pLK) were bought from Alamanda Polymers (Huntsville, AL, USA). The poly(acrylic 

acid) (MW: ~5100g/mol) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The 

polymers were used without further purification. Both sodium chloride (NaCl) and sodium 

hydroxide (NaOH) were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Glycerol 

(gly) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The distilled (DI) water 

used was triple filtered using a 0.2 mm syringe filter. Uranyl acetate and 400 mesh 

formvar/ carbon Cu grids for transmission electron microscopy were purchased from 

Electron Microscopy Sciences (Hatfield, PA, USA). Polyelectrolytes of matching block 

lengths were chosen since in the DCP/DCP system, no micelles would be formed for 

unmatched charged block lengths, and in the DCP/HP system, the block length of the HP 

would not affect micelle formation or morphology.[150] 

 

2.3 Methods 

2.3.1 Dynamic light scattering (DLS) 

  DLS is a robust characterization technique to probe the size, size distribution and 

diffusion coefficient of sub-micron particles in solution (Figure 8). Principally, a time 

autocorrelation function is generated by an autocorrelator based on fluctuations in the 

scattering intensity.[151] The autocorrelation function is given by[151]  

𝑔(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
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where 𝜏 is the delay, and 𝐼(𝑡) and 𝐼(𝑡 + 𝜏) are the intensities of scattered light at a certain 

time, 𝑡. The autocorrelation function decays at a rate of Γ = 𝐷𝑞2, where 𝐷 is the diffusion 

coefficient and 𝑞 is the magnitude of the scattering wave vector. The decay rate of the 

autocorrelation function can be fit using a single exponential cumulant fit (linear, 

quadratic, cubic, or quartic), or as multiple exponentials (as with constrained 

regularization method for inverting data (CONTIN) or non-negative constrained least 

squares (NNLS)). Cumulant fits of the distribution of decay rates are applicable to single 

size populations with a given dispersity, whereas multimodal distributions require a 

multiple exponential model.[151] The scattering wave vector is given by 𝑞 =
4𝜋𝑛

𝜆0
sin (

𝜃

2
), 

where 𝑛 is the refractive index of the scattering medium (usually the solvent), 𝜆0 is the 

wavelength of the laser in vacuum, and 𝜃 is the scattering angle.[152] The particle size 

(hydrodynamic radius) is calculated from the Stokes-Einstein equation where 𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
, 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝜂 is the dynamic viscosity, and 

𝑅ℎ is the hydrodynamic radius of a sphere.[152]  



40 
 

 

Figure 8. Schematic showing the arrangement of a DLS instrument. Reprinted with permission from 
Berne et al.[152] Copyright © 1977, American Chemical Society. 

 

DLS measurements depend on coherent single scattering events, and hence 

turbid solutions are not recommended to be used as the likelihood of secondary scattering 

occurring is higher. 

 

2.3.2 Transmission electron microscopy (TEM) 

Nanoscale structures cannot be imaged using conventional optical microscopy as 

the wavelength of visible light exceeds the size range of the specimen in question. 

However, using an electron source in a transmission electron microscope enables the 

examination of features as small as a few nanometers. In a TEM, an electron gun is used 

to generate an electron beam that is passed through a series of electromagnetic lenses 
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and apertures and focused onto an objective plane Figure 9). A phosphor screen detector 

below the objective plane is used to collect the transmitted electrons and generate an 

image of the object at the objective plane.[153] Factors such as specimen composition 

and density affect the transmission of electrons.[153] Very low vacuum conditions inside 

the TEM column are maintained for a constant and unperturbed electron beam. A 

condenser lens may be used to obtain crystalline information of the specimen, however, 

for the purpose of studying the size of polymeric micelles, this feature is not used.  

 

Figure 9. Schematic of TEM. Reprinted with permission from Tang et al.[153] Copyright © 2017, Elsevier 
B.V. 

 

Nanoscale features can be imaged using the electron beam because the high 

energy beam has a very short wavelength (given by 𝜆~1.23/√𝑉, where 𝜆 is the 
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wavelength and 𝑉 is the voltage of the electron beam). However, as TEM imaging relies 

on the ability of the specimen to hinder transmission of electrons which required atoms of 

high electron densities, polymeric materials cannot provide such a barrier and hence the 

image lacks contrast. To improve the imaging quality of polymeric materials, often, 

negative stains are used. There are salts with heavy metals (such as Uranyl acetate) with 

high electron densities to be able to generate a negative image of the specimen. For 

example, the TEM image of Au nanoparticles shows darker features set in a light 

background, as the electrons are not transmitted through the Au nanoparticles. With the 

addition of a negative stain, electrons are transmitted through the polymers, while they 

do not pass through the heavy metal. The subsequently collected image would have 

lighter features of the polymers in a higher contrast background. In this work, the micelles 

are negatively-stained and dried on a C-coated Cu grid, and imaged at 100kV. 

 

2.3.3 Small-angle x-ray scattering (SAXS) 

Small-angle x-ray scattering is a robust method to characterize the structure of 

condensed matter. It may be used for applications in characterizing metals, synthetic 

polymers, biological macromolecules, nanoparticles, and other materials with structural 

features roughly between 1-100 nm (Figure 10). It can employ a high energy x-ray source, 

such as a synchrotron which may be passed through a native sample.[154] Scattering 

analysis of the x-rays are done at small angles to observe larger features than similar 

techniques such as x-ray diffraction, since 𝜃 ∝
1

𝑑
 (Bragg’s law). The elastically scattered 

beam is collected by a 2D detector producing a 2D image of scattering. This 2D plot is 
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converted to a 1D plot using Azimuthal integration, averaged linearly across the 2D radius 

for isotropic samples.[155]. The 1D plot is an intensity versus q plot, where q is the 

distance in reciprocal space.[154] The amplitude of the scattered wave by an atom is 

called the scattering length. The scattering length is given by 𝑓𝑥 = 𝑁𝑒𝑟0 (𝑁𝑒 is the number 

of electrons and 𝑟0 is the radius of the electron).[154] However, for assemblies of atoms 

(as with micelles), scattering length density is used, which is the total scattering length of 

the atoms per unit volume.[154] For measurements of samples of macromolecules made 

in solution, two separate measurements are made – one for the solvent and one of the 

sample in the solvent. Assuming that the solvent has no definite structures in it, the I(q) 

for the solvent would be subtracted from the I(q) of the sample in the solvent, providing 

the scattering information of only the sample of interest.[154] The contrast in scattering is 

due to the difference local electron density between defined particles and solvent atoms, 

which affects scattering lengths. The scattering by particles can be attributed to two 

components – the particle constituents themselves and any inter-particular interactions. 

The former produces a form factor and the latter produces a structure factor. The 

scattering intensity can then be represented as 𝐼(𝑞) = 𝑃(𝑞)𝑆(𝑞) (where 𝑃(𝑞) is the form 

factor and 𝑆(𝑞) is the structure factor.[155] The form factor provides information about the 

shape of the particles and the structure factor provides information about the structure of 

the overall sample.[155] For dilute samples, there are no significant inter-particular 

interactions, and hence only form factor is considered (as in this work).[154]  

The size range of interest is defined by the distance of the sample and the detector, 

which specifies the 2𝜃 angle, where 𝑞 = (4𝜋/𝜆)sin (2𝜃) (𝜆 is the wavelength of the x-ray, 
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typically about 0.1-0.2nm).[154] This allows for measurements in the range of about a few 

nanometers to about a micron.  

 

Figure 10. Schematic illustrating small-angle scattering. Reprinted with permission from Svergun et 
al.[154] Copyright © 1935, IOP Publishing, Ltd. 

 

In the case of PEC micelles, the potential difference in the electron densities of the 

sub-micellar features (core, shell, corona) could scatter differently, which make SAXS a 

powerful tool in examining submicellar architectures.  

 

2.4 Results and discussion 

2.4.1 pNIPAM-pAA characterization 

Understanding the behavior of the temperature responsive component of the 

system was important, since the pNIPAM LCST transition would affect the micelle 
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morphology. Hence, this work began with studying the LCST of pNIPAM. The LCST of 

pNIPAM, as mentioned earlier, is about 32oC.[156] The coil-to-globule transition in 

pNIPAM due to a change from a hydrophilic to hydrophobic state may be characterized 

by light scattering, as the compact pNIPAM chains would scatter more light due to 

aggregation.[157] The molecular structure of pNIPAM enables it to be solubilized in water, 

which happens at the intersection of the hydrophilic interactions due to hydrogen bonding 

between the amide of the NIPAM monomers and water, and the hydrophobic interactions 

due to the structuring of water molecules around the hydrophobic groups of the NIPAM 

monomers.[158], [159] The fine balance can be interrupted by a change in temperature, 

where an increase in temperature above the LCST can cause the removal of hydration 

around the molecule and disrupt hydrogen bonding. However, this transition is therefore 

reversible, since a decrease in temperature below the LCST reestablishes the structuring 

of water molecules around the monomers and the hydrogen bonds with water. The LCST 

of pNIPAM-pAA was measured using light scattering as shown in Figure 11a[100] and 

was found to be 35oC. The increase in LCST is due to the increased hydrophilicity of the 

molecule by the presence of the pAA block. The LCST was designated as 35oC by taking 

the midpoint between the temperature at which light scattering intensity was low (~1kcps), 

and the temperature at which the intensity significantly higher (~1000kcps). The addition 

of most salts to a pNIPAM solution reduces the transition temperature, following the 

Hofmeister series.[156], [160] The presence of Na+ reduces the number of hydrogen 

bonds the polymer can form with water, as the Na+ binds with the O of the amide.[156] 

Therefore, as the concentration of Na+ increases, the LCST decreases as the solubility 
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of the polymer reduces. This study investigates the micelle systems in varying conditions 

of NaCl - 0mM, 250mM, 500mM, 750mM, and 1000mM. As seen in Figure 11b[100], the 

LCST has an inversely linear relationship with salt concentration, decreasing from about 

35oC at 0mM NaCl to about 11oC at 2000mM salt. Having obtained these transition 

temperatures, all following pre-transition experiments without salt were performed at 

24oC, pre-transition experiments with salt were performed at 8oC, and all post-transition 

experiments with and without salt were performed at 50oC. 

 

 

Figure 11. a. Light scattering used to determine LCST of pNIPAM-pAA at 35oC. b. Reduced LCST 
temperature as a function of salt, ranging from 35oC at 0mM NaCl to 11oC at 2000mM NaCl. Reprinted with 
permission from Shah et al.[100] Copyright © 2019, American Chemical Society.  

 

 

It has also been reported that above the LCST, pNIPAM-pAA forms amphiphilic 

micelles with a pNIPAM core and pAA corona.[161] Table 1 shows the  formation of 
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pNIPAM-pAA particles at four different polymer concentrations, from 0.01mM to 0.04mM, 

measured using dynamic light scattering. Though the particles formed were of low 

dispersity, the sizes were concentration dependent, increasing in diameter with an 

increase in concentration. At a concentration of 0.05mM, the solution became visibly 

turbid due to aggregation, preventing the reliable collection of data form the DLS. 
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Table 1. Post-transition DLS measurements of the pNIPAM-pAA diblock copolymer to illustrate the formation of amphiphilic micelles. 
Reprinted with permission from Shah et al.[100] Copyright © 2019, American Chemical Society.  

Sample 
Polymer 

Concentration 
(mM) 

Temperature 
(oC) 

Intensity 
(kcps) 

Diameter 
(nm) 

Polydispersity 
Diffusion Coefficient           

(cm2/s-1) 

pNIPAM-pAA 

0.01 

50 

62.22 ± 1.35 138.6 ± 0.7 0.073 ± 0.022 6.176E-08 ± 2.656E-10 

0.02 261.58 ± 6.63 172.9 ± 1.6 0.060 ± 0.010 4.950E-08 ± 5.752E-10 

0.03 406.19 ± 2.70 186.7 ± 0.9 0.017 ± 0.049 4.586E-08 ± 2.055E-10 

0.04 631.73 ± 0.223 202.1 ± 1.2 0.010 ± 0.033 4.237E-08 ± 8.411E-10 
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2.4.2 Study of bulk complexes 

Having studied the corona component of the micelles, it was also important to look 

at the core of the micelles. The cores of the micelles studied so far have been formed by 

the complexation between pAA and pLK. As discussed earlier, the type of phase 

separation, whether it be liquid-solid (precipitates) or liquid-liquid (coacervates) affects 

micelle morphology and polydispersity. Previous work has shown that micelles with 

coacervate cores made using polypeptides tend to form smaller spherical structures with 

low dispersity as compared to micelles with solid cores.[29] Solid core micelles are 

kinetically trapped, and tend to form larger irregularly shaped micelles that are 

polydisperse.[98] This has been shown using polycations and nucleic acids.[68], [99]  

As a proxy to studying the complex cores of the micelles, bulk complexes with a 

total polymer concentration of 0.5mM total polymer concentration were probed. 

Turbidimetry measurements were performed on the complexes at different charge ratios 

(𝑓+ values) by looking at absorbance of light at 500nm using the Biotek Cytation 5 imaging 

reader. 200𝜇L of each sample was tested in a 96-well plate. As shown in Figure 12a, the 

maximum absorption, and hence the maximum complex formation, occurred at 𝑓+ = 0.40, 

relatively close to the theoretical value of 0.50. The difference was attributed to the 

dispersity of pAA used, and the variation in moisture content about 8.2%) of the polymer. 

Phase contrast optical microscopy images (Figure 12c) of these complexes reveal the 

formation of irregularly shaped aggregates, which is characteristic of solid precipitates. 

Salt ions help screen charges between the polyelectrolytes, enabling a transition between 

solid precipitates and liquid coacervates. Several complexes at 𝑓+ = 0.40 were made at 
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a range of salt concentrations from 0mM NaCl to 2000mM NaCl, and similar turbidimetry 

measurements were recorded (Figure 12b). From the optical microscopy images of these 

micelles (Figure 12d), there is a clear transition to liquid droplets that are characteristic of 

coacervates[76] at about 900mM NaCl, and complete dissolution at about 2000mM (CSC) 

as the degree of screening at 2000mM salt prevents any complexation. Although it was 

useful to understand the behavior of the complexes with the addition of salt, the effects 

of salt on pNIPAM had also been identified. Given this, it was important to keep both 

results in mind while designing future experiments.  
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Figure 12. (a) Turbidimetry measurements as a function of charge ratio (𝑓+) using absorbance 

spectroscopy identifying the maximum complex formation at 𝑓+ = 0.40. (b) Turbidimetry measurements as 

a function of salt concentration at 𝑓+ = 0.40. (c) Images (i)–(viii) are optical microscopy images 

corresponding to (a) showing solid complex formation. (d) Images (i)–(viii) are optical microscopy images 

corresponding to (b) taken at various salt concentrations. At 900mM NaCl, a transition from solid to liquid 

phase separation occurs. The critical salt concentration (where complexes no longer form) is around 

1500mM NaCl. Reprinted with permission from Shah et al.[100] Copyright © 2019, American Chemical 

Society.  
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2.4.3 Kinetics of micelle formation 

Since it was identified that the PEC formed between pLK and pAA was a solid 

precipitate and assuming that the bulk complex translated to the core of the micelles, it 

was important to probe the kinetics of formation of the micelles as well. PEC micelles with 

solid cores vary in equilibration times and quantifying the amount of time required for the 

formation of equilibrated structures was necessary to design future experiments. To 

reiterate, solid precipitates are in a kinetically trapped state, while liquid coacervates are 

in an equilibrium state, and this difference directs materials properties and 

processability.[162]–[165] Previous work has shown that PEC micelles, especially those 

with polypeptide components, with liquid cores equilibrate at much shorter timescales 

than micelles with solid cores.[29] The kinetics of formation of the two micelles systems 

were investigated using DLS. This was done by carefully adding the polycation to the 

polyanion and immediately initiating the light scattering measurements, while preventing 

any mixing due to agitation. Scattering intensity measurements were taken every 2 

minutes for the first 4 hours, every 6 minutes for the next 4 hours, every 12 minutes for 

the next 4 hours, every 20 minutes for the next 4 hours, every 30 minutes for the next 4 

hours, and once every hour for the remaining 28 hours. A constant scattering intensity 

was expected for stable particles. Figure 13 below is a plot of scattering intensity in 

kilocounts per second (kcps) against time (in minutes). Clearly from the plot, the DCP/HP 

system takes longer to equilibrate (at about 20 hours) as compared to the DCP/DCP 

system (a few minutes). Despite the expected longer equilibration time for solid-core 

micelles, both micelle systems measured here seemed to equilibrate faster than the 
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previously mentioned polypeptide based solid or liquid core micelles. However, the 

polypeptide micelles were shown to have hydrogen bonds between polyelectrolytes in the 

core.[29] Hydrogen bonding is not expected to occur between pAA and pLK in our 

systems, which would explain the faster equilibration times. However, one would expect 

the DCP/HP system to reach an equilibrium state faster due to the HP’s freedom of 

rearrangement, which was experimentally found to be untrue. Likely, the longer and more 

hydrophilic corona of the DCP/DCP system (pEG + pNIPAM) allows for smaller and 

spherical particles to forms, while the more irregular and elongated structures of the 

DCP/HP system may be hindering faster kinetics. To establish equal experimental 

standards for both systems, all future experiments were done after allowing samples to 

equilibrate for 72 hours. 

 

Figure 13. Micelle formation kinetics measured using light scattering. The diblock copolymer 
(DCP)/homopolymer (HP) system takes about 20 hours to equilibrate, while the DCP/DCP system takes 
about 6 minutes. Reprinted with permission from Shah et al.[100] Copyright © 2019, American Chemical 
Society.  
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2.4.4 Pre-transition micelles (below LCST) 

With the obtained information about the macroscopic components of the micellar 

systems, the two micelle systems could be comprehensively studied next. The cores of 

the two micelle systems were considered to be chemically identical, composed of a solid-

precipitate complex of pAA+pLK. However, the coronas for the two systems were 

different. The DCP/HP system had a single pNIPAM corona, while the DCP/DCP system 

had a pEG and pNIPAM corona. To confirm the stoichiometric ratio for equimolar charge 

ratio, 𝑓+ titration of pNIPAM-pAA vs. pLK and pEG-pLK was done using the DLS 

respectively, the results for which are shown in Figure 14a and 14b. As more micelles are 

formed at the same total polymer concentration, the scattering intensity increases due to 

a higher number of scatterers in the solution until a maximum is reached (equimolar 

charge ratio). In both systems, the maximum intensity was at 𝑓+ = 0.50.  
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Figure 14. DLS measurements to identify maximum charge ratio (𝑓+ values) for: (a) diblock copolymer 
DCP)/homopolymer (HP) system, and (b) DCP/DCP system, by measuring the scattering intensity for 
samples of equal polymer concentration, but varying charge ratio. Both systems show maximum scattering 
intensity at 𝑓+ = 0.5 corresponding to charge neutrality. Reprinted with permission from Shah et al.[100] 
Copyright © 2019, American Chemical Society.  

 

Negatively stained TEM imaging of the two micelles systems was performed 

(Figure 15), and as it can be seen, the DCP/HP system formed worm-like or cylindrical 

micelles, while the DCP/DCP system formed spherical micelles. Diameter measurements 

of both systems were made manually using ImageJ and are shown in Table 2. The 

measurements of the lengths of the DCP/HP micelles could not be made due to inter-

particular entanglements. Light scattering and small angle x-ray scattering experiments 

on both systems were done at polymer concentrations of 0.04mM and 0.08mM. In both 

cases, the scattering intensities were higher for increased polymer concentrations, 

respectively. The hydrodynamic radius (Rh) of the DCP/DCP micelles is about 15nm. 

Given the morphology of the DCP/HP micelles, the size of these micelles reported by 
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DLS experiments may only be used as a qualitative understanding of the particles since 

Stokes-Einstein equation (mentioned in Section 2.3.1) is used to calculate particle size 

which assumes spherical scatterers. However, Table 3 lists the Rg/Rh values of both 

micelle systems to understand the radial distribution of mass. For solid spheres, the Rg/Rh 

value is 0.77[104], which is greater than that of the DCP/DCP micelles. This is attributed 

to the dense solid PEC core of the micelle. The Rg/Rh value of the DCP/HP micelles are 

larger than those of the DCP/DCP micelles since it is an elongated structure. The diffusion 

coefficients for DCP/HP and DCP/DCP systems increases with increasing concentration 

from 6.129×10-8cm2/s-1 to 7.556×10-8cm2/s-1 and from 1.369×10-7cm2/s-1 to 1.510×10-

7cm2/s-1. 

 

Figure 15. Negatively stained TEM images at 0.02mM polymer concentration of: (a) diblock copolymer 
(DCP)/homopolymer (HP) system showing formation of cylindrical, worm-like micelles. (b) DCP/DCP 
system confirming formation of spherical micelles. Reprinted with permission from Shah et al.[100] 
Copyright © 2019, American Chemical Society.  
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Table 2. List of size measurements using ImageJ software of particles from TEM images for both 
systems.[100] 

Sample Diameter (nm) 

 

Sample Diameter (nm) 

DCP/HP System 

20.3 

DCP/DCP System 

20.4 

20.8 23.3 

20.8 21.4 

26.1 17.7 

27.3 21.7 

28.3 17.2 

23.1 17.6 

22.5 16.5 

27.3 14.7 

19.9 20.8 

31.5 17.5 

30.2 17.5 

23.0 16.6 

21.3 16.5 

24.4 21.0 

25.4 15.7 

28.9 17.6 

21.0 17.0 

Average 24.6  Average 18.4 
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Table 3. Pre-transition DLS measurements of diblock copolymer (DCP)/homopolymer (HP) system and DCP/DCP micelles at 0.04mM and 
0.08mM concentrations. Rg values obtained from SAXS data. Reprinted with permission from Shah et al.[100] Copyright © 2019, American 
Chemical Society.  

Sample 
Polymer 

Concentration 
(mM) 

Temperature 
(oC) 

Intensity 
(kcps) 

Diameter 
(nm) 

Polydispersity 
Diffusion Coefficient           

(cm2/s-1) 
Rg (nm) Rg/Rh 

DCP/HP 

0.04 

24 

112.76 ± 0.45 77.7 ± 1.2 - 6.129E-08 ± 1.114E-9 18.3 0.486 

0.08 246.37 ± 5.09 63.4 ± 1.6 - 7.556E-08 ± 1.883E-9 17.8 0.562 

DCP/DCP 

0.04 

24 

20.63 ± 0.17 35.0 ± 0.3 0.268 ± 0.008 1.369E-07 ± 1.147E-9 7.7 0.440 

0.08 33.88 ± 0.33 31.6 ± 0.3 0.159 ± 0.014 1.510E-07 ± 1.445E-9 7.4 0.468 
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SAXS was performed on these samples as well to characterize the submicellar 

architecture. As with DLS, the scattering intensity of the micelles at higher polymer 

concentration was higher, while the structural features of the intensity versus q plots 

remained the same. This indicated that the polymer concentration had little effect on the 

morphology of the micelles, and that more micelles were formed with increasing polymer 

concentration. The scattering length densities (SLDs) of the individual micelle 

components were calculated using the SLD calculator in the APS Irena package[166] 

using IgorPro (Table 4). These SLD values were all very similar providing insufficient 

contrast to evaluate submicellar features. Therefore, the SLD for both systems was 

calculated as a monomer weighted average of the components (10.2374x10-6 Å-2 for 

DCP/HP and 10.1627x10-6 Å-2 for DCP/DCP). Having identified the morphologies of the 

two micelle systems using TEM, several cylindrical form factor fits were used for the 

DCP/HP system and several spherical form factor fits were used for the DCP/DCP system 

with the NCNR package[167] in Igor Pro. The fitting models for each system were 

selected based on the consistency of each model for a given system across the multiple 

polymer concentrations. A cylinder with polydisperse radius fit (Figure 17a) and elliptical 

cylinder fit (Figure 17b) was used to model the DCP/HP system. This confirms the 

formation of equilibrium particles since the sizes for the particles do not change 

significantly and that only the scale factor increases with increasing concentration. The 

DCP/DCP system was fit with Gaussian sphere (Figure 18a), log normal sphere (Figure 

18b) and Schulz sphere (Figure 18c) models. These models also indicated that 
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equilibrium structures were formed. Three polymer concentrations for the DCP/DCP 

system were not tested due to limited availability of beamtime. 

The SAXS modelling of the DCP/HP system showed that the worm-like micelles 

had an approximate 5:1 aspect ratio (length:width). The Rg was found to be about 17.8nm 

from the Guinier region of the SAXS using the Unified fitting feature of the Irena package. 

The sizes obtained from SAXS and TEM for the DCP/HP systems are approximately the 

same, and the minor variation can be due to the drying of the sample while preparing the 

TEM grids. As for the DCP/DCP system, the radius obtained from the log normal sphere 

fit was about 6nm, which was significantly smaller than that obtained from DLS (~15nm) 

and TEM (~9nm), which is likely due to the lower x-ray scattering contrast of the micellar 

corona as compared to denser solid core. The Rg was found to be about 7.5nm from the 

Guinier region. 
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Figure 16. SAXS measurements of: (a) diblock copolymer (DCP)/homopolymer (HP) system (cylindrical 
micelles) (b) DCP/DCP system (spherical micelles), pre- (24oC) and post- (50oC) transition at two polymer 
concentrations of 0.04mM and 0.08mM. Both system form equilibrium structures below the LCST. 
Reprinted with permission from Shah et al.[100] Copyright © 2019, American Chemical Society. 

 

 

Table 4. Scattering length densities of micelle components calculated using Scattering Contrast Calculator 
tool of the APS Irena package. Reprinted with permission from Shah et al.[100] Copyright © 2019, American 
Chemical Society.  

Component 
Scattering Length Density 

(×10-6 Å2) 

Water 9.42 

pLK 10.19 

pAA 10.29 

pNIPAM 10.23 

pEG 10.11 
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Figure 17. SAXS data for DCP/HP system at 24oC for three polymer concentrations – 0.02mM, 
0.04mM, and 0.08mM, using (a) Cylinder with Polydisperse Radius fit and (b) Elliptical Cylinder fit. 
Reprinted with permission from Shah et al.[100] Copyright © 2019, American Chemical Society.  

 

a. b. 
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Figure 18. SAXS data for DCP/DCP system at 24oC for two polymer concentrations – 0.04mM and 0.08mM, 
using (a) Gaussian Sphere fit, (b) Log-normal Sphere fit, and (c) Schulz Sphere fit. Reprinted with 
permission from Shah et al.[100] Copyright © 2019, American Chemical Society.  
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Preliminary light and x-ray scattering work on the two systems with 0-1000mM 

NaCl added has been done as well, to study of these systems with the solid cores 

transitioning to liquid coacervate cores. However, as mentioned earlier, salt not only 

affects the PEC by screening charges, but also affects the solubility and LCST of pNIPAM. 

Severe aggregation is observed at higher salt concentrations. The work discussed later 

in Chapter 4 replaces the pNIPAM block with a pEG block, allowing the investigation of 

the effects of salt on the PEC core without affecting the remainder of the micelle. 

  

2.4.5 Post-transition micelles (above LCST) 

As mentioned earlier, previous work has shown that the post-transition structures 

of pNIPAM-based PEC micelle systems either form aggregates[168] (in the case of 

DCP/HP systems), or form core-shell-corona[50], [146] (in the case of DCP/DCP) 

structures. Here, the post-transition structures were studied using DLS and SAXS. From 

the DLS, the scattering intensities of both systems were very high (>1000kcps) and the 

solutions were visibly turbid, providing no useful size or diffusion coefficient information. 

The SAXS data however paints a very different picture for the two systems (Figure 16). 

The DCP/HP system seems to lose its structural integrity and the steep upturn at low-q 

indicates a larger aggregated structure, which agrees with the DLS data (Table 5). The 

DCP/DCP system however, despite aggregating, indicated by the low-q upturn, maintains 

its structure. This is confirmed by the overlapping pre- and post-transition curves at each 

respective concentration (Figure 16b). The post-transition structure of the DCP/DCP 

system seems to concur with the observations made by De Santis et al. [146], where a 
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core-shell-corona structure is formed as the pNIPAM collapses onto the core. It is hence 

concluded that the post-transition structure of the DCP/DCP system has a PEC core, 

pNIPAM shell, and pEG corona.  

 

Table 5. Post-transition DLS measurements of diblock copolymer (DCP)/homopolymer (HP) system and 
DCP/DCP micelles at 0.04mM and 0.08mM concentrations. Reprinted with permission from Shah et al.[100] 
Copyright © 2019, American Chemical Society.  

Sample 
Polymer 

Concentration 
(mM) 

Temperature 
(oC) 

Intensity (kcps) 

DCP/HP 

0.04 

50 

1351.96 ± 63.48 

0.08 3177.33 ± 6.55 

DCP/DCP 

0.04 

50 

1615.80 ± 7.10 

0.08 3251.22 ± 6.02 

 

 

2.4.7 Micelle temperature-induced structural reversibility  

Given that larger aggregated structures were forming at elevated temperatures, it 

was important to understand if these structures revert to individual micellar particles when 

cooled. This could elucidate as to the structures forming post-transition, especially for the 

DCP/HP system. Reversibility tests were performed on the two systems by comparing 

light scattering intensities at 24oC before and after a one-hour heat-cycle to 50oC. The 

scattering intensities after the heat cycle were significantly higher than pre-heat-cycle, as 

shown in Table 6. Also, the reported diameters of the DCP/DCP micelles are larger after 
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the heat cycle. The decreased diffusion coefficients of the DCP/HP micelles suggest that 

larger scatterers persist after the heat cycle.  

Previous work has shown that hydrogen bonding occurs between the pNIPAM and 

pAA blocks.[169] This effect may be hindering the reversible transition between micelle-

aggregate-micelle. To confirm this, urea was used to disrupt the pNIPAM-pAA hydrogen 

bonds, and light scattering reversibility tests were performed for a 0.02mM solution at 

50oC after a 1-hour heating, 1-hour cooling cycle, and 1-hour reheating cycle (Table 7). It 

is possible, that in the absence of urea, the temperature induced dehydration of pNIPAM 

increases the hydrogen bonding between the two blocks. Clearly, in Table 7, pNIPAM-

pAA with no urea is not reversible, while at higher concentrations of urea, there is no 

significant difference between the scattering intensities before and after a heat cycle. With 

the micelles, the hydrogen bonds may be persisting upon cooling as well, which would 

explain the non-reversible nature. 
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Table 6. DLS reversibility tests (before and after heat-cycle) of diblock copolymer (DCP)/homopolymer (HP) micelles and DCP/DCP micelles 
at two concentrations. Reprinted with permission from Shah et al.[100] Copyright © 2019, American Chemical Society. 

Sample 
Polymer 

Concentration 
(mM) 

Temperature 
(oC) 

Intensity 
(kcps) 

Diameter 
(nm) 

Polydispersity 
Diffusion Coefficient 

(× 𝟏𝟎−𝟖cm2/s-1) 

DCP/HP - Pre 
heat cycle 

0.04 

24 

112.76 ± 0.44 - - 6.129 ± 0.111 

DCP/HP - Post 
heat cycle 

527.65 ± 3.87 - - - 

DCP/HP - Pre 
heat cycle 

0.08 

246.37 ± 5.09 - - 7.556 ± 0.188 

DCP/HP - Post 
heat cycle 

1824.88 ± 8.84 - - - 

DCP/DCP - Pre 
heat cycle 

0.04 

20.63 ± 0.17 35.0 ± 0.3 0.268 ± 0.008 13.69 ± 0.115 

DCP/DCP - 
Post heat cycle 

41.56 ± 0.16 44.2 ± 0.9 0.142 ± 0.016 10.76 ± 2.081 

DCP/DCP - Pre 
heat cycle 

0.08 

33.88 ± 0.33 31.6 ± 0.3 0.159 ± 0.014 15.10 ± .0145 

DCP/DCP - 
Post heat cycle 

103.19 ± 0.18 - - - 
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Table 7. DLS reversibility data for pNIPAM-pAA with and without urea to illustrate that disruption of H-bonding aides in the reversibility of 
the structures formed when pNIPAM-pAA is heated past the LCST. This is seen by the constant scattering intensity, before and after a heat 
cycle when urea is added. Reprinted with permission from Shah et al.[100] Copyright © 2019, American Chemical Society. 

Sample 
Polymer 

Concentration 
(mM) 

Urea 
Concentration 

(mM) 

Temperature 
(oC) 

Intensity 
(kcps) 

Diameter 
(nm) 

Polydispersity 

Diffusion 
Coefficient           

(× 𝟏𝟎−𝟖cm2/s-1) 

pNIPAM-
pAA - Pre 
heat cycle 

0.02 

0 

50 

261.58 ± 6.63 172.9 ± 1.6 0.06 ± 0.010 4.950 ± 0.057 

500 309.10 ± 6.52 199.9 ± 0.6 0.065 ± 0.022 4.283 ± 0.017 

1000 296.75 ± 3.98 194.9 ± 4.7 0.029 ± 0.070 4.394 ± 0.135 

1500 294.59 ± 4.66 193.9 ± 1.6 0.036 ± 0.033 4.415 ± 0.037 

pNIPAM-
pAA - Post 
heat cycle 

0.02 

0 281.82 ± 2.19 121.7 ± 1.1 0.019 ± 0.011 4.899 ± 0.15 

500 318.54 ± 3.15 195.7 ± 2.3 0.02 ± 0.036 4.443 ± 0.060 

1000 293.81 ± 9.44 193.6 ± 0.5 0.046 ± 0.014 4.714 ± 0.025 

1500 282.84 ± 2.35 192.3 ± 1.6 0.026 ± 0.020 4.977 ± 0.034 
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2.5 Conclusion 

This work so far presents a potential for thermoresponsive encapsulation and 

delivery of charged therapeutics. Two micellar systems with different corona components 

but with the same pAA+pLK solid PEC cores were evaluated and shown to differ in 

structure and properties. Specialized characterization tools such as DLS, SAXS, and TEM 

were used to investigate these properties. It was shown that both systems form 

equilibrium structures, where the DCP/HP system forms worm-like micelles, and the 

DCP/DCP system forms spheres. Post-transition, the DCP/HP micelles lose structural 

integrity, while in the DCP/DCP micelles, the pNIPAM collapses onto the core while 

maintaining its structure. The post-transition aggregation observed in both systems 

corresponds to what others have previously observed, but the goal is to eventually 

characterize the structure of the aggregates and relate corona properties to aggregation. 

The loss of structure in the case of the DCP/HP system may be used as a means to 

facilitate release of encapsulated cargo. And the core-shell-corona structure formed in 

the case of the DCP/DCP system may be used to provide greater protection to the 

therapeutic as shown by Li et al.[170]   
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3. ENCAPSULATION OF CHARGED MOLECULES IN PEC MICELLES  

*Some sections adapted from: Shah, S. and Leon, L. (2019). Structural transitions and 

encapsulation selectivity of thermoresponsive polyelectrolyte complex micelles. Journal 

of Materials Chemistry B, 7(41), pp.6438-6448.[100] 

 

3.1 Introduction  

With a better understanding of the structural features and properties of the micelles 

systems, their ability to encapsulate model charged-therapeutics could subsequently be 

investigated.  This was done using a monovalent dye, methylene blue (MB), and a 

polyion, rhodamine (dye) labelled pLK (pLK-Rhod). A combination of UV absorption and 

fluorescence spectroscopy was used to study the encapsulation behavior of micelles. 

With MB, microenvironments of higher hydrocarbon content or high charge concentration 

decreases the absorption intensity.[171] Hence, encapsulation of MB in the PEC core 

would result in a quenched intensity. For pLK-Rhod, encapsulation in the core would 

cause a localized increase in fluorophore concentration, which causes a phenomenon 

called self-quenching, again, resulting in a decreased intensity.[172] Absorption 

quenching is also displayed by pLK-Rhod, and fluorescence quenching is also displayed 

by MB. 

MB monomers form dimers or trimers, or a combination of these, depending on 

the concentration.[173] The, 𝜆max (wavelength of maximum absorption), for the 

monomers, dimers, and trimers is 664 nm, 612nm, and 575nm, respectively.[173] For 

absorption at 664nm, MB has an emission peak at 686nm.[174]  
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3.2 Materials 

The methylene blue (MB) was purchased from Acros Organics (Fair Lawn, NJ, 

USA). (5(6)- Carboxytetramethylrhodamine) (Rhod) was purchased from ChemPep 

(Wellington, FL). FMOC and BOC protected L-lysine was purchased from Chem-Impex 

(Wood Dale, IL). Rink Amide resin was purchased from NovaBioChem (Burlington, MA).  

 

3.3 Methods 

3.3.1 Solid phase peptide synthesis 

Solid phase peptide synthesis (SPPS) was used to synthesize some of the 

peptides that were used in the experimental work. For this, pLK30 was synthesized using 

SPPS and fluorescent molecules such as 5(6) TAMRA and FITC were conjugated to the 

N-terminus before cleavage. The TAMRA conjugated pLK (pLK-Rhod) was used for the 

research conducted in Chapter 3 and Chapter 4, the FITC conjugated pLK (pLK-Fluo) 

was used to conduct the research in Chapter 4. SPPS, is a process of sequential addition 

of amino acids with N-terminus protecting groups, such as Fluorenylmethyloxycarbonyl 

chloride (Fmoc) and tert-butyloxycarbonyl (Boc), to a solid support. This synthesis method 

has been well established and begins with the deprotection of a rink-amide resin, addition 

and coupling of the first amino acid monomer, followed by the deprotection of the Fmoc 

protecting group on the amino acid to couple the next amino acid.[175], [176] After the 

addition of the final amino acid, the polypeptide is then cleaved from the solid support 

resin using a cleavage cocktail which also removes side chain protecting groups, and is 

then precipitated in cold diethyl ether. The precipitated peptide is centrifuged, solubilized 
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in water and lyophilized to collect the final product. For the pLK-Rhod molecule, 30 L-

lysine monomers with Fmoc-protected end groups and Boc-protected side groups were 

sequentially coupled off the rink-amide solid support, and finally carboxyl-terminated 

rhodamine was coupled to the end of the peptide before cleavage from the resin. 2-(1H-

benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was used as 

the coupling agent and N-methyl morpholine was used to activate the carboxylic acid, 

and the coupling was done by bubbling dry N2 gas through the reaction to prevent 

moisture from hindering the reaction and for mixing. A 20% piperidine solution in dimethyl 

formamide (DMF) was used to deprotect the end groups after each amino acid residue 

was coupled on. 

 

3.3.2 UV-vis absorption spectroscopy 

An ultraviolet-visible spectroscopy plate reader (Cytation5 imaging reader, Biotek 

Inc., Winooski, VT, USA) was used to measure UV-vis absorbance. A Corning Falcon 96-

well Imaging Microplate (Corning Inc. Big Flats, NY, USA) was used for the 

measurements, where the path length was kept constant by dispensing 200ml of sample 

solution into each well. Turbidimetry measurements were performed by measuring the 

absorbance at 500nm, a wavelength at which no constituent molecules were expected to 

absorb. The absorbance measurements to evaluate dye encapsulation were carried out 

between 450nm and 750nm at 24oC. 
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3.3.3 Fluorescence spectroscopy 

A fluorescence spectroscopy plate reader (Cytation5 imaging reader, Biotek Inc., 

Winooski, VT, USA) was used to measure fluorescence. A Corning Falcon 96-well 

Imaging Microplate (Corning Inc. Big Flats, NY, USA) was used for the measurements, 

where the path length was kept constant by dispensing 100mL of sample solution into 

each well. The MB samples were excited at 664nm and the emission intensity was 

collected at 686nm in relative fluorescence units (RFU).[174] pLK-Rhod samples were 

excited at 555nm and the emission intensity was collected at 580nm.[177] 

 

3.4 Results and discussion 

3.4.1 Encapsulation selectivity in solid-core PEC micelles 

The encapsulation of MB was studied by the addition of 10% cationic charge of 

MB to the DCP/HP and DCP/DCP systems individually as well as pNIPAM-pAA, while 

keeping the polymer concentration constant at 0.08mM, in each case. The absorption 

spectra of these samples were collected between 450nm and 750nm, and compared to 

a spectrum of pure MB in water at the same concentration. As seen in Figure 19a below, 

the spectra of MB with the micelles overlap with that of pure MB, with the formation of 

monomers and dimers, indicating no encapsulation was occurring. However, with 

pNIPAM-pAA quenching of intensity was observed in addition to the formation of trimers 

(peak at 575nm). The quenched intensity may be due to a combination of the electrostatic 

interaction with pAA and due to the presence of hydrocarbons (due to pNIPAM). It is 

possible the pNIPAM-pAA + MB forms particles or larger aggregates, but due to its 
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absorption range, DLS could not be performed to verify this. However, this was 

investigated using SAXS as shown in Figure 20. A core-shell spherical model was used 

since with the presence of the MB at the core, the theoretical SLD value was high enough 

to provide sufficient contrast. The SLD values for the corona, core and solvent were 

calculated to be 10.23x10-6 Å-2, 13.81x10-6 Å-2, and 9.42x10-6 Å-2, respectively. The 

modeled data indicated that the micelles had 4.7nm cores, and the Rg was found to be 

about 9.6nm by fitting the Guinier curve. 

 

 

Figure 19. (a) Absorbance spectroscopy plot comparing the absorbance of pure methylene blue (MB) 
(magenta), MB with pNIPAM–pAA (black), MB with diblock copolymer (DCP)/homopolymer (HP) micelles 
(gray), and MB with DCP/DCP micelles (orange). No quenching is observed for MB with the two micelle 
systems, indicating no encapsulation may be occurring. MB with pNIPAM–pAA shows the formation of MB 
trimers (peak at 575nm)and a quenched intensity due to the electrostatic interaction of MB with the pAA 
block. (b) The fluorescence intensities of the pure pLK-Rhod (red), and pLK-Rhod containing DCP/HP (blue) 
and DCP/DCP (black) micelles at varying concentrations of pLK-Rhod loading is plotted against the cationic 
loading %. Higher degree of quenching is observed with higher loading due to an increased local 
concentration upon encapsulation. Reprinted with permission from Shah et al.[100] Copyright © 2019, 
American Chemical Society.  
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Figure 20.SAXS data indicates the formation of spherical micelles when 50% MB is added to pNIPAM-
pAA. The data is fit using a core-shell spherical model. 

 

The MB micelle samples were prepared with the addition of MB to pNIPAM-pAA, 

followed by the addition of the polycation. This therefore indicates, that after the initial 

interaction of MB with pNIPAM-pAA whereby spherical structures are formed as shown 

in Figure 20, the addition of pLK or pEG-pLK displaces the MB, despite the off-

stoichiometric ratio between pNIPAM-pAA and the polycations. That is to say, that the 

strong electrostatic interactions between pNIPAM-pAA and the polycations forces the MB 

molecules to behave like counterions as the PEC is formed. It has been shown that 𝜋 − 𝜋 

interactions enable the encapsulation of MB, and it may be interesting to investigate this 

aspect in future work.[178] And hence it is hypothesized that for PEC micelles with solid 
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cores, encapsulation of monovalent molecules, without additional molecular interactions, 

may not be possible.  

To verify that for the MB with micelles, there were no further interactions with the 

micelle coronas, and to study the stability of the interaction of MB with pNIPAM-pAA, all 

samples (including pure MB in water) were dialyzed for 72 hours using a 5kDa cut-off 

dialysis tube (Figure 21). After 72 hours, nearly all the MB (~90%) from the pure MB and 

micelles samples was extracted. However, for MB with pNIPAM-pAA, over the period of 

dialysis, the amount of trimers began to diminish, with a simultaneous increase in 

monomers. At the end of the 72 hours, about a 70% decrease in monomer concentration 

was observed for the MB with pNIPAM-pAA sample, indicating that their interaction was 

not stable. Fluorescence spectroscopy of these samples had similar results. The 

combination of absorption and fluorescence studies of MB samples clearly shows that no 

encapsulation occurs in the micelles. 
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Figure 21. Absorption spectra of pure MB (a.), pNIPAM-pAA + MB (b.), DCP/HP + MB (c.), and DCP/DCP 
+ MB (d.) showing decreasing intensity over time. This indicates that there was no encapsulation as the 
MB molecules diffuse out of the sample over time.[100] 

 

Having evaluated the encapsulation capability of MB in the two micellar systems, 

pLK-Rhod was examined next. The conformation of rhodamine used was 5(6)-

Carboxytetramethyl rhodamine, that is a fluorescent dye with excitation and emission 

wavelengths of 555 nm and 580 nm respectively.[177] Micelle samples with four loading 

amounts of pLK-Rhod were made – 5%, 10%, 30% and 50% cationic charge. A simple 

UV-absorption test of the pure pLK-Rhod revealed the 𝜆max of absorption to be at about 
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560 nm with a shoulder at 524 nm (Figure 22). However, a comparison of the absorption 

spectra of pure pLK-Rhod and pLK-Rhod with the micelles showed quenched intensities, 

as one would expect with encapsulation, for each respective loading amount. The degree 

of quenching was greater with a higher loading amount (Figure 22). The same samples 

were probed with a fluorometer, and the quenching of intensities was defined better. 

Again, there was more quenching at higher loading due to self-quenching (Figure 19b).  

The degree of self-quenching is greater at higher loading amounts as the local 

concentration of fluorophores increases due to higher encapsulation. With the 

combination of absorption and fluorescence data for the pLK-Rhod samples, there is 

unequivocal evidence of encapsulation.  

To analyze the loading efficiency of the micelles with pLK-Rhod, centrifugal 

Amicon filtration tubes with 30kDa cut-off were used to filter the unencapsulated pLK-

Rhod from the micelle solution. Fluorescence spectroscopy was performed on the initial 

pLK-Rhod loaded micelle samples, and on the filtrates after centrifugation. The same was 

also done with pure pLK-Rhod at the four concentrations in water. The fluorescence 

intensities of the filtrates of the micelle samples and the pure pLK-Rhod solutions were 

compared with their respective concentrations and the percentage of loading was 

calculated. Shown in Table 8 below, the DCP/HP micelles seemed to encapsulate 

between 85% and 91% (higher for higher loading amounts), and the DCP/DCP system 

encapsulated about 66% to 80% of the introduced pLK-Rhod.  
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Table 8. Table showing the loading or encapsulation amount of pLK-Rhod in each sample.[100] 

Sample 
pLK-Rhod 

concentration   (cationic 
charge %) 

Loading 
Amount (%) 

DCP/HP + pLK-
Rhod 

5 84.7 

10 88.2 

30 90.0 

50 90.8 

DCP/DCP + pLK-
Rhod 

5 66.3 

10 76.8 

30 83.2 

50 80.3 
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Figure 22. Absorbance spectroscopy of a. 30% and 50% pLK-Rhod micelles and b. 5% and 10% pLK-Rhod 
micelles.[100] 

 

3.4.2 Post-transition pLK-Rhod encapsulated pNIPAM-micelles 

The next step was to test the ability of these systems to release the encapsulated 

cargo using a temperature trigger. The fluorescence intensities of the labeled micelles 
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were measured at three different conditions. They were first measured at room 

temperature to obtain a baseline intensity of the encapsulated pLK-Rhod, then at 50oC to 

look at release, and finally they were re-cooled to 24oC to look at reversibility. Figure 23 

shows the fluorescence intensities for these measurements for both systems. This is 

further confirmation that the pNIPAM-micelles are not fully reversible, as discussed in 

Chapter 2, given that the fluorescence intensity decreases at higher temperature but is 

not recovered when the samples are cooled. The decrease in intensity at 50oC can be 

attributed to the dense aggregation of the micelles, which further increases localized 

concentration of fluorophores, increasing the degree of self-quenching. To confirm that 

the sole contributor to the decreased intensity was not thermal bleaching of the dye, the 

same reversibility test was performed on a solution of pure dye. Shown in Figure 24 

below, although a decreased intensity at 50oC is observed, it is recovered upon cooling. 

Since the post-transition aggregated structure is still to be studied, especially for the 

DCP/HP system, it is unclear whether this particular system can be employed as a 

temperature-triggered delivery vesicle. However, the temperature-trigger may be a useful 

approach to create on-demand protective environments for therapeutics during the 

process of delivery or to trap delivery vehicles in a particular part of the body. 
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Figure 23. Pre heat-cycle (24oC), post-transition (50oC), and post heat-cycle (24oC) fluorescence intensities with varying 
loading % of pLK-Rhod of (a) diblock copolymer (DCP)/homopolymer (HP) micelles and (b) DCP/DCP micelles. Post-
transition, there is decreased fluorescence intensity likely due to aggregation of the micelles. The fluorescence is not 
recovered after the heat-cycle, which is expected as the micelles are not reversible.[100] 
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Figure 24. Fluorescence intensity of pure pLK-Rhod under cyclic 
heating shows decreased intensity when heated, but the intensity 
is recovered when re-cooled.[100] 
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3.5 Conclusion  

Understanding the encapsulation capabilities of PEC micelles is important. It is 

necessary when designing drug delivery carrier to have knowledge about what kind of 

cargo the PEC micelles can encapsulate and deliver. In this work, we use two separate 

model cargo – one with a single positive charge (MB) and the other being a polycation 

(pLK-Rhod), to identify the selectivity in encapsulation. While it was identified that the 

encapsulation of MB could not be mediated through electrostatic interactions alone, there 

may be other secondary interactions that could be leveraged to do so. Our group recently 

demonstrated the encapsulation of MB in bulk PEC by leveraging 𝜋-interactions and 

hydrophobic interactions by using specific designer peptide sequences with hydrophobic 

amino acid residues.[179] They concluded that this mode of encapsulation is also stable 

against changes in ionic strength, since electrostatic interactions and cation-𝜋 interactions 

may be shielded by salt ions, but these short range interactions wouldn’t be affected by 

the salt ions. In addition, this work also validates the expectation for encapsulating shorter 

oligonucleotides in PEC micelles for therapeutic applications.  

A temperature trigger could not be used in this case as a mechanism for release, 

as indicated by the decrease in fluorescence intensity. However, the dense aggregates 

formed due to an increase in temperature may be used to create on-demand protective 

environments for the sensitive therapeutics. A study has used pNIPAM similar to the 

DCP/DCP system discussed above to form core-shell-corona structures, which provides 

greater protection to the DNA being encapsulated.[170] Another study has used a 

thermoresponsive polymer (polyoxazoline) as the middle block of a triblock copolymer to 
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form a protective shell in a core-shell-corona structure.[180] Additionally, one could also 

use the temperature-driven aggregation as a means to localize circulating carriers by 

using polymers with LCSTs greater than body temperature and creating hyperthermic 

environments using high intensity focused ultrasound (HIFU).  
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4. MOLECULAR EXCHANGE OF ENCAPSULATED MOLECULES 

BETWEEN PEC MICELLES WITH SOLID AND LIQUID CORES 

 

4.1 Introduction 

As previously mentioned, PECs can either be liquids or solids. The primary 

determinant in the solid or liquid phase separation is based on degree of intrinsic or 

extrinsic ion pairing.[29], [97] Intrinsic ion pairing occurs between the polycation and 

polyanion, while extrinsic ion pairing occurs between polyelectrolyte and counterion. A 

higher degree of intrinsic ion pairing leads to the formation of solid precipitates. An 

alteration in the solution ionic strength or salt concentration affects the degree of intrinsic 

ion pairing, as the salt ions shield the polyelectrolyte charges, allowing for a 

maneuverability between the formation of solid or liquid complexes. This applies to the 

PEC micelles in a similar manner. PEC micelles made using polypeptides with liquid 

cores have been shown to form smaller, low dispersity structures compared to those with 

solid cores that are kinetically trapped.[29], [98] Demonstrations of solid core micelles 

formed between polycations and nucleic acids having worm-like form factors as 

compared to spherical liquid core micelles have been made as well.[68], [99] It is 

important to note that with some PEC micelles, information about core characteristics is 

obtained from bulk complex investigations. However, methods such as circular dichroism 

(CD) may be used with polypeptide based PEC micelles, where the secondary structure 

can be used to identify the formation of solid or liquid- core micelles.[29] The addition of 

salt to PEC micelles has been shown to cause morphological changes too, from spherical 
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to worm-like as the core, and ultimately complete dissolution with a sufficiently high salt 

concentration.[80], [121], [181]  

Although the effects of salt on complex formation have been studied extensively, 

experimental and simulation work to determine the fractional presence of salt ions in the 

polymer rich phase is still underway. Li et al. were able to show the need to consider 

excluded volume of the polyelectrolytes when modelling the complex, which caused a 

deviation from the widely accepted Voorn-Overbeek model.[182]–[184] Their work 

showed that the amount of salt trapped in the complex phase was lower than previously 

considered. Further, no direct correlation was made between the salt concentration in 

bulk complex and that in the core of a PEC micelle in that study. Presumably, the amount 

of salt required for a solid-to-liquid transition for a micelle would be lower due to the 

significantly higher surface area. Recent simulation work has shown that salt has a 

tendency to partition to the core-corona interface due to the lowest polymer excluded 

volume.[60], [185] Traditionally, determination of phase separation and effect of salt 

concentration is studied predominantly through optical microscopy, turbidimetry 

measurements, thermal analysis, and solution conductance. However, with PEC 

micelles, the size and polymer concentration are limiting factors for the application of 

these methods to evaluate effects of solid or liquid complexes in PEC micelle formation. 

In this chapter we will look at the effect of salt on solid-core PEC micelles and their 

ability to exchange molecules, a feature mentioned in Chapter 3 and our previous 

work[100] that was not likely with solid core micelles. Previously, we showed that solid 

core micelles formed between pNIPAM-pAA and pLK, and pNIPAM-pAA and pEG-pLK. 
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Using the fluorescently labeled polycation, pLK-Rhod, it was shown that the mixture of 

pLK-Rhod loaded micelles and non-loaded micelles did not result in a redistribution of 

fluorophore between the two micelle types, i.e. there was no molecular exchange.[100] 

Work by Kataoka et. al. demonstrated the displacement of pDNA from a pEG-pLK micelle 

with the introduction of a high concentration of poly(aspartic acid).[113] Additionally, work 

by Tirrell et. al. points toward the likelihood of molecular exchange with the observation 

that partial micelle populations may be undergoing disassembly and reassembly in short 

timescales (< 10 s) in the presence of charged molecules and cell-membrane 

mimetics.[186] Additionally, as discussed in Section 1.3, it is likely that PEC micelles 

undergo continuous expulsion/insertion events, with liquid-core micelles likely displaying 

faster kinetics. The inability for our micelles to exchange molecules was attributed to the 

kinetically trapped solid-like PEC core. Salt-induced solid to liquid transition studies for 

the pNIPAM-based micelles was difficult given the lowered solubility of pNIPAM in the 

presence of salt. Here, the pNIPAM block is replaced with a pEG block to consider a 

specific question: “Can the addition of salt to solid-core PEC micelles promote molecular 

exchange?” Therefore, we will address the fundamental difference between solid- and 

liquid core micelles and identify whether molecular exchange depends on the state of the 

PEC core. 

 As mentioned in Chapter 1 while discussing the formation of PEC micelles, there 

is evidence of chain expulsion and insertion events. This was first referenced by Holappa 

et al., in which they studied the effects of mixing two micellar systems made of 

fluorescently labeled diblock copolymers and homopolymers, labeled with pyrene and 
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naphthalene groups.[187] The FRET emission (referred to as non-radiative energy 

transfer or NRET in their work) was monitored for the mixed micelles, which was found to 

increase rapidly at first and then plateau over time. They suggested that there were likely 

two events contributing to the exchange of diblock copolymers, chain expulsion/insertion 

and micelle fusion/fission. However, micelle fusion/fission was later considered 

inapplicable by the work of Hao et al in 2019.[54] Particularly with molecular exchange 

mechanics, Bos et al. were the first to discuss the effects of salt concentration and 

charged block lengths on the rate of chain exchange.[188] They determined that the 

exchange rate would not be altered by adding a stable component of the same charge, 

and hence the rate would be unaffected by changes to the charged block lengths if the 

overall charge was conserved. And as for salt concentration, they showed that the FRET 

efficiency would decrease with increase in salt as that would decrease the fluorophore 

volume fraction. FRET efficiency refers to the portion of energy transferred from an 

excitation state donor fluorophore to an acceptor fluorophore molecule, the specifics of 

this method will be discussed below. The decrease in FRET due to the addition of salt 

was also observed by Nolles et al., who used FRET to study the formation and chain 

exchange kinetics of PEC micelles containing proteins.[189] 

 In this Chapter, we will discuss three unique micellar systems and study them 

using physiochemical characterization methods to establish the effect of solid and liquid 

cores of PEC micelles on molecular exchange behavior. These will be referred to as Case 

Study 1, 2, and 3, respectively. These have been described in more detail, in Table 9 

below. While the work by others mentioned above looks at molecular exchange in PEC 
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micelles, no distinction is made between micelles with solid or liquid cores. We believe 

that this would play an important role in the chain exchange mechanics.  

 

Table 9. The four unique micellar systems used to study molecular exchange. Case Study 1, 2, and 3 use 
anionic diblock to encapsulate pLK-Rhod and pLK-Fluo, with pLK.  

Case Study Polyanion Polycation Core phase 
Solid-to-Liquid 

Transition Parameter 

1 pEG-pAA pLK Solid Salt (NaCl) 

2 pEG-pLE pLK Solid Urea 

3 pEG-pLD pLK Liquid N/A 

 

Case Study 1 is an extension of the previous work done using pNIPAM-pAA and 

pLK micelles, however the pNIPAM is replaced with pEG to eliminate experimental 

complications arising from the effects of salt on the LCST of pNIPAM. Here, the addition 

of salt is used to cause a solid-to-liquid transition in the PEC core. Case Study 2 uses to 

homochiral polypeptides – poly(L-glutamic acid) and poly(L-lysine), where the pLE is 

conjugated to pEG. The homochiral polypeptides tend to form a 𝛽-sheet structure upon 

complexation, producing PEC micelles with solid cores.[29] It has been shown that the 

addition of urea can disrupt the H-bonding that promotes the secondary structure, and 

lead to a solid to liquid transition in these micelles.[29] Case Study 3 is a simpler system, 

made using pEG-poly(L-aspartic acid) (pEG-pLD) and pLK. The ring-opening 

polymerization of N-carboxyanhydrides (NCAs) used to synthesize the molecule forms 

racemic pLD.[65] Therefore, the micelles formed between pEG-pLD and pLK would have 

a liquid PEC core. For Case Study 1, 2 and 3, pLK30 labeled with fluorescein (pLK-Fluo) 
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and rhodamine (pLK-Rhod) molecules were synthesized using SPPS as described in 

Section 3.3.1 and encapsulated in the respective micelle systems. FRET experiments 

were performed on these systems to study molecular exchange.  

 

4.2 Materials 

The poly(ethylene glycol)5k-b-poly(acrylic acid)3.3k (pEG-pAA) used in this study 

was purchased from Polymer Source Inc. (Dorval, Quebec, Canada). The poly(L-lysine 

hydrochloride)8.2k (pLK) and poly(ethylene glycol)5k-b-poly(L-lysine hydrochloride)8.2k 

(pEG-pLK) were purchased from Alamanda Polymers (Hunstville, AL, USA). The 

polymers were chosen with closely matching charged block lengths as micelles would not 

form between pEG-pAA and pEG-pLK if the charged block lengths were unequal due to 

chain length recognition. These were used without further purification. Sodium chloride 

(NaCl) and sodium hydroxide (NaOH) were bought from Fisher Scientific (Fair Lawn, NJ, 

USA). Fluorenylmethyloxycarbonyl chloride (FMOC) and tert-butyloxycarbonyl (BOC) 

protected L-lysine was purchased from Chem-Impex (Wood Dale, IL, USA). Rink Amide 

resin was purchased from NovaBioChem (Burlington, MA, USA). (5(6)- 

Carboxytetramethylrhodamine) (Rhod) was purchased from ChemPep (Wellington, FL). 

5(6) Carboxyfluorescein (FITC) was purchased from Sigma Aldrich (St. Louis, MO). 

Glycerol (gly) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The distilled (DI) 

water used was triple filtered using a 0.2 mm syringe filter. 1% uranyl acetate solution 

and 400 mesh formvar/carbon Cu grids for transmission electron microscopy were 
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purchased from Electron Microscopy Sciences (Hatfield, PA, USA).  The quartz cuvettes 

were purchased from FireflySci (Northport, NY). 

 

4.3 Methods 

4.3.1 Förster resonance energy transfer (FRET) 

FRET is a powerful tool to analyze molecular level interactions. It is distance 

dependent, and most effective at probing interactions between 1-10nm (Förster 

radius).[190] It is the process of nonradiative transfer of energy from an excitation state 

fluorophore (donor) to another fluorophore (acceptor), typically called a FRET pair. This 

requires that there is an overlap in the excitation spectrum of the acceptor molecule and 

the emission spectrum of the donor molecule, such that the initial excitation of the donor 

molecule transfers some of its emitted energy to the acceptor molecule, when within the 

Förster radius. In this work, FRET is used to study molecular exchange using two 

fluorophores, fluorescein (donor) and rhodamine (acceptor). Fluorescein has an 

excitation wavelength of 495nm and an emission spectrum with a peak at 520nm.[191], 

[192] Rhodamine, as discussed in Chapter 3, has an excitation wavelength of 555nm and 

an emission spectrum with a peak at 580nm. The emission spectrum of fluorescein 

however, overlaps with the excitation spectrum of rhodamine, making it possible to use 

them as a FRET pair. A Horiba PTI QM-400 fluorometer was used to perform all 

fluorescence and FRET experiments in this Chapter, with a low-volume quartz cuvette 

(1cm path length). 
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4.4 Results and discussion 

4.4.1 Characterization of pEG-Micelles  

The pEG-pAA + pLK and pEG-pAA + pEG-pLK micelles were studied using DLS, 

TEM and SAXS at three polymer concentrations – 0.04mM, 0,08mM, and 0.16mM. Figure 

25 is a negatively-stained TEM image of the two micelle systems, showing identifiably 

sphere-like structures. Only the 0.04mM samples were imaged since higher concentration 

samples tended to aggregate upon drying, making imaging difficult. Table 12 lists the light 

scattering data for these micelles. The scattering intensities of the micelles 

correspondingly increase with increasing polymer concentration, since more particles are 

formed. The scattering intensity of the 0.04 mM pEG-pAA + pEG-pLK sample was not 

sufficiently high to produce a correlation function with negligible error, and hence no size 

information was obtained. The size of the particles for both systems seems to increase 

by about 10% with increasing concentration. This trend is seen with the diffusion 

coefficient values as well, which are seen to decrease with increasing concentration, 

where lower diffusion coefficient values correspond to larger scatters.  

SAXS data shown in Figure 26 for the three polymer concentrations is fit in IgorPro 

using the NCNR package.[167] A log normal spherical form factor is used to fit the data 

which is summarized in Tables 10 and 11. These were modeled negating the structure 

factor since the samples were dilute solutions and inter-particle interactions would not be 

an impactful factor. As with the pNIPAM-micelles discussed previously, these pEG-

micelles were also considered to be uniform density scatterers since the SLDs of the 

component did not provide significant scattering contrast individually. The SLD values 
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used for the pEG-pAA + pLK and pEG-pAA + pEG-pLK were 10.64×10-6Å and 10.46×10-

6Å respectively, calculated as monomer weighted average of the components, using the 

SLD calculator in the NCNR package. SAXS data, shown in Figure 26, was fit in the 

Guinier region using the Irena Unified fitting tool to obtain radius of gyration (Rg) values 

(listed in Table 12). The hydrodynamic radius (Rh) was half the diameter of the particles 

as reported via DLS. The Rg/Rh ratio is indicative of the distribution of mass in a particle, 

where a ratio of 0.77 is that of a uniform density sphere.[104] A ratio less than 0.77 

indicates greater concentration of mass closer to the core. As previously reported, the 

pAA + pLK core is expected to be a solid-like precipitate[100], which would account for 

this. Additionally, the pEG-pAA + pEG-pLK micelles have a lower Rg/Rh ratio than the 

pEG-pAA + pLK micelles. In the work by Harada et al. using pEG-p(Asp) with either pEG-

pLK or pLK, they found that the Rg increased with increasing length of the charged block 

in the block copolymer but was independent of the length of the homopolymer.[66] They 

also found that the association number of the system with the homopolymer was 

significantly higher than that of the system with two block copolymers.[66]  This explains 

the lower Rg values for the pEG-pAA + pEG-pLK micelles as shown in Table 12. 

Additionally, the two block copolymers would also be producing a denser corona with 

maximum molecular density at the core-corona interface, causing the pEG chains to 

extend, as discussed in Harada et al.[34] This increase in size is reflected in the slight 

increase in the pEG-pAA + pEG-pLK micelle sizes in Table 12.   
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Figure 25. Negatively-stained TEM image of (a) pEG-pAA + pLK and (b) pEG-pAA + pEG-pLK micelles at 
0.04mM polymer concentration. The scale bar is 100nm. 

 

 

Figure 26. SAXS data of (a) pEG-pAA + pLK and (b) pEG-pAA + pEG-pLK micelles at 0.04mM, 0.08mM 
and 0.16mM polymer concentration. These spherical micelles were fit using a log normal sphere model for 
the form factor in IgorPro.  
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Table 10. Summary of the modeled data shown in Figure 26a of the pEG-pAA + pLK micelles. 

pEG-pAA + pLK Micelles 

 0.04mM 0.08mM 0.16mM 

Scale 5.52E-04 1.25E-03 2.69E-03 

Mean radius (nm) 6.2 7.7 7.8 

Sigma 0.303 0.274 0.256 

Background (cm-1) 1.18E-04 1.88E-04 2.63E-04 

𝝌2 213.0 146.4 300.0 

 

Table 11. Summary of the modeled data shown in Figure 26b of the pEG-pAA + pEG-pLK micelles. 

pEG-pAA + pEG-pLK Micelles 

 0.04mM 0.08mM 0.16mM 

Scale 7.33E-04 1.45E-03 3.52E-03 

Mean radius (nm) 4.5 5.0 6.0 

Sigma 0.321 0.303 0.256 

Background (cm-1) 0.0001179 0.000179545 0.000214103 

𝝌2 92.5 184.7 430.9 
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Table 12.DLS data of the pEG-pAA + pLK and pEG-pAA + pEG-pLK micelles at polymer concentrations of 0.04mM, 0.08mM, and 0.16mM. 
The Rg values were found by fitting the Guinier region of the SAXS data in Figure 26. 

Sample 
Polymer 

Concentration 
(mM) 

Intensity 
(kcps) 

Diameter 
(nm) 

Polydispersity 
Diffusion 

Coefficient 
(×10-8cm2/s) 

Rg Rg/Rh 

pEG-pAA + 
pLK  

0.04 27.64 ± 0.36 40.7 ± 0.7 0.266 ± 0.025 11.56 ± 0.12 8.1 0.398 

0.08 70.74 ± 3.94 44.1 ± 1.0 0.266 ± 0.011 10.67 ± 0.23 8.8 0.399 

0.16 183.74 ± 13.9 49.4 ± 1.7 0.281 ± 0.012 9.55 ± 0.32 9.1 0.368 

pEG-pAA + 
pEG-pLK 

0.04 12.88 ± 0.56 - - - 6.7 - 

0.08 26.18 ± 0.72 46.6 ± 2.6 0.327 ± 0.018 10.20 ± 0.57 6.9 0.296 

0.16 53.63 ± 0.68 51.1 ± 3.0 0.299 ± 0.017 9.25 ± 0.53 7.1 0.278 
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4.4.2 Salt-induced morphological and phase-transition in solid-core pEG-micelles 

As discussed in Section 2.4.1, the addition of salt to pNIPAM-pAA micelles causes 

the LCST to decrease, making it difficult to study the effects of salt on the complex core 

on its own. Therefore, the pNIPAM blocks were replaced with pEG blocks, however, the 

charged segments were kept the same – pAA and pLK. A combination of DLS and SAXS 

was used to characterize the pEG-pAA + pLK and pEG-pAA + pEG-pLK micelles at salt 

concentrations of 0, 250mM, 500mM, 750mM and 1000mM (Figure 27 and Table 13). For 

the pEG-pAA + pLK micelles, there was a structural change observed in the SAXS data 

from spherical to worm-like. The SAXS data for the 0mM and 250mM NaCl pEG-pAA + 

pLK samples were fit using a log normal sphere form factor using the NCNR package[167] 

in IgorPro and found to have radii of 6.71nm and 7.37nm, respectively.  The 500mM NaCl 

pEG-pAA + pLK sample was fit using a polydisperse radius cylinder form factor and was 

found to have a radius of 13.28nm and a length of 58.14nm. At 750mM and 1000mM 

NaCl, there was no discernable structure formed. This would be cause by excessive 

shielding of charges between the polyelectrolytes. It can be inferred from this, that the 

solid-to-liquid transition hence, occurs between 0-500mM NaCl. The pEG-pAA + pEG-

pLK micelles remain spherical from 0-500mM NaCl, indicated by the 0 slope at low-q. The 

left-shifting Guinier region indicates an increasing size, which is expected with the added 

salt causing the PEC core to swell. The future molecular exchange studies on Case Study 

1 micelles are done within 0-500mM salt concentration range. The Rh and Rg in both 

micelle systems also increase with increasing salt concentration (Table 13). As the PEC 

core swells, the size of the micelles increase, hence the increase in the Rh and Rg. 
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However, the Rh increases to a greater extent as compared to the Rg since the larger core 

decreases the pEG corona density, having a competing effect on the Rg. As a result, while 

both Rh and Rg, increase, the Rg/Rh ratio decreases with increasing salt concentration. 

 

 

Figure 27. SAXS data of (a) pEG-pAA + pLK and (b) pEG-pAA + pEG-pLK micelles at 0.08mM, with varying 
salt concentrations of 0-1000mM NaCl.  
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Table 13.DLS data of the pEG-pAA + pLK and pEG-pAA + pEG-pLK micelles at 0.08mM, with varying salt concentrations of 0-1000mM. 
The blank cells were due to scattering intensities being too high and producing inconsistent results or being too low to produce a clear 
autocorrelation function.  

Sample 
Salt 

Concentration 
(mM) 

Intensity (kcps) 
Diameter 

(nm) 
Polydispersity 

Diffusion 
Coefficient 
(×10-8cm2/s) 

Rg Rg/Rh 

pEG-pAA + 
pLK  

0 70.74 ± 3.94 44.1 ± 1.0 0.266 ± 0.011 10.67 ± 0.23 8.8 0.399 

250 360.92 ± 15.20 88.0 ± 2.9 0.139 ± 0.027 5.36 ± 0.18 11.2 0.254 

500 668.28 ± 30.03 144.1 ± 4.5 0.183 ± 0.010 3.27 ± 0.10 17.1 0.237 

750 
1535.44 ± 

262.80 
- - - - - 

1000 48.77 ± 0.77 - - - - - 

pEG-pAA + 
pEG-pLK 

0 26.18 ± 0.72 46.6 ± 2.6 0.327 ± 0.018 10.20 ± 0.57 6.9 0.296 

250 71.74 ± 0.76 47.3 ± 0.3 0.126 ± 0.009 9.97 ± 0.07 8.4 0.356 

500 111.42 ± 12.95 63.5 ± 3.2 0.101 ± 0.022 7.45 ± 0.36 8.3 0.261 

750 189.62 ± 5.26 132.8 ± 3.2 0.163 ± 0.025 3.55 ± 0.09 9.7 0.146 

1000 14.06 ± 1.44 - - - - - 
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4.4.3 pLK-Dye encapsulation in pEG-micelles 

While all following encapsulation and FRET related experimental work was done 

using significantly lower concentration of dye (1% for pLK-Fluo and 2% for pLK-Rhod) 

due to instrument limitations, it is important to look at the micelle samples without any 

pLK-Rhod and with 5% pLK-Rhod in Figure 28. The SAXS datasets overlap, indicating 

no change to the micelle structure while encapsulating low concentrations of pLK-dye. 

The micelle samples for Case Study 1, 2 and 3 were made using 1% cationic charge of 

pLK-Fluo and 2% cationic charge of pLK-Rhod. Additionally, for the purpose of simplifying 

the following experiments, only the pEG-pAA + pLK system was considered. The 

molecules being encapsulated are homopolymers, and hence studying the DCP/HP 

system would mean that some of the polycation homopolymer (pLK) would be replaced 

by another tagged polycation homopolymer (pLK-dye) which shouldn’t affect the 

complexation and micelle formation. 
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Figure 28. SAXS measurement of Case Study 1 micelles (pEG-pAA + pLK) with 0-50% cationic charge of 
pLK-Rhod. 5% addition of pLK-Rhod does not affect the morphology of the micelles, but further increase 
in loading concentration cause a structural change from spherical to likely worm-like. This is indicated by 
the upturn in low-q and the Guinier region shifting to low-q (larger structures).  

 

At first, the micelles were characterized using DLS. In this step, two things were 

evaluated – kinetics of formation and size. Figures 29 to 34 below show the scattering 

intensity, diameter and diffusion coefficient of the pLK-Rhod and pLK-Fluo micelles of 

Case Study 1, measured at specific time intervals. The time to equilibration was estimated 

to be at the onset of the steady-state regimes of the curves. For these micelles 

specifically, equilibration took between 12-24 hours. The raw data for this experiment is 

shown in Tables 14, 15, and 16. The addition of salt shows an increase in the size of the 

micelles, which is expected as the PEC swells due to a higher water content. Additionally, 
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from the SAXS measurement in (Figure 28), it is known that there is a morphological 

change from sphere-to-worm, which would also result in an increased Rh, both physically 

and mathematically since the Stoke-Einstein equation used to calculate the Rh assumes 

spherical scatterers.[153] The increase in size of the scatterers with the increase in salt 

concentration is also indicated by the decrease in the diffusion coefficients. At equilibrium, 

the pLK-Rhod and pLK-Fluo micelles are about 50nm in diameter at 0 salt condition and 

have a calculated Rh of about 150nm at 500mM salt.   

 

 

 

Figure 29. Kinetic measurement of the scattering intensities of Case Study 1 micelles with pLK-Rhod and 
varying concentration of salt over 120 hours.  
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Figure 30. Kinetic measurement of the diameters of Case Study 1 micelles with pLK-Rhod and varying 
concentration of salt over 120 hours. 

 

 

Figure 31. Kinetic measurement of the diffusion coefficients of Case Study 1 micelles with pLK-Rhod and 
varying concentration of salt over 120 hours. 

 

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120

D
ia

m
e
te

r 
(n

m
)

Time (Hr)

0mM Salt

100mM Salt

200mM Salt

300mM Salt

500mM Salt

0

2

4

6

8

10

0 20 40 60 80 100 120

D
if
fu

s
io

n
 C

o
e
ff

ic
ie

n
t 

(×
1
0

-8
c
m

2
/s

)

Time (Hr)

0mM Salt

100mM Salt

200mM Salt

300mM Salt

500mM Salt



103 
 

 

Figure 32. Kinetic measurement of the scattering intensities of Case Study 1 micelles with pLK-Fluo and 
varying concentration of salt over 120 hours. 

 

 

Figure 33. Kinetic measurement of the diameters of Case Study 1 micelles with pLK-Fluo and varying 
concentration of salt over 120 hours. 
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Figure 34. Kinetic measurement of the diffusion coefficients of Case Study 1 micelles with pLK-Fluo and 
varying concentration of salt over 120 hours.
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Table 14. DLS data of the kinetic measurement of Case Study 1 micelles with pLK-Rhod and pLK-Fluo, at varying salt concentrations. This 
table shows the scattering intensities measured over 120 hours. 

Intensity (kcps) 
 pLK-Rhod Micelles pLK-Fluo Micelles 

Time 
(Hr) 

0mM 
Salt 

100mM 
Salt 

200mM 
Salt 

300mM 
Salt 

500mM 
Salt 

0mM 
Salt 

100mM 
Salt 

200mM 
Salt 

300mM 
Salt 

500mM 
Salt 

0 40.53 161.71 290.72 320.26 402.12 40.94 124.06 275.95 351.09 375.70 

4 63.09 178.03 311.68 340.59 438.35 64.44 103.57 294.45 370.75 410.62 

12 91.05 227.52 362.57 423.51 529.78 99.73 150.58 366.30 452.87 499.32 

24 105.61 219.19 362.55 406.63 517.94 122.26 138.22 351.40 446.14 492.74 

48 123.11 260.71 359.79 397.18 515.90 145.56 159.11 358.63 440 477.14 

72 125.94 265.73 360.08 395.83 496.14 153.40 181.22 350.42 435.93 471.04 

120 140.12 277.69 357.80 387.49 509.07 177.32 177.75 359.88 431.37 476.92 

 

Table 15. DLS data of the kinetic measurement of Case Study 1 micelles with pLK-Rhod and pLK-Fluo, at varying salt concentrations. This 
table shows the diameters measured over 120 hours. 

Diameter (nm) 

 pLK-Rhod Micelles pLK-Fluo Micelles 

Time 
(Hr) 

0mM 
Salt 

100mM 
Salt 

200mM 
Salt 

300mM 
Salt 

500mM 
Salt 

0mM 
Salt 

100mM 
Salt 

200mM 
Salt 

300mM 
Salt 

500mM 
Salt 

0 191.6 110.6 168.9 186.7 287.5 146.1 398.7 177.1 230.5 318.0 

4 76.6 104.4 163.4 173.9 278.9 96.7 179.0 154.0 232.5 317.6 

12 65.3 121.4 161.3 168.7 264.5 69.5 155.4 158.2 224.3 309.3 

24 62.3 120.3 153.3 172.6 258.3 62.6 138.4 158.3 236.9 320.0 

48 61.3 127.3 152.8 168.9 259.4 61.9 89.1 153.1 218.0 312.3 

72 59.1 119.1 153.1 172.3 262.4 59.5 86.5 149.9 222.4 305.9 

120 54.9 133.0 151.7 163.5 272.8 53.3 89.8 164.5 221.1 316.4 
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Table 16. DLS data of the kinetic measurement of Case Study 1 micelles with pLK-Rhod and pLK-Fluo, at varying salt concentrations. This 
table shows the diffusion coefficients measured over 120 hours. 

Diffusion Coefficient (×10-8 cm2/s) 
 pLK-Rhod Micelles pLK-Fluo Micelles 

Time 
(Hr) 

0mM 
Salt 

100mM 
Salt 

200mM 
Salt 

300mM 
Salt 

500mM 
Salt 

0mM 
Salt 

100mM 
Salt 

200mM 
Salt 

300mM 
Salt 

500mM 
Salt 

0 2.581 4.473 2.928 2.649 1.720 3.386 1.241 2.793 2.146 1.555 

4 6.385 4.682 2.988 2.808 1.751 5.052 2.728 3.166 2.100 1.537 

12 7.061 3.799 2.858 2.732 1.743 6.636 1.204 2.914 2.055 1.490 

24 7.753 4.007 3.144 2.794 1.866 7.696 3.479 3.042 2.032 1.504 

48 7.930 3.822 3.183 2.880 1.875 7.858 5.458 3.178 2.231 1.557 

72 7.752 3.847 2.993 2.659 1.749 7.714 5.303 3.061 2.065 1.501 

120 8.980 3.704 3.249 3.014 1.806 9.243 5.495 2.998 2.231 1.559 
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Case Study 2 micelles were also monitored in a similar manner to the Case Study 

1 micelles. Figures 35 to 40 show the scattering intensities, diameters and diffusion 

coefficients over a 120 hour period of the pLK-Rhod and pLK-Fluo. The pEG-pLE + pLK 

+ pLK-dye micelles without any urea equilibrate in about 24 hours, indicated by the 

plateau in all six figures. With increasing urea concentration, the equilibration time 

decreases, with the micelles reaching equilibrium condition about 12 hours with the 1M 

and 1.5M urea samples. As the addition of urea disrupts hydrogen bonds and a greater 

quantity of water is partitioned into the complex, the chain mobility increases, promoting 

faster equilibration. The raw data for the kinetic measurements are summarized in Tables 

17 to 19 below.  

 

 

Figure 35. Kinetic measurement of the scattering intensities of Case Study 2 micelles with pLK-Rhod and 
varying concentration of urea over 120 hours. 
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Figure 36. Kinetic measurement of the diameters of Case Study 2 micelles with pLK-Rhod and varying 
concentration of urea over 120 hours. 

 

 

Figure 37. Kinetic measurement of the diffusion coefficients of Case Study 2 micelles with pLK-Rhod and 
varying concentration of urea over 120 hours. 

 

0

50

100

150

0 20 40 60 80 100 120

D
ia

m
e
te

r 
(n

m
)

Time (Hr)

0M Urea

0.5M Urea

1M Urea

1.5M Urea

0

2

4

6

8

10

12

14

0 20 40 60 80 100 120

D
if
fu

s
io

n
 C

o
e
ff

ic
ie

n
t 

(×
1
0

-8
c
m

2
/s

)

Time (Hr)

0M Urea

0.5M Urea

1M Urea

1.5M Urea



109 
 

 

Figure 38. Kinetic measurement of the scattering intensities of Case Study 2 micelles with pLK-Fluo and 
varying concentration of urea over 120 hours. 

 

 

Figure 39. Kinetic measurement of the diameters of Case Study 2 micelles with pLK-Fluo and varying 
concentration of urea over 120 hours. 
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Figure 40. Kinetic measurement of the diffusion coefficients of Case Study 2 micelles with pLK-Fluo and 
varying concentration of urea over 120 hours. 
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Table 17. DLS data of the kinetic measurement of Case Study 2 micelles with pLK-Rhod and pLK-Fluo, at varying urea concentrations. This 
table shows the scattering intensities measured over 120 hours. 

Intensity (kcps) 

Time (Hr) 

pLK-Rhod Micelles pLK-Fluo Micelles 

0M 
Urea 

0.5M 
Urea 

1M 
Urea 

1.5M 
Urea 

0M 
Urea 

0.5M 
Urea 

1M 
Urea 

1.5M 
Urea 

0 268.84 286.79 278.03 281.09 293.37 285.50 293.76 296.63 

4 463.58 343.64 332.37 323.85 440.40 326.00 330.84 326.47 

12 881.49 483.66 447.06 430.06 834.64 470.75 444.66 436.97 

24 1091.33 626.80 496.26 445.84 1030.24 589.52 470.36 453.24 

48 1201.36 737.39 544.15 471.82 1131.41 708.73 518.50 467.35 

72 1218.36 786.30 587.66 487.44 1183.05 754.15 543.19 472.67 

120 1340.22 907.42 669.70 547.18 1317.71 868.14 490.53 624.49 

 

Table 18. DLS data of the kinetic measurement of Case Study 2 micelles with pLK-Rhod and pLK-Fluo, at varying urea concentrations. This 
table shows the diameters measured over 120 hours. 

Diameter (nm) 

Time (Hr) 
pLK-Rhod Micelles pLK-Fluo Micelles 

0M 
Urea 

0.5M 
Urea 

1M 
Urea 

1.5M 
Urea 

0M 
Urea 

0.5M 
Urea 

1M 
Urea 

1.5M 
Urea 

0 40.4 43.6 42.9 46.1 40.6 43.3 46.1 47.2 

4 54.1 45.1 46.2 47.7 54.8 44.8 47.4 48.0 

12 84.6 48.8 46.6 47.7 81.0 49.5 48.3 49.9 

24 112.6 61.2 52.1 50.2 103.1 58.8 53.5 50.1 

48 116.3 68.9 54.6 51.5 110.1 70.0 55.0 49.0 

72 120.0 72.6 58.3 51.9 114.6 73.5 57.0 49.5 

120 137.0 86.4 64.0 55.4 125.8 85.1 63.9 50.0 
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Table 19. DLS data of the kinetic measurement of Case Study 2 micelles with pLK-Rhod and pLK-Fluo, at varying urea concentrations. This 
table shows the diffusion coefficients measured over 120 hours. 

Diffusion Coefficient (×10-8 cm2/s) 

Time (Hr) 

pLK-Rhod Micelles pLK-Fluo Micelles 

0M 
Urea 

0.5M 
Urea 

1M 
Urea 

1.5M 
Urea 

0M 
Urea 

0.5M 
Urea 

1M 
Urea 

1.5M 
Urea 

0 12.280 11.380 11.570 10.770 12.210 11.450 10.760 10.150 

4 9.015 10.800 10.560 10.210 8.907 10.880 10.280 10.040 

12 5.447 9.452 9.889 9.664 5.690 9.309 9.541 9.248 

24 4.276 7.864 9.233 9.580 4.664 8.170 8.972 9.579 

48 4.182 7.063 8.902 9.442 4.420 6.953 8.838 9.929 

72 3.833 6.332 7.891 8.869 4.012 6.264 8.081 9.303 

120 3.602 5.708 7.706 8.905 3.921 5.800 7.720 9.877 
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The encapsulation of pLK-Rhod and pLK-Fluo was studied using fluorescence 

spectroscopy. A more sensitive instrument was needed since very low concentrations of 

fluorophore were being used, and so instead of the Biotek Cytation 5 imaging reader 

instrument previously used for fluorescence experiments, the following studies were done 

using the Horiba PTI QM-400 fluorometer. A low volume FireflySci quartz cuvette was 

used, with a path length of 1cm. 2% pLK-Rhod and 1% pLK-Fluo, calculated as a 

percentage of cationic charge were encapsulated in the Case Study 1, 2, and 3 micelles 

by addition of polyanion, pLK-dye and polycation, in that order. The pLK-Rhod samples 

were excited at 555nm and the emission spectra were collected from 570nm to 700nm, 

with the expected maxima at 580nm. The pLK-Fluo samples were excited at 495nm and 

the emission spectra were collected from 510nm to 700nm, with the expected maxima 

around 520nm.[191], [192] These measurements were done after allowing the samples 

to equilibrate for 24 hours. 

Figures 41 to 46 below show the pLK-Rhod and pLK-Fluo samples for Case Study 

1, at salt concentrations from 0-500mM NaCl. The backgrounds (Bkgs) are the pLK-Dye 

at the respective concentrations (2% in the case of pLK-Rhod and 1% for pLK-Fluo), at 

the appropriate salt concentrations. There is a noticeable difference in the pLK-Rhod 

spectra and the pLK-Fluo spectra. pLK-Rhod in the micelles do not display quenched 

intensities compared to the backgrounds. From the work discussed in Chapter 3, it was 

seen that pLK-Rhod did not display significant quenching at 5% loading, and hence the 

lower loading of 2% here also behaves in a similar manner. pLK-Fluo samples however, 

do display quenched intensities, as seen in Figures 44, 45 and 46. In addition to the 
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quenched intensities of pLK-Fluo in the micelles as compared to the backgrounds, there 

also seems to be an effect of salt on the fluorescence of pLK-Fluo. Figure 44 shows the 

pLK-Fluo backgrounds at the 5 salt concentrations, and quite clearly, there is a significant 

amount of quenching upon the initial addition of salt (100mM NaCl). This behavior is not 

mimicked by pLK-Rhod. To understand this further, the fluorescent molecule that was 

linked to pLK was studied at varying salt concentration, shown in Figure 47. Here, the 

same molar concentration of 5(6) Carboxyfluorescein (FITC) as pLK-Fluo was excited at 

495nm with varying salt concentrations from 0-500mM NaCl and emission spectra were 

collected. While there is some quenching with the addition of salt, it is not as significant 

as that of pLK-Fluo. It is likely that the extreme quenching in the pLK-Fluo intensity may 

be due to two additive factors – self-quenching and salt effects on FITC. The added salt 

may be decreasing the repulsion between pLK-Fluo chains, allowing for 𝜋 − 𝜋 interactions 

between the fluorophore to increase and cause some amount of self-quenching.  
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Figure 41. 2% pLK-Rhod backgrounds at 0-500mM NaCl concentrations for Case Study 1 samples. The 
fluorescence of pLK-Rhod is largely unaffected by salt concentration. 

 

 

Figure 42. 2% pLK-Rhod in Case Study 1 micelles (pEG-pAA + pLK) at 0-500mM NaCl concentrations. As 
with the backgrounds, the fluorescence of pLK-Rhod is also unaffected by increasing salt concentrations.  
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Figure 43. Comparison of pLK-Rhod micelles to the backgrounds at each salt concentration. There is no 
significant quenching at the low fluorophore concentration. 
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Figure 44. 1% pLK-Fluo backgrounds at 0-500mM NaCl concentrations for Case Study 1 samples. The 
fluorescence of pLK-Fluo is significantly quenched with the initial addition of salt. 

 

 

Figure 45. 1% pLK-Fluo in the Case Study 1 micelles (pEG-pAA + pLK) at 0-500mM NaCl concentration. 
There is a slight decrease in fluorescence intensity from 0 to 100mM NaCl, but beyond that there is no 
change.  
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Figure 46. Comparison of pLK-Fluo micelles to the backgrounds at each salt concentration of 0 to 500mM 
NaCl. The 0 salt sample displays the most self-quenching, while the samples with salt display decreased 
quenching.  
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Figure 47. Fluorescein isothiocyanate (FITC) at the 5 salt concentrations to investigate the effect of NaCl 
on the fluorophore. While there is some degree of quenched intensity, it is not as significant as that 
displayed by pLK-Fluo. 
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urea concentrations. In both cases, there is a noticeable trend of significant quenching 

that decreases with increasing urea concentration. This is likely due to the dense, solid 

complex core at low urea, promoting a high degree of self-quenching. The degree of self-

quenching decreases with increasing urea concentration as the hydrogen bonds are 

disrupted, more water is partitioned into the complex cores, and the cores swell.  

 

 

Figure 48. 2% pLK-Rhod backgrounds and Case Study 2 micelles at urea concentrations of 0-1.5M. The 
backgrounds are largely unaffected by the urea, but the fluorescence intensity is quenched in the micelles 
which decreases with increasing urea concentration. 
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Figure 49. 1% pLK-Fluo backgrounds and Case Study 2 micelles at urea concentrations of 0-1.5M. The 
backgrounds are largely unaffected by the urea, but the fluorescence intensity is quenched in the micelles 
which decreases with increasing urea concentration. 
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Figure 50. 2% pLK-Rhod backgrounds and Case Study 3 micelles (pEG-pLD + pLK). The quenched 
intensity indicates encapsulation. 

 

 

Figure 51. 1% pLK-Fluo backgrounds and Case Study 3 micelles (pEG-pLD + pLK). Higher degree of self-
quenching than pLK-Rhod. 
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In all three micelle systems (Case Study 1, 2, and 3), encapsulation of pLK-Rhod 

and pLK-Fluo was demonstrated.   

 

4.4.4 Investigating molecular exchange 

Molecular exchange was studied using FRET, by mixing equal volumes of pLK-

Rhod micelles with pLK-Fluo micelles. As mentioned earlier, FRET occurs when two 

fluorophores are within a certain critical radius, where the emission spectrum of the donor 

molecule overlaps with the absorption spectrum of the acceptor molecule. If molecular 

exchange between the pLK-Rhod and pLK-Fluo micelles were to occur, the two 

fluorophores would be near enough each other in the cores of micelles for FRET to occur.  

FRET efficiency is the ratio of the energy transferred from the excitation state 

donor molecule to the acceptor molecule and is inversely proportional to the distance 

between them. This has been mathematically interpreted in several different ways and a 

variety of analytical methods have been used to express FRET efficiency. Nolles et al. 

corrected for the direct excitation of the acceptor molecule and expressed FRET 

efficiency as a ratio of the emission intensity of the acceptor molecule to the sum of the 

emission intensities of the donor and acceptor molecules when excited at the donor 

molecule’s excitation wavelength.[189] In another study, FRET was used to determine 

the assembly of pEG-pLK and siRNA micelles, where FRET efficiency was expressed as 

the ratio of the emission intensity of the acceptor molecule to the donor molecule when 

excited at the donor molecule’s excitation wavelength.[193] Others have developed 
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analytical models to include the FRET efficiency dependence on the Förster radius, 

micelle core size, donor molecule size, and the number of fluorophores per micelle.[188] 

 In this work, we are considering three different micellar systems, where the 

fluorophore self-quenching behavior is not consistent since the micelle compositions 

would likely be varying as they transition from solid-to-liquid core (Case Study 1 and 2). 

In Case Study 1, the addition of salt to pLK-Fluo affects its fluorescence. Additionally, 

while pLK-Rhod does not display a quenched intensity compared to the backgrounds at 

the different salt concentrations, pLK-Fluo does display quenching in the micelles, 

compared to the backgrounds. In Case Study 2, both fluorophores present different 

degrees of self-quenching in the micelles compared to the backgrounds, and this 

decreases with increasing urea concentration. In Case Study 3, no external stimulus is 

used to cause a PEC phase transition since it has a liquid core to begin with. However, 

with such variation amongst the micelle systems, we chose to express FRET efficiency 

in a similar manner as done by Hytholt et al.[193] FRET efficiency is expressed as the 

ratio of the emission intensities of the acceptor molecule (pLK-Rhod) to that of the donor 

molecule (pLK-Fluo) when excited at the donor molecule’s excitation wavelength 

(495nm). These measurements were made immediately after mixing the pLK-Rhod and 

pLK-Fluo micelles and once again 24 hours after mixing.   
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Figure 52. Emission spectra of equal volume mixtures of the pLK-Rhod and pLK-Fluo Case Study 1 micelles 
when excited at 495nm at (a) 0mM NaCl, (b) 100mM, (c) 200mM, (d) 300mM, and (e) 500mM NaCl. 
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Figure 52 shows the emission spectra of equal volume mixtures of the pLK-Rhod 

and pLK-Fluo Case Study 1 micelles when excited at 495nm (excitation wavelength of 

pLK-Fluo). The red curves are for the background right after mixing (T0, solid red) and 24 

hours after mixing (T24, dotted red). The blue curves are for the mixed micelles right after 

mixing (T0, solid blue) and 24 hours after mixing (T24, dotted blue). The ratio of the 

emission intensities, defined here at the FRET efficiency are shown in Figure 53 below. 

The most noticeable difference is between the backgrounds and micelles, with the 

micelles having significantly higher FRET efficiency values as compared to the 

backgrounds. While this may be expected, the values are not a true reflection of “real” 

FRET between pLK-Rhod and pLK-Fluo since pLK-Fluo experiences quenching and 

hence has a decreased peak intensity, mathematically increasing the value of FRET 

efficiency. However, one way to nullify this effect on the analysis is by comparing each 

micelle mixture (or background mixture) to itself over time. 
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Figure 53. FRET efficiency, defined here as the ratio of emission intensities of pLK-Rhod (IR, 580nm) and 
of pLK-Fluo (IF, 520nm). While the FRET efficiency in micelles is expected to be higher than in the 
background, the quenching effects on pLK-Fluo due to salt and encapsulation (lower IF intensity) result in 
a higher mathematical value. The solid bars are right after mixing (T0) and the patterned bars are for the 
samples 24 hours after mixing. 
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900mM NaCl, while here with the highest change in FRET efficiency observed at 300mM 

NaCl, the solid-to-liquid transition may be occurring around that salt concentration. To be 

clear, this refers to the overall solution concentration. Work by Ong et al. has shown that 

salt partitioning in PEC micelles is greater than their bulk analogues due to greater 

accumulation of salt ions at the core-corona interface.[60] At the higher salt concentration 

of 500mM NaCl, the micelles are likely held together quite weakly, and the PEC phase is 

swollen and significantly more dilute. The sizes reported via DLS in Table 15 indicate 

structures with an Rh of about 140nm, compared to the Rh of about 27nm at 0mM NaCl, 

which would explain the lowered FRET efficiency. Additionally, as reported by Bos et al. 

and Nolles et al. this would also decrease the fluorophore volume fraction, lowering the 

amount of FRET. 
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Figure 54. The change in FRET efficiency over 24 hours after mixing. The backgrounds display a decrease 
over time, which is likely due to photobleaching. The micelles have no significant change in FRET efficiency 
for low salt conditions, but at 300mM and 500mM, FRET efficiency change is significant.  

 

Molecular exchange for the Case Study 2 micelles was also studied using the 

same analytical method. Figure 55 below shows the emission spectra of the mixed 
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mixing (dotted lines), when excited at 495nm. With these samples, the fluorophores in the 

micelles undergo self-quenching which decreases with increasing urea concentration. 
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Figure 55. Emission spectra of equi-volume mixtures of the pLK-Rhod and pLK-Fluo Case Study 2 micelles 
(pEG-pLE + pLK) when excited at 495nm at (a) 0M urea, (b) 0.5M urea, (c) 1M urea, and (d) 1.5M urea. 

 

Figure 56 below shows the FRET efficiency of the backgrounds and micelles at 

the four urea concentrations. Once more, due to the differences in the effects of 

quenching of the two fluorophores, the mathematical value of FRET efficiency isn’t likely 

to be the “real” FRET. The solid bars are for the samples at T0 and the patterned bars 

are for those at T24. 
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Figure 56. FRET efficiency, defined here as the ratio of emission intensities of pLK-Rhod (IR, 580nm) and 
of pLK-Fluo (IF, 520nm), of Case Study 2 samples. While the FRET efficiency in micelles is expected to be 
higher than in the background, the quenching effects on pLK-Fluo due to salt and encapsulation (lower IF 
intensity) result in a higher mathematical value. The solid bars are right after mixing (T0) and the patterned 
bars are for the samples 24 hours after mixing. 
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with increasing urea concentration. At 0 urea, we know the micelles have a solid core due 

to the formation of a 𝛽-structure, and hence no change in FRET is seen over 24 hours. 
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we know the micelles have a liquid PEC core.[29] At 1.5M urea, the micelles do get 

smaller, as shown in Table 18, which could likely mean fewer fluorophores per micelle 

and hence a lower FRET signal.  

 

Figure 57. The change in FRET efficiency over 24 hours after mixing Case Study 2 samples. The 
backgrounds display a decrease over time, which is likely due to photobleaching. The micelles have no 
significant change in FRET efficiency for low urea concentrations, but at 1M and 1.5M urea, FRET efficiency 
change is significant, with the maximum change at 1M urea. 

 

Finally, Case Study 3 can be considered a proof-of-concept type of experiment to 

show that the increased FRET efficiency is displayed by other PEC micelles with liquid 

cores as well. Figures 58, 59 and 60 show the emission spectra of the backgrounds and 

micelles, FRET efficiency, and change in FRET efficiency over 24 hours. The FRET 

efficiency increases significantly over the 24 hours, as expected for a liquid-core micelle. 
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Figure 58. The FRET emission spectra of Case Study 3 samples (pEG-pLD + pLK) right after mixing (T0) 
and 24-hours after mixing (T24).  
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Figure 59. FRET efficiency, defined here as the ratio of emission intensities of pLK-Rhod (IR, 580nm) and 
of pLK-Fluo (IF, 520nm), of Case Study 3 samples. The solid bars are right after mixing (T0) and the 
patterned bars are for the samples 24 hours after mixing. 

 

Figure 60. The change in FRET efficiency over 24 hours after mixing Case Study 2 samples. The 
backgrounds display a decrease over time, which is likely due to photobleaching. Micelles show a very high 
FRET efficiency change over 24 hours. 
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4.5 Conclusion 

In this chapter, we replaced the pNIPAM block with a pEG block to evaluate the 

effects of solution conditions of salt and urea concentrations on the PEC core without 

impacting the properties of the corona. The pEG-pAA + pLK and pEG-pAA + pEG-pLK 

micelles formed spherical micelles, confirmed using negatively-stained TEM and SAXS.  

The effect of salt on the pEG-pAA + pLK/pEG-pLK micelles were in agreeance with 

literature, where by salt caused the PEC cores to swell by decreasing the strength of 

electrostatic interactions between the polyelectrolytes. The micelle system with the 

homopolymer transitioned from being spherical (0mM NaCl and 250mM NaCl) to worm-

like (500mM), and at higher salt concentrations of 750mM NaCl and above no discernable 

structure was formed. The pEG-pAA + pEG-pLK micelles remained spherical between 0-

500mM NaCl, but the upturn at low-q with the 750mM NaCl sample indicates an elongated 

structure. 

The purpose of this work was to investigate molecular exchange as a function of 

the PEC core phase behavior. We had hypothesized that due to the kinetically-trapped 

nature of solid-like complexes, molecular exchange between micelles may either be 

limited or unlikely. To study this, three Case Study systems were chosen – 1) a salt-

responsive system that transitioned from having a solid-core to a liquid-core with the 

addition of salt, 2) a urea-responsive system that also transitioned a solid 𝛽-sheet 

structure to a liquid coacervate by disrupting hydrogen bonds, and 3) a proof-of-concept 

system with a liquid-core to demonstrate molecular exchange without altering solution 

conditions.  
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For each Case Study, micelles containing pLK-Rhod and pLK-Fluo were prepared, 

and their encapsulation was studied by observing their fluorescence quenching. Salt had 

a significant quenching effect on pLK-Fluo. While this may be caused to due the 

decreased repulsion between the pLK chains promoting 𝜋 − 𝜋 stacking, we don’t know 

with absolute certainty and is something we need to understand better. In addition, the 

self-quenching of the fluorophores also varied across the three Case Studies. While no 

quenching was observed with the pLK-Rhod samples in the salt-responsive micelles, 

there was incremental degrees of self-quenching in the urea responsive ones. This is due 

to the more ordered structure of the 𝛽-sheet of the pLE+pLK core, confirmed by the 

decreased quenching with the addition of urea and subsequent swelling of the PEC core. 

The quenching on pLK-Rhod in pEG-pLD micelles is still unclear, but definitely indicative 

of encapsulation.  

Recent work into the formations mechanics of PEC micelles has confirmed the 

occurrence of chain expulsion/insertion events, occurring at millisecond-second 

timescales.[54], [55] We performed the FRET measurements over 24 hours, which was 

the time over which continuous chain expulsion/insertion events took place, eventually 

leading to an increase in the mixed concentration of pLK-Rhod and pLK-Fluo in the 

micelle cores. Our findings aligned with our initial hypothesis and is summarized in Figure 

61 below. The solid-core micelles for Case Study 1 and 2 showed little to no increase in 

FRET efficiency over 24 hours, but the liquid-core micelles for all three Case Studies 

showed significant FRET efficiency increase, indicating significantly more molecular 

exchange. 
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Figure 61. The change of FRET efficiency over 24 hours for the solid-core micelles (Case Study 1 – 0mM 
NaCl, and Case Study 2 – 0M urea) and liquid-core micelles (Case Study 1 – 300mM NaCl, Case Study 2 
– 1M urea, and Case Study 3).  

 

While a lot of pioneering work has been done in utilizing PEC micelles as carriers 

of charged therapeutics and this has been demonstrated through very successful in vitro 

and in vivo studies, there has not been any real emphasis on making a distinction between 

the viability of PEC micelles with solid and liquid cores as drug delivery carriers. To our 

knowledge, this is the first look at the specific differences in the occurrence of molecular 

exchange in solid-core vs. liquid-core micelles. The implication of these results is that the 

design of PEC micelles as drug delivery carriers would need to include the PEC core 

phase behavior since the encapsulation and molecular exchange influences the 

encapsulation stability and delivery mechanisms. While solid-core micelles may offer 
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greater stability and lower molecular exchange, liquid-core micelles may be used as 

platforms for sustained release via molecular exchange (chain expulsion/insertion).
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5. CONCLUSIONS AND FUTURE CONSIDERATIONS 

Nanoparticle drug delivery took center stage in 2020. mRNA therapeutic 

technologies and nanoparticle drug delivery systems have been studied in the lab and 

used clinically in formulations such as Lipo-MERIT, TNBC-MERIT, mRNA-1325, among 

others.[194] However, the mRNA vaccines for SARS-CoV2 put them in the spotlight at a 

much larger scale. Lipid nanoparticles (LNPs) have been studied for over two decades 

and offer the most effective and robust non-viral delivery platform for nucleic acids 

currently.[195] However, LNPs have their own set of challenges including toxicity, 

immunogenicity and poor biodistribution.[196]–[198] PEC micelles present a platform that 

can address a lot of these challenges. Additionally, the complex core is formed by 

complexation of the nucleic acids with a cationic polymer, negating the charge effects on 

cellular internalization, comparable to the implementation of ionizable lipids in LNPs. The 

complex core is surrounded by a neutral polymer, protecting the therapeutic at the core, 

and could reduce immunogenicity (depending on the choice of polymer). Scalability and 

cost in manufacturing are also concerns for LNP carriers since proprietary 

cationic/ionizable lipids have to be synthesized, both of which are made easier and 

cheaper with the ability to synthesize components through large-scale industrial polymer 

processes.  PEC micelles are also synthesized in aqueous media, have potentially fewer 

components, and can be prepared via bulk mixing methods. In addition, PEC micelles 

offer all the other advantages of nanoparticle delivery carrier such as improved cellular 

uptake, targeting capabilities, diffusion though dense tissue, etc. As discussed in Chapter 

1, PEC micelles have a wide range of applications in nucleic acid delivery, small molecule 
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therapeutic delivery, peptide/protein delivery, imaging, diagnostics, and theranostics. 

However, PEC micelle development as drug delivery carriers is still in a nascent stage 

and a lot is still unknown about PEC micelles. Things such as long-term encapsulation 

stability, storage requirements, effects of payload packaging on therapeutic potency, 

carrier and drug concentration effects, to name a few. In this work, we looked at two 

aspects – 1) adding a temperature-trigger mechanism to change the carrier properties, 

and 2) the encapsulation selectivity of PEC micelles and molecular exchange dynamic of 

the encapsulated payload. 

In this work, we begin by looking at applying a temperature-trigger as a mechanism 

for release of therapeutics from PEC micelles. Two systems were studied, a DCP/HP 

system with a fully thermoresponsive corona and a DCP/DCP system with a partially 

thermoresponsive corona. The DCP/HP system formed worm-like micelles at room 

temperature, while the DCP/DCP system formed spherical micelles. Upon temperature 

transition, both systems displayed aggregation, however the DCP/HP micelles lost their 

structure while the DCP/DCP micelles transitioned to core-shell-corona structures with 

the aggregates. Neither system was thermally reversible, i.e., the structural changes were 

not reversed upon cooling due to the H-bonding between the pNIPAM and pAA blocks. 

Further, the encapsulation selectivity of these micelles was also studied, and shown that 

electrostatic interactions were not good enough to encapsulate single-charged small 

molecules such as MB. However, fluorescently tagged polycations such as pLK-Rhod 

were encapsulated very efficiently. And while the thermoresponsive functionality could 

not be used as a trigger for releasing the pLK-Rhod, the work shed light on other possible 
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applications of thermoresponsive PEC micelles such as creating protective environments, 

using hyperthermic environments for localization of therapeutics, and providing greater 

stability to the PEC micelles. 

The second part of this dissertation was to understand the phase behavior of the 

PEC core and its effects on the encapsulation and molecular exchange behavior of PEC 

micelles. Three unique systems were studied, two of which had solid PEC cores but could 

transition to liquid-core micelles by changing the salt concentration (Case Study 1) or the 

urea concentration (Case Study 2). The third system (Case Study 3) was a proof-of-

concept study using liquid-core micelles. This work yielded very interesting results about 

the behavior of solid- and liquid-core micelles. Only recently (about 2 years) was it proven 

that PEC micelles undergo continuous chain insertion and expulsion events after 

formation. However, no distinction was made between the occurrence of these events in 

solid-core micelles and liquid-core micelles. Here, we were able to show that solid core 

micelles may not present these insertion/expulsion events in the same manner as liquid-

core micelles. Liquid-core micelles were shown to undergo significant molecular 

exchange over the 24-hour measurement period, probed using FRET. This expands our 

fundamental understanding about not only the formation mechanics but also in terms of 

long-term stability of these structures as carriers of therapeutics. There are a lot of 

different avenues available to continue probing the phenomena discussed in this 

dissertation. Our understanding of PEC micelles continues to grow and continually 

strengthens the favorability of these carriers in clinical applications.  
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5.1 Future outlook 

5.1.1 Encapsulation of hydrophobic molecules in PEC micelles 

Recent work done by Tabandeh et al. has shown that leveraging non-electrostatic 

interactions such as 𝜋-interactions and hydrophobic interactions aid the encapsulation of 

small hydrophobic molecules such as MB in bulk PECs.[27], [179] In Chapter 3, we 

showed that in the PEC micelles being studied, MB was not encapsulated due to the 

strength of electrostatic interaction between pAA and MB not being able to compete with 

that of pAA and pLK. However, we hypothesize that if the hydrophobic content of the PEC 

core were to be increased, hydrophobic molecules may be encapsulated. This would 

especially be useful in the therapeutic application of drugs like doxorubicin, which is used 

as an anti-cancer drug. It is hydrophobic, making it difficult to deliver without a delivery 

system, and is also very toxic to healthy tissue (as well as malignant tissue). More unique 

to PEC micelles, however, would be using these systems to deliver a combination of 

therapeutics – nucleic acids and small hydrophobic drugs. The combinatorial approach 

can address challenges such as drug resistance.  

 We have done some preliminary work to try and encapsulate the hydrophobic 

molecule tetramethylindocarbocyanine perchlorate (or DiI). Two designer peptides were 

used, one with alternating glutamic acid and glycine residues (p(EG)15), and the other 

with alternating glutamic acid and leucine residues (p(EL)15), both with a total 30-residue 

length. Previous work using these designer peptide sequences done by our lab members 

has shown enhanced encapsulation capabilities a hydrophobic dye by bulk PECs.[27] In 

this work, the hydrophobic peptides were complexed with pEG-pLK to form micelles, and 
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40𝜇M of DiI in DMSO was added. Figure 62 below shows the encapsulation of DiI by 

these micelles via UV-vis absorption measurements. Both micelles show a quenched 

intensity as compared to the background. The spectra for the p(EL)15 micelles seems to 

have a greater red-shift, indicating an extended conjugation of the DiI molecules. Since 

the same concentration of DiI was added to both micelle samples, greater extended 

conjugation likely indicates greater encapsulation. Considering this, the p(EL)15 micelles 

would be expected to show greater quenching than the p(EG)15 micelles. However, as 

seen in Figure 62, the opposite seems to be true. To understand this better, further 

experimental work is required.  

 

Figure 62. UV-vis measurement of 40𝜇M DiI background and the same concentration of DiI in p(EG)15 and 
p(EL)15 micelles. The greater red-shift in the absorbance of the p(EL)15 is likely due higher encapsulation 
cause concentration related extended conjugation. 

 

400 500 600 700

0

1

2

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 DiI Bkg, T0

 p(EG)15, T0

 p(EL)15, T0



144 
 

Figures 63 and 64 below show the SAXS measurements of the p(EG)15 and 

p(EL)15 micelles, both with and without the DiI. With the p(EG)15 micelles, the unified fitting 

of the Guinier region produces Rg values of 16.58nm and 16.1nm for the micelles with 

and without DiI, respectively. For the p(EL)15 micelles, the Rg values are 18.29nm and 

16.82nm for the micelles with and without DiI respectively. With the p(EG)15, being less 

hydrophobic, lower encapsulation is expected, and both micelles are nearly identical. 

Both datasets were fit using a lognormal sphere form factor and found to have radii of 

about 16-17nm. With the p(EL)15 micelles however, the higher hydrophobicity is expected 

to drive greater encapsulation. This may be likely, given that the p(EL)15 micelles 

transition from spherical to cylindrical micelles, typically caused by a bigger PEC core, ie. 

more encapsulation. This was shown by fitting the p(EL)15 micelles with a lognormal 

sphere fit and the p(EL)15 + DiI micelles with a cylinder fit. The 18nm spheres transition 

to cylinders with a radii of 13.1nm and a length of 40.7nm. 
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Figure 63. SAXS measurements of pEG-pLK + p(EG)15 micelles with and without 40𝜇M of DiI. Micelles 
appear to be spherical with the morphology not affected by DiI encapsulation.  

 

 

Figure 64. SAXS measurements of pEG-pLK + p(EL)15 micelles with and without 40𝜇M of DiI. Micelles 
without DiI are fit with a lognormal spherical form factor and micelle with DiI are fir using a cylinder form 
factor. The transition from sphere to cylinder is likely to happen with a larger PEC core due to the 
encapsulation. 
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This is only preliminary data and greater investigation is necessary in terms of the 

nature of the interactions, the encapsulation efficiency, encapsulation stability, and 

loading capacity. Other researchers have used methods such as conjugating the 

hydrophobic drugs to the charged blocks of diblock copolymer.[199], [200] However, 

these early results are promising and provide an alternative method for encapsulation. 

 

5.1.2 Molecular exchange between PEC micelles containing nucleic acids 

In Chapter 4, we discuss the occurrence of molecular exchange between PEC 

micelles and how it is affected by the phase of the complex core. Another approach to 

studying the molecular exchange between liquid-core micelles is by using complimentary 

ssDNA instead of fluorophores (and FRET). Lueckheide et al. showed the effects of DNA 

hybridization on the morphology of PEC micelles.[68] They found that ssDNA formed 

spherical micelles with pEG-pLK and dsDNA formed cylindrical micelles with pEG-pLK. 

Additionally, cryo-TEM micrographs revealed ordered packing of dsDNA helices, which 

may indicate solid-cores. To study molecular exchange between liquid-core ssDNA 

micelles, two complimentary ssDNA may be used for the two separate micelles systems. 

Upon mixing, equilibration, and thermal annealing, ssDNA exchanged between the two 

micelle types may be hybridized to form dsDNA. This hybridization step should affect the 

micelle morphology and can be investigated using DLS and SAXS. This would be an 

insightful experiment since not only would you be demonstrating molecular exchange in 

other liquid-core micelle systems (in addition to the ones discussed in Chapter 4), but you 
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would also be investigating the encapsulation stability of PEC micelles carrying single-

stranded oligonucleotides.  

 

5.1.3 Small-angle neutron scattering (SANS) to investigate post-transition pNIPAM-

micelles structure  

In Chapter 2 we discussed pNIPAM-micelles that formed wormlike structures with 

the DCP/HP system and spherical ones with the DCP/DCP system. We found that while 

both systems form dense aggregates above the LCST, the DCP/HP system loses its 

structural integrity, but the DCP/DCP system seems to retain its sphericity and forms a 

core-shell-corona structure. To further investigate the post-transition structure, we wanted 

to use SANS and contrast matching analysis to study the sum-micellar architecture. Due 

to the lower energy of a neutron beam as compared to a x-ray beam (as in SAXS), the 

samples here had to be made at higher polymer concentrations (0.24mM and 0.32mM, 

as compared to 0.04mM and 0.08mM for SAXS). Additionally, to prevent incoherent 

scattering caused by H2O, the SANS samples were prepared in D2O. However, when a 

volumetric ratio of H2O and D2O is used, the SLDs can be matched to those of specific 

components of the system, effectively making those components invisible to the beam 

when the background is subtracted. In this work, we wanted to contrast match the PEC 

domains to be able to “see” the pNIPAM domains above the LCST. Unfortunately, due to 

the SLDs of the PEC phase and pNIPAM being similar, this experiment did not yield the 

desired results. 
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 However, there were some interesting results of the DCP/HP and DCP/DCP 

micelles in D2O at the higher polymer concentrations. Below the LCST, the DCP/DCP 

micelles formed wormlike micelles (Figure 65) as seen previously at the lower polymer 

concentrations. However, these had radii of about 10-13nm and lengths of about 58-

63nm, compared to the radii of 12nm and length of 120nm from Chapter 2. It is known 

that D2O forms about 10% more hydrogen bonds per molecule than H2O, affecting the 

structuring of hydration around molecules, and also has a higher entropic cost to solvating 

in D2O.[201], [202] Not only may this be affecting the formation of the micelles, in terms 

of aggregation number and kinetics of formation, but also thickness of the corona, 

subsequently affecting the morphology. The DCP/DCP micelles form spheres of 10nm 

radii (Figure 66), which is larger than the lower concentration micelles (~6nm). The 

extended pNIPAM coils in D2O would likely be causing this.[201] 
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Figure 65. SANS data of the DCP/HP pNIPAM-micelles at 25oC at 0.24mM and 0.32mM polymer 
concentrations. Both datasets were fit using a cylinder fit with polydisperse radius. 

 

 

Figure 66. SANS data of the DCP/DCP pNIPAM-micelles at 25oC at 0.24mM and 0.32mM polymer 
concentrations. Both datasets were fit using a lognormal sphere fit. 

0.01 0.1

0.001

0.01

0.1

1

10

In
te

n
s
it
y
 (

c
m

-1
)

q (Å-1)

 DCP/HP, 0.24mM, 25oC

 DCP/HP, 0.32mM, 25oC

 Cylinder fit

0.01 0.1

1E-4

0.001

0.01

0.1

1

10

In
te

n
s
it
y
 (

c
m

-1
)

q (Å-1)

 DCP/DCP, 0.24mM, 25oC

 DCP/DCP, 0.32mM, 25oC

 LogNormal Sphere fit



150 
 

Post-transition (above LCST), the DCP/HP micelles appear to be forming lamellar 

assemblies, likely made of PEC and pNIPAM domains. The scattering data shown in 

Figure 67 was fit using a broad peak form factor for non-trivial structures like lamellar 

structures. The d-spacing for these was found to be 49.8nm and 45.2nm respectively. 

This signature “bump” in the dataset seems to appear in the low concentration sample as 

well, seen in Figure 16a. It is possible that the lamellar assemblies are more distinct at 

higher polymer concentrations. Future SAXS work comparing higher concentration 

samples in H2O would need to be done to identify any specific differences in the structures 

(if any), in H2O and D2O. 

 

Figure 67. SANS data of the DCP/HP pNIPAM-micelles at 55oC at 0.24mM and 0.32mM polymer 
concentrations. Both datasets were fit using a broad peak fit, indicative of a lamellar assembly. 
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 The post-transition DCP/DCP micelles were particularly interesting since they 

underwent a shape transition from spheres to worms. Figure 68 shows the 0.24mM and 

0.32mM samples above the LCST and were fit using a cylinder with polydisperse radius 

fit. The structures had radii of 13.3nm and 13.8nm, and lengths of 35.6nm and 37.2nm, 

respectively. Clearly, these results are quite different from the ones seen in Figure 16b, 

where the low concentration samples appeared to form core-shell-corona spherical 

structures. The initial structuring of hydration (D2O) around the pNIPAM chains, and the 

subsequent mechanism and extent of dehydration above the LCST may likely be affecting 

this. Again, future work using SAXS for high concentration samples in H2O and D2O would 

need to be used to understand the specific differences. 

 

Figure 68. SANS data of the DCP/DCP pNIPAM-micelles at 55oC at 0.24mM and 0.32mM polymer 
concentrations. Both datasets were fit using a cylinder with polydisperse radius fit. 
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