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ABSTRACT 

ENHANCING THE INTRACELLULAR AVAILABILITY OF PROTEIN 

CARGOES IN POLYMER-MEDIATED DELIVERY 

 

MAY 2021 

 

CHRISTOPHER R. HANGO, B.S., WORCESTER POLYTECHNIC INSTITUTE 

 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Directed by:  Professor Gregory N. Tew 

 

 

Protein drugs, including antibodies, are rapidly emerging as the top-selling 

pharmaceuticals worldwide owing to their unparalleled specificity and biocompatibility.  

However, none of the currently-approved protein therapeutics act intracellularly, despite 

the vast majority of potential drug targets residing within the cell.  This is due mainly to 

the paramount challenge of transporting hydrophilic macromolecular cargoes across the 

plasma membrane.  As such, effective protein carriers are essential for the advancement of 

modern medicine.  Despite significant advances, many challenges still plague protein 

delivery.  Following membrane transduction, delivery vectors must preserve the structure 

and activity of their cargoes while transporting them to the correct subcellular destination 

and release them in a pharmacokinetically appropriate manner.  Ultimately, the 

intracellular availability (IA), or fraction of total internalized drug which reaches its target 

in an active state, must be maximized to achieve meaningful biological outcomes. 

Our group has developed a library of synthetic cell-penetrating peptide mimics 

(CPPMs) for intracellular delivery.  These polymers have enabled robust non-covalent 

binding and delivery of functional protein and nucleic acid cargoes, resulting in substantial 
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manipulation of cell biology.  This dissertation comprises four studies wherein polymer 

structure is modulated to boost protein IA.  First, CPPMs were directly compared to other 

non-covalent carriers for quantity of protein delivered and found to overwhelmingly 

outperform the others across all conditions tested, most significantly in particularly 

difficult-to-transfect T cells, neurons, and stem cells.  In a second study, new block 

copolypeptide CPPs were reverse-engineered from optimized CPPM structures.  Several 

of these new peptides were able to non-covalently bind and deliver proteins, a rare ability 

for CPPs, and hydrophobicity was revealed to universally predict IA.  The next chapter 

documents the competing effects of polymer length on cargo uptake and function, revealing 

longer amphiphiles to exhibit greater IA.  Finally, the effects of CPPM structure on 

subcellular protein delivery to the mitochondrion were investigated.  This work was 

enabled by the simultaneous development of a new flow cytometry technique for rapid 

quantification of intra-organellular drug delivery.  In general, these findings indicate that 

uptake-driven optimization is a gross oversimplification of the delivery process.  Future 

studies should seek to better understand the mechanisms underlying IA. 
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CHAPTER 1 

1 INTRODUCTION 

NOTE:  This chapter contains excerpts adapted with permission from the following 

previously published article:  Backlund, C. M.; Hango, C. R.; Minter, L. M.; Tew, G. N. 

Protein and Antibody Delivery into Difficult-to-Transfect Cells by Polymeric Peptide 

Mimics. ACS Appl. Bio Mater. 2020, 3 (1), 180–185.  Copyright 2020 American Chemical 

Society. 

1.1 Overview and Significance of Protein Delivery 

The human genome contains tens of thousands of genes, which are in turn 

responsible for an even greater number of distinct functional proteins when alternative 

splicing and post-translational modifications are considered.1,2  Compounded with the 

precise spatial and temporal regulation of protein concentrations and interactions exhibited 

by the body, this extraordinarily diverse class of biomolecules is integral to virtually all 

biological processes.2  Consequently, protein dysfunction caused by sequence mutations, 

inappropriate levels of expression, and improper post-translational modifications accounts 

for a large fraction of disease.2,3  Newfound strategies to correct abnormalities at the protein 

level are thus being increasingly exploited for therapeutic applications.4–6 

Rapid, efficient, and tailorable control over cellular processes using proteins is 

likewise expected to revolutionize our fundamental understanding of cellular biology.7  

Historically, manipulation of intracellular protein levels has been achieved by the delivery 

of exogenous DNA for constitutive expression or, more recently, the delivery of small 

interfering (si)RNA to reduce protein translation.  Similarly, DNA delivery has been used 

to accomplish nuclease-based genome editing (e.g., by encoding ZFN, TALEN, or 

CRISPR-associated proteins), enabling complete protein knockout.  In contrast, the ability 

to directly deliver proteins into the cytosol can be exploited to produce (or prevent) highly 
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specific intracellular interactions with spatial and temporal control.8  Results from protein 

transduction can be extremely fast in comparison with traditional gene expression, as it 

does not require transcription or translation processes to occur.9  Additionally, temporal 

control allows for the investigation of transient protein effects, while avoiding 

overexpression or random insertion of DNA into the target genome.10  The delivery of 

proteins, and specifically antibodies, into the cytosol provides a platform to probe 

intracellular pathways involved in protein expression, transcriptional regulation, and cell 

cycle, along with many other applications.11 

In comparison with conventional drugs, protein therapeutics offer several unique 

advantages.  First, proteins are complex molecules capable of performing sophisticated 

tasks which are exceptionally difficult to replicate with traditional small molecule drugs.2  

Second, proteins exert their function on precise substrates, dramatically reducing of off-

target activity and side effects.4  Finally, proteins are inherently more biocompatible, 

although induction of undesired immune responses remains a concern.  However, many of 

these issues can be overcome through recombinant protein engineering or by cloaking with 

stealth molecules, such as poly(ethylene glycol) (PEG).12  Fortunately, recent advances in 

protein production systems, often involving engineering of bacterial or yeast cells, have 

made protein therapeutics significantly cheaper and more scalable.2  Unsurprisingly, 

protein therapeutics now represent the largest fraction of pharmaceuticals by sale, and this 

is only expected to increase.13  Still, substantial barriers remain in the delivery of proteins, 

ranging from protecting them from degradation and clearance from the body to targeting 

them to the required tissues and subcellular compartments.1,12  Undoubtedly the largest 

challenge facing progress in protein delivery, however, is transport of these large, polar 
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macromolecules through the cellular membrane.14  In fact, all currently approved protein 

pharmaceuticals act on extracellular targets, despite the vast majority of potential drug 

targets residing inside the cell.15  As such, safe and effective carriers are urgently needed 

for the advancement of intracellular protein therapeutics. 

1.2 Cell-Penetrating Peptides (CPPs) and Their Mimics (CPPMs) 

1.2.1 Origins and Key Structure-Activity Relationships 

Since the discovery of the first protein transduction domain (PTD), a short arginine-

rich sequence responsible for rapid cellular uptake of the HIV-1 trans-activator of 

transcription (Tat) protein, researchers have been captivated by the vast research and 

therapeutic potential of cationic peptides for intracellular delivery (Figure 1.1).16–18  Shortly 

after the discovery of Tat’s transduction ability, cationic PTDs with added hydrophobic 

content were reported, like the third helix of the Drosophila homeoprotein Antennapedia 

(later named Penetratin), implying that hydrophobicity might enhance membrane 

transduction (Figure 1.1).19,20  These two discoveries ushered in countless reports of new 

cell-penetrating peptide (CPP) sequences, both naturally and synthetically derived.21–23 

Several fundamental findings have shaped our understanding of CPP activity.  The 

initial replacement of all residues in Tat49-57 (RKKRRQRRR) with arginine (R9) afforded 

even greater cellular uptake (Figure 1.1).24  In contrast, other cationic analogues (K9 and 

H9) exhibited a dramatic loss of activity, establishing arginine specifically as the key 

component of CPPs.25  Likewise, the replacement of all seven cationic residues in the 

Penetratin sequence (RQIKIWFQNRRMKWKK) with arginine and lysine led to increased 
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Figure 1.1:  The evolution of cell-penetrating peptides (CPPs) and their mimics (CPPMs).   Cationic residues 

and hydrophobic residues are highlighted in blue and green, respectively.  1988:  The unexpected ability of 

several proteins to translocate across the cellular membrane is discovered.  1997:  Translocation of these 

proteins is attributed to short, cation-rich sequences, termed protein transduction domains (PTDs).  2000:  

Peptides like nona-arginine are designed to maximize membrane activity and become known as cell-

penetrating peptides (CPPs).  Secondary structure found in PTDs is not required for activity.  2008:  Synthetic 

guanidine-rich polymers are designed.  Peptide backbone is not necessary for activity.  These polymers 

become known as CPP mimics (CPPMs).  1991 & 1994:  Simultaneously, cationic PTDs with significant 

hydrophobic content are discovered.  2001:  Synthetic CPPs incorporating both cationic and hydrophobic 

residues are designed.  2013:  Block copolymer CPPMs containing both cationic and hydrophobic 

functionalities show greatly enhanced protein delivery. 
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and decreased uptake, respectively.26  The success of these arginine-rich variants implied 

that the secondary structures of Tat and Penetratin may not be essential for cell penetration.  

Intrigued by these findings, several groups began incorporating guanidine, the cationic 

head group of arginine, onto other scaffolds, ranging from closely-related β-peptides and 

peptoids to entirely distant synthetic polymers, demonstrating even the peptide backbone 

to be dispensable (Figure 1.1).24,27,36–41,28–35  Collectively, these abiotic macromolecules 

have become interchangeably known as PTD or CPP mimics (PTDMs or CPPMs).  The 

easily tunable chemistry enabled by these synthetic platforms encouraged deeper 

investigation of the role of hydrophobicity in cell penetration.  Consistent with the linearly 

or facially segregated nature of several effective CPPs,42–48 segregation of hydrophobic and 

cationic moieties into discrete domains (i.e., chimeric or blocky architectures) has also been 

shown to enhance CPPM performance in several cases Figure 1.129,49,50   Hydrophobicity 

also generally leads to higher uptake within a set of structurally similar carriers, although 

too much hydrophobicity can result in toxicity or insolubility, resulting in an optimal 

hydrophobic window.51–56 

1.2.2 Non-Covalent Delivery with CPP(M)s 

The anionic nature of nucleic acid cargoes often enables strong electrostatic-driven 

binding by cationic CPP(M)s, thus making a straightforward non-covalent delivery 

strategy possible.57  Conversely, protein net charge can range from anionic to cationic.  

Furthermore, proteins feature patchy surfaces of locally anionic, cationic, and hydrophobic 

groups, regardless of their net charge or hydrophobicity, rendering them an incredibly 

diverse collection of cargoes with heterogenous surface properties.58  Even the most 

anionic proteins lack the dense negative charge inherent to all nucleic acid cargoes.  The 
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inability to consistently rely on electrostatic-driven binding poses a significant challenge 

for non-covalent carriers.  As a result, a vast number of CPP(M)s are reliant on covalent 

conjugation, either via genetic or chemical means, to facilitate robust delivery of 

proteins.40,59,60 

The desire for protein carriers capable of non-covalent delivery remains substantial 

given the immense workflow simplification afforded by a quick carrier-cargo mixing step, 

particularly when substituting new cargoes.  While several such non-covalent carriers have 

recently been developed, they are often restricted to select cargoes, easily-transduced cell 

types, and serum-free conditions.49,61–63  In pursuit of more broadly effective non-covalent 

carriers, our group has spent the last decade developing a library of polymeric CPPMs, 

mainly synthesized via the ring-opening metathesis polymerization (ROMP) of 

functionalized norbornene monomers.49,51,52,54,64–66  These CPPMs have been shown to 

effectively bind and deliver a wide variety of protein and nucleic acid cargoes, including 

functional siRNA, antibodies, and enzymes.63,67–69  Synthetic platforms afford rapid 

synthesis of large carrier libraries with access to a much broader chemical space.  In 

particular, the living nature of ROMP allows for molecular weight control and synthesis of 

block copolymers.  Working with this platform has enabled the elucidation of several 

fundamental structure-activity relationships (SARs). 

1.3 Factors Driving Cargo Intracellular Availability 

In Chapter 3, the concept of cargo intracellular availability (IA) is introduced and 

developed.  This parameter was formalized to be distinct from bioavailability, which is 

most often defined as the fraction of drug which enters circulation upon administration.6  
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IA, a term which has also been informally referenced the literature, instead describes the 

fraction of total intracellular drug which reaches its molecular target without loss of 

function.70–72  Whereas bioavailability summarizes the preliminary stage of in vivo drug 

delivery, IA seeks to describe the post-internalization capacity of a cargo to perform its 

intended function.  Although absolute measurements of the numerator and denominator of 

IA are virtually impossible to achieve, indirect or relative tools can be adequately 

employed, such as fluorescence-based assays or downstream readouts of protein function.  

Provided that the methods used are consistent, simple and accurate comparisons can be 

made between a collection of carriers or delivery conditions. 

Several conditions must be met for a cargo to be intracellularly available.  Its carrier 

must not only transduce the plasma membrane and distribute within the correct subcellular 

compartment, but also function dually to protect the drug from degradation and 

denaturation during transport while facilitating its release upon reaching the target 

destination.73  Thus, processes including carrier-cargo interactions, cellular entry 

mechanism, endosomal escape efficiency, subcellular trafficking patterns, and cargo 

release can each heavily influence a drug’s ultimate IA (Figure 1.2).  It is imperative that 

the next wave of drug delivery research seeks to better understand the mechanisms 

underlying each step of the delivery process in order to inform the intelligent design of new 

carriers.4  The effects of CPPM structure on protein IA will be discussed throughout this 

dissertation.  The remainder of this chapter will focus on the current strategies employed 

to maximize IA in polymer delivery systems. 
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1.3.1 Carrier-Cargo Interactions:  Binding and Release 

In non-covalent systems, initial binding interactions are crucial for maintaining 

carrier-cargo association throughout the delivery process.14  A careful balance is required:  

insufficient binding can result in premature cargo release, particularly in the presence of 

competing serum proteins, while particularly strong interactions may result in disturbance 

of protein structure or lack of release.58,74  However, binding strength has not been found 

to correlate with quantity of cargo delivered, provided that some minimum threshold level 

of binding is achieved in order to transport the cargo intracellularly.58,62,75,76  Drug carriers 

 
Figure 1.2:  Stages in the non-covalent delivery landscape which influence drug intracellular availability:  (1) 

carrier-cargo association, (2) cellular internalization via endocytosis or direct translocation, (3) endosomal 

escape, (4) subcellular localization, and (5) cargo release. 
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must also protect their cargo from degradation, and proteins are particularly susceptible to 

omniprevalent enzymes (e.g., proteases, esterases, etc.) and environmental changes like 

pH.2,12  This is of particular concern in the endocytic uptake pathway as pH is rapidly 

lowered.77  For in vivo applications, delivery vehicles can also function to prolong the drug 

circulation and shield cargo from recognition by the immune system.78 

Cargo release from polymeric nanoparticles can be accomplished in several 

manners, ranging from passive release to highly-engineered events.  Non-covalently 

complexed polymer-protein systems are hypothesized to dissociate by protein 

displacement owing to the crowded environment of the cytoplasm.14  Alternatively, cargo 

can slowly diffuse out of a polymeric nanoparticle over time.  Control of mesh size in 

polymeric nanogels is an elegant method of tuning the drug release rate in nanoparticles.  

Polymers, especially biopolymers, can also be susceptible to degradation with time, 

allowing cargo to be slowly freed.  More sophisticated systems include membrane fusion 

(with either the plasma or endosomal membranes) to directly empty the contents of 

polymeric micelles or polymersomes into the cytoplasm.79  Finally, pH- or enzyme-

responsive polymeric carriers can be utilized to release their cargo based on environmental 

factors.70 

1.3.2 Cellular Uptake Efficiency and Mechanism 

The most intuitive strategy to maximize drug efficacy is to increase intracellular 

concentration (i.e., maximize cellular uptake).  Indeed, this model is reasonable provided 

that IA remains unchanged.  Constant IA is a fair assumption when the key stages of the 

delivery process (e.g., carrier-cargo binding, cellular uptake mechanism, endosomal escape 
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efficiency, intracellular localization, and cargo release) are reasonably similar.  Thus, 

optimizing cargo internalization remains a useful exercise, though it is too often used as 

the sole metric for screening libraries of diverse carriers.  Relatively small quantities of 

delivered protein can substantially affect cell biology if IA is sufficiently high, while large 

quantities of cargo can be trapped within endosomes and subsequently degraded.  Finally, 

it should be noted that non-linear or non-monotonic dose-response relationships may exist, 

depending on the biological system, meaning that higher intracellular drug concentrations 

are not always desired.80 

The broad term “endocytosis” refers to a collection processes by which cells 

internalize material from their environment.  Endocytosis can be divided into phagocytosis 

and pinocytosis, which refer to the uptake of large particles (typically > 1 µm) and 

solubilized materials, respectively.  Whereas all cells exhibit pinocytosis, only specialized 

cells (e.g., macrophages, dendritic cells, monocytes, and neutrophils) perform 

phagocytosis.  In one classification method, pinocytosis is further divided into fluid-phase, 

adsorptive, and receptor-mediated endocytosis.  Fluid-phase endocytosis can be thought of 

as sampling the extracellular environment, with materials being internalized at the same 

concentrations at which they are present outside the cell.  Adsorptive and receptor-

mediated endocytosis, in contrast, involve uptake of materials attached to the cell surface, 

that is, in higher concentrations than they are present extracellularly.  While the former 

involves non-specific adsorption, the latter is triggered by precise ligand-receptor 

binding.71,72,81,82 

While this classification strategy can be useful, it is far more precise and 

informative to classify endocytosis by the proteins involved.81  In this regard, pinocytosis 
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can be separated into clathrin-mediated endocytosis (CME), caveolae-mediated 

endocytosis (CvME), macropinocytosis, and clathrin- and caveolae-independent 

endocytosis (a catch-all category for minor endocytosis mechanisms mediated by other 

proteins).  CME is considered the classical route of cellular entry and is active in all cell 

types.  The protein clathrin-1 polymerizes on the cytosolic side of the membrane, creating 

a clathrin-coated pit, which becomes a clathrin-coated vesicle.  These vesicles are ~100-

150 nm and follow the traditional endo/lysosomal route, becoming early endosomes, late 

endosomes, and ultimately fusing with lysosomes, a process associated with rapid drop in 

pH and eventual degradation of the vesicle’s contents.  CME is responsible for 

internalization of iron via transferrin (Tf) and the Tf receptor.  Thus, nanoparticles can be 

targeted for greater CME uptake by decoration with Tf.  CvME is present in most (not all) 

cell types, but is much more abundant in endothelial cells.  Unlike CME, this pathway is 

thought to evade the lysosomal pathway; rather, caveosomes (~50-100 nm) are trafficked 

to the Golgi apparatus or endoplasmic reticulum, though this remains debated.71  

Macropinosomes are characterized by their large size (~0.2-5 µm in diameter), actin-driven 

formation, and non-specific uptake of material.  Macropinocytosis is typically induced 

following cellular stimulation by growth factors or other signals.  The fate of 

macropinosomes in relation to the endo/lysosomal pathway appears to be cell-type 

dependent.71,72,81,82 

Finally, some materials are capable of direct membrane translocation, thus avoiding 

the endocytic pathways and more straightforwardly accessing the cytosolic environment.  

The two major types of energy-independent uptake mechanisms are membrane fusion and 

direct penetration.72  The mechanism of CPP(M) cellular internalization is highly debated 
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in the literature, though a combination of multiple pathways, including both energy-

dependent and energy-independent processes, are likely to be present in many 

situations.72,83  In general, it is not uncommon for nanoparticles to take advantage of 

multiple mechanisms of cellular entry simultaneously.81 

1.3.3 Endosomal Escape 

Most nanoparticles are internalized through endocytosis, yet most drugs require 

localization in another subcellular compartment.70  Unsurprisingly, endosomal escape is 

one of the largest challenges facing drug delivery.  Escape rates from the endosome may 

be as low as 1-2%, making this a critical bottleneck in the delivery process.70,84  In addition 

to presenting a physical barrier to proper subcellular localization, the proteins are subjected 

to acidic pH.  As a particle is internalized, the pH rapidly drops from 7.4 (extracellular pH) 

to ~6.0, ~6.5, and ~5 in the early endosome, late endosome, and lysosome, respectively, 

which can degrade or denature proteins that are poorly stabilized.77 

Many delivery systems are designed to take advantage of this pH shift to promote 

endosomal escape.  Three such proposed mechanisms for pH-dependent escape are the 

proton sponge effect, particle swelling, and membrane destabilization.  In the first, cationic 

polymers like polyethylenimine (PEI) are thought to burst the endosome by increasing the 

osmotic pressure.  Though this hypothesis remains highly debated in the literature, it states 

that, as the endosome is acidified, the polymer acts as a buffer, requiring more protons to 

be pumped in to lower the pH.  This results in an influx of chloride counterions and water, 

and the pressure buildup ultimately ruptures the endosome, freeing the cargo.70,77,82,85  

Alternatively, polymeric nanoparticles which become positively charged just below 
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physiological pH can increasingly repel each other and become solvated, inducing swelling 

of up to several times the particle’s initial diameter.  Similar to the proton sponge effect, it 

is hypothesized that such swelling can rupture the endosome.70,77,82  Nanoparticles 

containing polymers which are minimally membrane-active at physiological pH, but 

strongly membrane-active in slightly acidic environments, can selectively destabilize the 

endosomal membrane without rupturing plasma or organellular membranes, which would 

otherwise cause toxicity.70,82  For example, cationic or anionic carriers which become 

increasingly protonated at lower pH can become more cationic or hydrophobic, 

respectively, either of which could result in stronger membrane interctions.82 

Membrane fusion and pore formation are two mechanisms through which the 

endo/lysosome is not entirely destroyed.  In membrane fusion, nanoparticles composed of 

lipids or amphiphilic polymers can fuse with the endosomal membrane, similar to the way 

that enveloped viruses escape endosomes, thus expelling their contents into the 

cytoplasm.82  Fusion peptides directly derived from viruses have been used to accomplish 

this.  Similarly, polymers and peptides can self-assemble across the endosomal membrane 

to create pores, which may cargo to diffuse out.  However, such transmembrane pores are 

typically only ~1-2 nm in size, allowing only relatively small cargoes to escape.82 

Finally, it should be noted that timing of endo/lysosomal escape can be a critical 

factor determining efficacy of the delivery system.  Lysosome rupture can release 

proapoptotic molecules, such as cathepsins and calcium ions, resulting in cell death.82  

Thus, earlier escape is generally considered to be advantageous. 
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1.3.4 Subcellular Localization 

Subcellular-targeting moieties are being increasingly integrated into delivery 

systems to assist in reaching the proper pharmacological site.86,87  Carriers which can target 

drugs to a range of intracellular sites, including the cytoplasm, nucleus, endo/lysosomes, 

mitochondria, Golgi apparatus, and endoplasmic reticulum, must be developed.88,89  Of 

these, strategies to reach the endo/lysosomal and cytoplasmic compartments have been 

indirectly addressed in the endosomal escape section.  While some non-targeting delivery 

systems can rely on diffusion to gain access to the site of action, certain organelles cannot 

be reached in this manner, particularly when the cargo is restricted by a subcellular 

membrane.86  To combat this issue, two main strategies are currently employed:  alteration 

of carrier physiochemical properties and conjugation of localization peptides. 

1.3.4.1 Delivery to the Nucleus 

The nucleus is a key target for many gene therapies.  The main entry route through 

the double-layered nuclear envelope is via the nuclear pore complexes (NPCs), though 

molecules larger than ~40 kDa are typically restricted, preventing the passage of intact 

nanoparticles.86,90  The nuclear envelope breaks down during mitosis, allowing cytosolic 

cargoes to diffuse into the nucleus, but this phenomenon cannot be relied upon for delivery 

to primary cells.88  Thus, active targeting strategies have been taken advantage of.  The 

most popular method includes conjugation of nuclear localization signals (NLSs) derived 

from HIV-1 Tat and the SV40 large T-antigen (PKKKRKV) to the carrier or cargo.88  An 

alternative strategy involves conjugating glucocorticoids (e.g., Dexamethasone) to 

nanoparticles, resulting in targeting and expansion of the NPCs by up to 60 nm and 

translocation across the nuclear envelope.86 
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1.3.4.2 Delivery to the Mitochondrion 

The mitochondrion is an attractive drug target for neurological diseases and 

cancers, owing to its involvement in energy production and apoptosis, among other critical 

cellular processes.  Additionally, the mitochondrion contains a set of DNA (mtDNA), 

whose associated mutations have been linked to various genetic diseases.91,92  

Mitochondria are surrounded by double membrane structures consisting of a porous outer 

membrane and a more impermeable inner membrane which exhibits a highly negative 

membrane potential.92,93  To date, the most widely-adopted strategy for mitochondrial 

targeting is via the attachment of delocalized lipophilic cations, such as 

triphenylphosphonium (TPP) or rhodamine 123.  Such moieties preferentially localize 

within the mitochondria due to its negative membrane potential.86,92  Peptide sequences 

have also been heavily utilized for intramitochondrial transport, namely mitochondria-

penetrating peptides (MPPs), Szeto-Schiller peptides, and mitochondrial targeting signals 

(MTSs), which are derived from proteins synthesized in the cytoplasm that traffic to the 

mitochondria.86 

1.3.4.3 Delivery to the Golgi Apparatus and Endoplasmic Reticulum 

The development Golgi apparatus- and endoplasmic reticulum (ER)-targeting 

functionalities remains in its infancy, though delivery to these organelles is certainly of 

great interest.  Dysfunction of the Golgi apparatus has been liked to skin, muscular, 

skeletal, and nervous system disorders.94  Several Golgi-localizing peptide sequences have 

been reported, offering a promising subcellular delivery strategy.  The ER is critical for 

proper protein folding and is an important target for antifungal drugs and vaccines, since 

antigens are loaded onto major histocompatibility complex class I (MHC I) molecules in 
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this organelle.93  One successful strategy for ER transport has been the conjugation of Shiga 

or cholera toxins, which target the ER in nature, onto therapeutic carriers or cargoes.90 
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CHAPTER 2 

2 PROTEIN AND ANTIBODY DELIVERY TO DIFFICULT-TO-TRANSFECT 

CELLS BY POLYMERIC PEPTIDE MIMICS 

NOTE:  This chapter has been adapted with permission from the following previously 

published article:  Backlund, C. M.; Hango, C. R.; Minter, L. M.; Tew, G. N. Protein and 

Antibody Delivery into Difficult-to-Transfect Cells by Polymeric Peptide Mimics. ACS 

Appl. Bio Mater. 2020, 3 (1), 180–185.  Copyright 2020 American Chemical Society. 

Polymer preparation and EGFP delivery experiments in HeLa, HUVEC, Jurkat, and MSC 

cells in this chapter were completed by Coralie M. Backlund. 

2.1 Introduction 

2.1.1 Summary 

Intracellular protein delivery using simple non-covalent carriers is an emerging 

field advancing the study of intracellular pathways and novel therapeutics.  Here, we 

directly compare GFP delivery using our recently-reported protein transduction domain 

mimic (PTDM) to delivery with four commercially-available, amphiphilic macromolecular 

carriers in five diverse cell types.  While most carriers succeeded only in serum-free 

conditions, the PTDM maintained robust delivery in complete media, even when tasked 

with antibody delivery into difficult-to-transfect neurons for the first time.  The broad 

effectiveness of this reagent establishes PTDMs as a promising strategy for the delivery of 

biologics into such sensitive and challenging cell types. 

2.1.2 Background 

To date, protein delivery has been predominantly addressed using virus-like 

particles, electroporation, liposomal carriers, and nanoparticles.1  While effective in some 

cases, these techniques often face limitations including high toxicity and low efficiency, 
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which has led to the development of new synthetic carriers based primarily on cationic 

polymers.2–4  Several such polymer systems are currently available commercially, but are 

often limited to select cargoes and easier-to-transfect cell types.  For example, primary 

cells have traditionally proven much more challenging to transfect than immortalized cell 

lines.5–7  Additionally, almost all of these delivery platforms require serum-free conditions, 

which is detrimental to cell viability, particularly when working with sensitive cultures like 

primary cells.  These limitations underscore the importance of developing tools which can 

service a broader range of applications and are widely effective across all cell types, 

cargoes, and conditions.1 

In an effort to address these needs, a unique library of bioinspired amphiphilic, 

polymeric protein transduction domain mimics (PTDMs) was developed using a ring-

opening metathesis polymerization-based synthetic platform.3,8–12  In contrast with protein 

transduction domains and cell-penetrating peptides, which usually require covalent 

attachment to their cargo, PTDMs bind their payload in a simple mixing and complexation 

step, without the need for cumbersome conjugation chemistry or protein engineering.  The 

PTDM used in this study, MePh10-b-dG5, was designed to directly mimic cell-penetrating 

peptides, incorporating a dense block of guanidinium functionality (dG), known for its 

ability to transition across cell membranes, attached to a hydrophobic block (MePh), which 

has been shown to enhance cargo delivery.13–15  Details regarding the structure and 

synthesis of this polymer can be found in Figure 2.1.  PTDMs including this one have 

successfully delivered a variety of proteins, peptides, and antibodies into several difficult-

to-transfect cell types, including primary T cells.8–10,12  The non-covalent complexes these 
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PTDMs form with the desired payload facilitate cargo transport across the cell membrane 

in both complete media and serum-free conditions with low cytotoxicity. 

While countless isolated instances of carrier-mediated protein delivery have been 

reported, comprehensive side-by-side comparisons under application-relevant conditions 

are rare;16 more are needed to eliminate experimental variation and directly assess a 

carrier’s relative effectiveness for a given application.  Given the remarkable ability of 

PTDMs to successfully deliver various functional proteins to challenging cell types, a 

direct comparison to other similar delivery platforms is needed.  Herein, we compare the 

performance of MePh10-b-dG5 (henceforth referred to as the PTDM) to four commercially 

available amphiphilic polymers or peptides:  Chariot™ (also known as Pep-1), 

ProteoJuice™, PULSin™, and Xfect™.  Each reagent was assessed for its ability to deliver 

the model cargo green fluorescent protein (GFP) in both serum-free and serum-containing 

conditions with HeLa cells, human umbilical vein endothelial cells (HUVECs), hTERT 

mesenchymal stem cells (MSCs), Jurkat T cells, and embryonic mouse hippocampal-18 

cells (mHippoE).  While HeLa cells are generally easily transfected, HUVECs, stem cells, 

immune cells, and neuron cells have traditionally proven particularly difficult-to-

transfect.1,5–7,17–20 

Examples of successful protein and antibody delivery to neurons are particularly 

scarce.  To the best of our knowledge, only a few examples of intraneuronal antibody 

delivery exist, just one of which is polymer-mediated.21–26  Because of this, antibody 

delivery was then assessed in neurons to evaluate the capacity of PTDMs as novel tools 

for elucidation and manipulation of biology in a presently inaccessible cell type. 



27 

Several cationic, macromolecular delivery vehicles were tested for their ability to 

deliver GFP into five disparate cell types.  Specifically, the commercially available 

reagents Chariot™, ProteoJuice™, PULSin™, and Xfect™ were compared with our 

PTDM, in both complete and serum-free conditions.  All purchased delivery reagents claim 

non-covalent interactions with their cargo and broad cell specificity.  While most of the 

reagents reported here are proprietary, the descriptions of each of the carriers from their 

respective manufacturers are found in Section 2.2 Materials and Methods. 

Several cell lines were chosen to demonstrate translation across cell type:  HeLa 

cells, human umbilical vein endothelial cells (HUVECs), Jurkat T cells, hTERT 

mesenchymal stem cells (MSCs), and embryonic mouse hippocampal (mHippoE) cells.  

HeLa cells are the oldest, most common adherent cell line and are extensively used in many 

research fields due to their stability and relative ease of transfection.  HUVECs are derived 

from the endothelium of veins from a human umbilical cord and have different cell surface 

properties than epithelial cells such as HeLas.  Jurkats are a suspension immune cell line 

that have proven difficult for many transfection reagents.  MSCs represent a cell type 

whose differentiation could be affected by protein delivery.  mHippoE cells are derived 

from the murine hippocampus and represent a neural cell type, a class of cells for which 

many transfection reagents fall short.  These cell types were specifically selected because 

immune cells, stem cells, and neurons are among the most notoriously challenging classes 

of cells to transfect. 
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2.2 Materials and Methods 

2.2.1 Protein Carriers 

2.2.1.1 Pep-1 

Pep-1 was first reported by Morris et al. to deliver proteins intracellularly using 

non-covalent interactions with the macromolecule of interest.27  Since then, Pep-1 and its 

derivatives have been patented and are now marketed by Active Motif® under the name 

Chariot™.  Chariot™ reports delivery efficiency between 60-95% in less than two hours 

after delivery, at which time live cells can be assayed to determine the effects of the 

introduced material, without the need for fixing.  According to Morris et al. and Active 

Motif®, the peptide stabilizes the protein, reducing degradation and preserving its natural 

characteristics during delivery.27–29  After delivery, the complex dissociates, leaving the 

macromolecule biologically active and free to proceed to its target organelle.  Previous 

reports indicate that delivery occurs in the presence or absence of serum and is independent 

of the endosomal pathway, which can modify macromolecules during internalization.30  

Additionally, Chariot™ boasts low toxicity to the cells being transfected. 

2.2.1.2 PULSin 

PULSin™ is a cationic amphiphilic reagent designed by Polyplus Transfection® 

for the delivery of peptides, antibodies and proteins into cells.  The proprietary formulation 

claims efficient delivery of anionic proteins and antibodies into a large variety of 

eukaryotic cell lines and primary cells.  PULSin™ is most efficient when able to interact 

with the protein by electrostatic and/or lipophilic interactions.  According to Polyplus 

Transfection®, complexes are internalized via anionic cell-adhesion receptors and are 
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released into the cytoplasm where they disassemble.  The process is non-toxic and delivers 

functional proteins, without the requirement of fixation. 

2.2.1.3 ProteoJuice 

ProteoJuice™ is a reagent produced by Novagen®, owned by MerckMillipore®, 

for the introduction of intact functional protein into mammalian cells.  ProteoJuice™ forms 

non-covalent interactions with protein and has endosome-protective properties, ensuring 

delivery of intact protein within the cell.  ProteoJuice™ is compatible with delivery of 

peptides and small proteins, large proteins, and even multimeric protein complexes with 

minimal toxicity and broad cell specificity.  Live cells can be examined less than two hours 

after delivery to determine the effects of the introduced material without the need for cell 

fixation. 

2.2.1.4 Xfect 

The Xfect™ Protein Transfection Reagent uses a cell-penetrating peptide 

developed at Clontech® to bind and transport active proteins directly into a wide variety 

of mammalian cell types, including hard-to-transfect human suspension cell lines and 

mouse embryonic stem cells.  Xfect™ is a modified peptide with cell-penetrating activity 

whose amino acid composition enables it to interact with a protein cargo and transport this 

protein across a cell membrane barrier within 2 hours. 

2.2.1.5 MePh10-b-dG5 (PTDM) 

The PTDM used in this chapter, MePh10-b-dG5 (referred to simply as the PTDM 

in this study), was synthesized by the Tew Group for use in previous studies, where the full 
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synthetic procedure and characterization can be found.11,31  The chemical structure of the 

PTDM is shown in Figure 2.1. 

2.2.2 Other Materials 

All adherent cell lines were cultured in Gibco™ DMEM High Glucose 

GlutaMAX™ Supplement (Thermo Fisher Scientific), supplemented with 10% (v/v) FBS 

or EquaFETAL (Atlas Biologicals), 1% (v/v) 100 mM Sodium Pyruvate Solution (Lonza) 

or 100 mM HyClone™ Sodium Pyruvate Solution (Fisher Scientific), 1% (v/v) 100x MEM 

Non-Essential Amino Acid Solution (Lonza) or 100x HyClone™ Non-Essential Amino 

Acids NEAA (Fisher Scientific), and 1% (v/v) Penicillin-Streptomycin Mixture 

(10LK/10K) (Lonza).  Jurkat T cells were cultured in Gibco™ RPMI 1640 High Glucose 

GlutaMAX™ Supplement (Thermo Fisher Scientific), supplemented with all of the 

previously-mentioned materials as well as 1% (v/v) HEPES (1 M) (Thermo Fisher 

Scientific).  Serum-free DMEM and serum-free RPMI were formulated in the same 

manner, withholding the 10% FBS or EquaFETAL.  Gibco™ 10X phosphate-buffered 

saline (PBS), pH 7.4 was diluted to 1X prior to use.  Gibco™ 0.25% trypsin-EDTA 

(Thermo Fisher Scientific) was used to lift adherent cells prior to washing with heparin 

sodium salt from porcine intestinal mucosa (≥100 IU/mg) (Alfa Aesar/VWR) to remove 

 
Figure 2.1:  Chemical structure of MePh10-b-dG5, the PTDM used in Chapter 2.  Hydrophobic and cationic 

functional groups are shown in green and blue, respectively. 
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extracellular complexes from the cell surfaces. 7-aminoactinomycin D (7-AAD) Staining 

Solution (BD Biosciences/Fisher Scientific) was used to assess cellular viability in uptake 

experiments. 

2.2.3 Instrumentation 

Flow cytometry experiments for HeLa, HUVEC, Jurkat, and MSC cell lines were 

conducted using either a BD LSRII (HeLa, HUVEC, Jurkat, and MSC experiments) or a 

BD Dual LSRFortessa™ (mHippoE experiments).  Analysis was performed using FlowJo 

software.  Confocal microscopy images were collected using a Nikon A1 Spectral Detector 

Confocal with FLIM Module at 60x with immersion oil using the FITC channel for 

fluorescence detection. 

2.2.4 GFP Delivery 

2.2.4.1 Delivery with Pep-1 

The lyophilized Pep-1 reagent was dissolved in sterile H2O, aliquoted, and stored 

at -20 °C until needed, as described by the manufacturer.  In the case of adherent cell lines, 

cells were seeded in 6-well plates in complete DMEM 24h prior to delivery at an 

appropriate density to achieve ~70-90% confluency by the time of transfection.  Media was 

replaced with 0.8 mL of fresh DMEM, either serum-containing or serum-free (in this case, 

after washing once with 1X PBS to remove any traces of serum), depending on the 

experiment, at the time of transfection.  In contrast, Jurkat T cells were harvested on the 

day of the experiment and seeded in 12-well plates at a density of 4 x 105 cells/0.8 mL of 

fresh RPMI, again either serum-containing or serum-free (800 μL per well).  The GFP 

stock solution was diluted to a working concentration of 0.5 mg/mL with 1X phosphate-
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buffered saline (PBS, pH ~7.4).  Appropriate quantities of diluted GFP (corresponding to 

a final delivery concentration of 3 μg/mL) and Pep-1 (6 μL; see Section 2.2.5 Carrier 

Optimization) were brought to volumes of 100 μL in separate microcentrifuge tubes using 

1X PBS and sterile H2O, respectively.  Pep-1:GFP complexes were formed by combining 

the two solutions to reach a total volume of 200 μL and mixing by pipette.  These 

complexes were incubated in the dark at room temperature for 30 min prior to adding them 

dropwise to each well, resulting in final delivery volumes of 1 mL.  The cells were 

incubated with the complexes for 4 h at 37°C in 5% CO2.  In serum-free experiments, 800 

μL of complete media was added to each well halfway through the incubation, to help with 

cellular viability.  After the incubation period, the cells were harvested (following 

treatment with 200 μL 0.25% trypsin-EDTA and neutralization with 800 μL DMEM, in 

the case of adherent cells), transferred to microcentrifuge tubes, centrifuged, and washed 3 

times with 800 μL of heparin (20 U/mL in 1X PBS) to remove any extracellular or surface-

bound complexes, in accordance with previously-published procedures.  Cells were 

resuspended in 200 μL of FACS buffer (0.2% BSA in PBS) containing 5 μL of 7-

aminoactinomycin D (7-AAD) stain prior to internalization and viability analysis by flow 

cytometry, in which data for 10,000 cells were collected. 

2.2.4.2 Delivery with PULSin 

Cellular uptake experiments for PULSin were performed in accordance with 

manufacturer guidelines.   Specifically, transfections were performed as described for Pep-

1, with the following exceptions.  The PULSin reagent was used as received, without 

further dilution, and stored at 4 °C, as described by the manufacturer.  PULSin:GFP 

complexes were formed by combining appropriate quantities of diluted GFP 
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(corresponding to a final delivery concentration of 3 μg/mL) and PULSin (3 μL; see 

Section 2.2.5 Carrier Optimization) in the supplied HEPES buffer to achieve a volume of 

100 μL, followed by brief vortexing to mix.  Following the 30-minute complexation period, 

100 μL of serum-free media was added to reach a final complex volume of 200 μL. 

2.2.4.3 Delivery with ProteoJuice 

Cellular uptake experiments for ProteoJuice were performed in accordance with 

manufacturer guidelines.   Specifically, transfections were performed as described for Pep-

1, with the following exceptions.  The ProteoJuice reagent was used as received, without 

further dilution, and stored at 4 °C, as described by the manufacturer.  ProteoJuice:GFP 

complexes were formed by combining appropriate quantities of diluted GFP 

(corresponding to a final delivery concentration of 3 μg/mL) and ProteoJuice (3 μL; see 

Section 2.2.5 Carrier Optimization) in serum-free media to achieve a volume of 53 μL, 

followed by brief vortexing to mix.  Following the 30-minute complexation period, 147 μL 

of serum-free media was added to reach a final complex volume of 200 μL. 

2.2.4.4 Delivery with Xfect 

Cellular uptake experiments for Xfect were performed in accordance with 

manufacturer guidelines.   Specifically, transfections were performed as described for Pep-

1, with the following exceptions.  The lyophilized Xfect reagent was dissolved in sterile 

H2O, aliquoted, and stored at -20 °C until needed, as described by the manufacturer.  

Appropriate quantities of diluted GFP (corresponding to a final delivery concentration of 

3 μg/mL) and Xfect (15 μL; see Section 2.2.5 Carrier Optimization) were brought to 

volumes of 40 μL in separate microcentrifuge tubes using the supplied Protein Buffer and 
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sterile H2O, respectively.  Xfect:GFP complexes were formed by combining the two 

solutions to reach a total volume of 80 μL and mixing by pipette.  Following the 30-minute 

complexation period, 120 μL of serum-free media was added to reach a final complex 

volume of 200 μL. 

2.2.4.5 Delivery with MePh10-b-dG5 (PTDM) 

The following general procedure for fluorescent protein uptake was based on 

previously-published procedures.11,31  The PTDM was dissolved in DMSO to make a 1 

mM stock solution and was stored at -20 °C.  In the case of the adherent cell lines, cells 

were seeded in 12-well plates in complete DMEM 24h prior to delivery at an appropriate 

density to achieve ~70-90% confluency by the time of transfection.  Media was replaced 

with 0.8 mL of fresh DMEM, either serum-containing or serum-free, depending on the 

experiment, at the time of transfection.  In contrast, Jurkat T cells were harvested on the 

day of the experiment and seeded in 12-well plates at a density of 4 x 105 cells/0.8 mL of 

fresh RPMI, again either serum-containing or serum-free (800 μL per well).  GFP and 

PTDM stock solutions were diluted to working concentrations with 1X phosphate-buffered 

saline (PBS, pH ~7.4).  Carrier:protein complexes were prepared by mixing appropriate 

volumes of protein (corresponding to a final delivery concentration of 3 μg/mL GFP) and 

carrier (20:1 molar ratio of PTDM:GFP) in 1X PBS to achieve total volumes of 200 μL.  

These complexes were incubated in the dark at room temperature for 30 min prior to adding 

them dropwise to each well, resulting in final delivery volumes of 1 mL.  The cells were 

incubated with the complexes for 4 h at 37°C in 5% CO2.  In serum-free experiments, 800 

μL of complete media was added to each well halfway through the incubation, to help with 

cellular viability.  After the incubation period, the cells were harvested (following 
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treatment with 0.25% trypsin-EDTA and neutralization with DMEM in the case of adherent 

cells), transferred to microcentrifuge tubes, centrifuged, and washed 3 times with 800 μL 

of heparin (20 U/mL in 1X PBS) to remove any extracellular or surface-bound complexes, 

in accordance with previously-published procedures.32  Cells were resuspended in 200 μL 

of FACS buffer (0.2% BSA in PBS) containing 5 μL of 7-aminoactinomycin D (7-AAD) 

stain prior to internalization and viability analysis by flow cytometry, in which data for 

10,000 cells were collected. 

2.2.5 Carrier Optimization 

For delivery of GFP into each cell line, the amount of each delivery reagent was 

tested at the suggested concentration, as well as 2- and 4-fold higher concentrations, in 

their respective diluents.  Cells were treated independently in serum-free and serum-

containing media to determine the optimal conditions for protein delivery.  All conditions 

were assessed after a 4-6 hour incubation, according to the manufacturer’s protocol, by 

lifting with trypsin followed by 3 washes using 20 µg/mL heparin and analysis by flow 

cytometry.  The concentration of delivery vehicle that produced the highest GFP delivery 

with the lowest cytotoxic effect was selected. 

2.2.6 Antibody Delivery 

PTDM-mediated antibody delivery experiments were performed in a similar 

manner to PTDM-mediated GFP delivery experiments (Section 2.2.4.5) with the following 

exceptions.  IgG, F(ab’)2, and PTDM stock solutions were diluted to working 

concentrations with 1X phosphate-buffered saline (PBS, pH ~7.4).  Cells were plated in 



36 

12-well plates, rather than 6-well plates.  Complexes were prepared at a concentration of 5 

nM IgG-AF488 or F(ab’)2-AF488 and a molar ratio of 40:1 PTDM:antibody. 

2.2.7 Confocal Microscopy 

IgG-AF488 delivery for imaging by confocal microscopy was performed as 

described in Section 2.2.6 with the following variations.  Cells were plated 48 hours prior 

to delivery at a density of 10,000 cells/well in 8-well microscopy slides.  Following 

delivery, cells were washed three times by incubation with heparin (20 U/mL) for 5 minutes 

each.  After the final wash, the heparin was replaced with fresh media and the cells were 

directly imaged. 

2.3 Results and Discussion 

To assess protein delivery with each reagent, GFP was chosen as a self-reporting 

cargo.  The amount of protein used for delivery was held constant at 3 µg, allowing the 

different reagents to be compared with one another.  As depicted in Figure 2.2, uptake was 

assessed by gain in cellular fluorescence, as monitored by flow cytometry after treatment 

 
Figure 2.2:  Workflow for side-by-side evaluation of protein delivery reagents.  Briefly, each amphiphilic 

carrier (hydrophobic/hydrophilic functionalities represented in green/blue, respectively) was first mixed with 

green fluorescent protein (GFP) and allowed to incubate at room temperature for 30 minutes to form non-

covalent complexes.  These complexes were then introduced to cells in either serum-free or serum-containing 

media and allowed to incubate for 4 hours.  Following delivery, the cells were washed with heparin to remove 

extracellular complexes and subsequently analyzed by flow cytometry to assess intracellular fluorescence. 
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with the complexes and subsequent washing of the cell surface with heparin (20 U/mL) to 

remove any surface-associated carrier:protein complexes, in accordance with previously-

published methods.32 

Importantly, commercial reagents were individually optimized to maximize their 

delivery ability in each cell line prior to comparison with the other reagents, as described 

in Section 2.2.5.  Even though some of the reagents report the ability to deliver in complete 

media, most suggest removal of any exogenous protein during the actual transduction by 

washing with PBS.  To accommodate this, delivery was performed on cells in serum-free 

media that had previously been washed twice with PBS to remove serum proteins.  A 

comparison of the reagents was also made in complete media (containing 10% serum) to 

show the effect of serum on uptake. 

When assessed by the percentage of cells positive for GFP, Xfect™ was the only 

commercial reagent able to deliver GFP into all five cell types under serum-free conditions, 

although neurons proved significantly more challenging than other cell lines (Figure 2.3A, 

C, E, G, I).  Similarly, PULSin™ was able to deliver GFP in serum-free media to a 

significant percentage of every cell type except neurons.  ProteoJuice™ only achieved 

moderate delivery (~20%) in one cell type (Jurkat T cells), while Chariot™ was unable to 

deliver GFP to any cell type.  In almost all cases, a drastic reduction in effectiveness was 

observed when delivery was performed in complete media (red bars), as opposed to serum-

free media (blue bars).  In fact, the only example of significant GFP delivery in the presence 

of serum was PULSin with MSCs.  In stark contrast to all commercial reagents, the PTDM 

performed exceptionally well in every cell type, both in the absence and the presence of 

serum.  Unlike its commercial counterparts, the PTDM performed just as well in complete 
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Figure 2.3:  Uptake of 3 µg GFP into (A-B) HeLa cells, (C-D) human umbilical vein endothelial cells 

(HUVEC), (E-F) Jurkat T cells, (G-H) hTERT mesenchymal stem cells (MSC), and (I-J) embryonic mouse 

hippocampal cells (mHippoE) after treatment in either serum-free (blue bars) or complete media (red bars) 

using amphiphilic polymers designed for non-covalent protein delivery.  The left-hand column indicates the 

percent of cells positive for the fluorescent cargo, while the right-hand column shows the median 

fluorescence intensity (MFI) of the entire population, proportional to the quantity of protein internalized.  

Data are displayed as the mean ± the standard error of the mean for three independent replicates.  Statistics 

indicate significance in comparison with the untreated control:  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

no symbol = no significance, as determined by one-way ANOVA followed by a Tukey post-test. 
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media as in serum-free media, except with mHippoE cells (though delivery to half the 

population was still managed in this case). 

When assessed by the median fluorescence intensity (MFI), which is directly 

proportional to the amount of protein delivered, delivery was exceptionally low for all 

commercial carriers in all cell types (Figure 2.3B, D, F, H, J).  None of these carriers were 

able to deliver a statistically significant quantity of cargo into any cell types, even in the 

absence of serum.  This indicates that, while some carriers were able to target a large 

fraction of the population, they were not able to deliver much protein into those cells.  The 

PTDM, however, reliably delivered significant quantities of protein to every cell type in 

serum-free media.  In the presence of serum, statistically significant amounts of GFP were 

only delivered to MSCs and neurons, although the MFIs for HeLa, Jurkat, and HUVEC 

cell lines still appear to be higher than the controls and might become significant if more 

than three replicates were collected. 

Significant drops in cellular viability were observed for several cell type/carrier 

combinations under serum-free conditions:  HeLa cells (PULSin), Jurkat T cells (PULSin, 

ProteoJuice, and PTDM) and mHippoE cells (PULSin and PTDM) (Figure 2.4).  However, 

the use of serum-containing media eliminated these viability concerns in almost every case, 

highlighting the importance of developing serum-insensitive delivery vehicles, like the 

PTDM, for delivery to more fragile cell types like T cells and neurons. 
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Taken altogether, GFP delivery by the PTDM in complete media consistently 

outperformed the optimized conditions of all other delivery reagents in serum-free 

conditions across all cell types surveyed.  Significantly, the PTDM was able to successfully 

deliver to mHippoE cells, by far the most challenging cell type for all of the commercial 

reagents, indicating for the first time that PTDMs are a promising candidate for 

intraneuronal protein delivery, a need which is largely unmet in the field of neuron 

biology.1,19,20 

Motivated by successful GFP delivery in the mHippoE cell line and the lack of 

efficient protein delivery carriers in the neuron literature, the utility of the reported PTDM 

was further explored using additional protein cargoes.  Specifically, a polyclonal IgG 

antibody and a polyclonal F(ab’)2 antibody fragment, both fluorescently labelled with 

 
Figure 2.4:  Viability as determined by 7-AAD staining of (A) HeLa, (B) HUVEC, (C) Jurkat, (D) MSC, and 

(E) mHippoE cell lines treated with the carrier:GFP complexes in serum-free (blue bars) or complete (red 

bars) media.  Samples were normalized against the untreated control in which cells were treated with PBS 

only, and the mean ± SEM is shown for three separate experiments.  Statistics indicate significance in 

comparison with the untreated control:  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no 

significance, as determined by one-way ANOVA followed by a Tukey post-test. 
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Alexa Fluor 488® (AF488), were assessed for mHippoE internalization using the PTDM 

in serum-containing media (Figure 2.5).  These antibody-based cargoes were selected to 

evaluate delivery of clinically-relevant biologics whose physical properties such as size 

and shape deviate greatly from those of other proteins, like GFP. 

The successful delivery of both cargoes is evidenced by a dramatic fluorescence 

shift of virtually the entire population in the flow cytometry histograms (Figure 2.5A).  In 

both cases, cargo was delivered to more than 90% of the population, with high MFI values 

relative to the untreated control (Figure 2.5B-C).  Importantly, cellular viability data also 

 
Figure 2.5:  PTDM-mediated delivery of 5 nM antibody into embryonic mouse hippocampal cells, as assessed 

by flow cytometry (A-C) and confocal microscopy (D-F).  Flow cytometry data show (A) representative 

fluorescence histograms, (B) percent of cells positive for the fluorescent cargo, and (C) normalized median 

fluorescence intensities (MFIs) for a polyclonal IgG-AF488 antibody (purple), polyclonal F(ab’)2-AF488 

antibody fragment (green), and an untreated sample (grey) after 4 hours in complete media.  Data are 

displayed as the mean ± the standard error of the mean for three independent replicates.  Statistics indicate 

significance in comparison with the untreated control:  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no 

symbol = no significance, as determined by one-way ANOVA followed by a Tukey post-test.  Confocal data 

show the optical (D), fluorescence (E), and merged (F) channels of a representative microscope image 

following IgG-AF488 delivery for 4 hours in complete media.  Scale bar represents 10 μm. 
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indicated no significant cytotoxicity of the PTDM for either whole antibody or antibody 

fragment delivery (Figure 2.6).  The neurons were also visualized immediately following 

delivery of IgG-AF488 using confocal microscopy, confirming GFP uptake into most of 

the cell body, apart from the nucleus (Figure 2.5D-F). 

Due to potential differences in dye-labeling of the two cargoes, no conclusion 

should be drawn from the differences in MFI values.  Likewise, no quantitative comparison 

can be made between the antibodies and GFP, an entirely different chromophore.  For this 

reason, no speculation as to the relative amounts of IgG, F(ab’)2, or GFP delivered are 

made; nonetheless, these data strongly suggest that PTDMs are a promising new class of 

carriers for the delivery of functional proteins, particularly antibody-based cargoes, into 

neurons. 

2.4 Conclusions 

While many products are being developed for protein delivery, all of the 

commercially available options within the class of cationic, amphiphilic polymers require 

 
Figure 2.6:  Viability as determined by 7-AAD staining of mHippoE cells treated with F(ab’)2-PTDM (green) 

or IgG-PTDM (purple) complexes in complete media.  Samples were normalized against the untreated 

control (grey) in which cells were treated with PBS only, and the mean ± SEM is shown for three separate 

experiments.  Statistics indicate significance in comparison with the untreated control:  * = p < 0.05, ** = p 

< 0.01, *** = p < 0.001, no symbol = no significance, as determined by one-way ANOVA followed by a 

Tukey post-test. 
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optimization, performing only in serum-free conditions and are unable to deliver large 

payloads into the cells of greatest interest.  Here, we demonstrate the use of a bio-inspired 

polymeric peptide mimic that is capable of non-covalent protein and antibody into a variety 

of cell types in complete media.  In all cases, the PTDM outperformed its commercially 

available counterparts within the same class of carriers.  The PTDM was consistently able 

to deliver significantly higher amounts of protein into at least 50% of the population, both 

in serum-free and serum-containing conditions.  Most significantly, the PTDM remained 

effective in difficult-to-transfect cell types, namely immune cells, stem cells, and neural 

cells, even when challenged with transporting significantly larger antibody-based cargoes.  

In other work, we have observed a correlation of PTDM membrane translocation with 

functional antibody and protein delivery in the cytosol.8,11  Future work demonstrating 

functional protein and antibody delivery in neurons and other hard-to-transfect cell types 

will advance the field of transfection and establish protein delivery as an important tool in 

molecular biology. 
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CHAPTER 3 

 

3 NON-COVALENT CARRIER HYDROPHOBICITY AS A UNIVERSAL 

PREDICTOR OF INTRACELLULAR PROTEIN ACTIVITY 

NOTE: Polymers used in this chapter were prepared with the help of Nicholas D. Posey 

and Coralie M. Backlund.  Homopolymer-mediated EGFP delivery experiments were 

performed in collaboration with Coralie M. Backlund.  Binding assays were performed by 

Hazel C. Davis. 

3.1 Introduction 

3.1.1 Summary 

Over the past decade, extensive optimization of polymeric cell-penetrating peptide 

(CPP) mimics (CPPMs) by our group has generated a substantial library of broadly 

effective carriers which circumvent the need for covalent conjugation often required by 

CPPs.  In this study, design rules learned from CPPM development were applied to reverse-

engineer the first library of simple amphiphilic block copolypeptides for non-covalent 

protein delivery, namely poly(alanine-block-arginine), poly(phenylalanine-block-

arginine), and poly(tryptophan-block-arginine).  This new CPP library was screened for 

EGFP and Cre recombinase delivery alongside a library of CPPMs featuring equivalent 

side-chain configurations.  Due to the added hydrophobicity imparted by the polymer 

backbone as compared to the polypeptide backbone, side-chain functionality was not a 

universal predictor of carrier performance.  Rather, overall carrier hydrophobicity 

predicted the top performers for both internalization and activity of protein cargo, 

regardless of backbone identity.  Furthermore, comparison of protein uptake and function 

revealed carriers which facilitated high gene recombination despite remarkably low Cre 

internalization, leading us to formalize the loosely-used term “intracellular availability” 
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(IA).  IA, a measure of cargo activity per quantity of cargo internalized, provides valuable 

insight into the physical relationship between cellular internalization and bioavailability, 

which can be affected by bottlenecks such as endosomal escape and cargo release.  

Importantly, carriers with maximal IA existed within a narrow hydrophobicity window, 

more hydrophilic than those exhibiting maximal cargo uptake.  Hydrophobicity may be 

used as a scaffold-independent predictor of protein uptake, function, and IA, enabling 

identification of new, effective carriers which would be overlooked by uptake-based 

screening methods. 

3.1.2 Background 

Polymeric materials are being increasingly utilized for delivery of drugs, including 

proteins, intracellularly.1–3  This has been enabled in large part by recent advances in 

polymer chemistry, for example the introduction of living polymerizations which allow for 

synthesis of precisely-tuned polymer structures with narrow molecular weight 

distributions.4  While synthetic polymers offer many advantages, peptides have their own 

unique and desirable properties, such as discrete molecular weights and biodegradability.  

In order to further advance the field of non-covalent protein delivery, it is important to 

study both natural and synthetic materials in ways which complement one another.  In this 

study, the SARs gained from working with CPPMs were applied to inform the intelligent 

design of novel CPP sequences, which were then evaluated for their ability to facilitate 

non-covalent protein delivery alongside their CPPM counterparts. 

Given the sequence simplicity of our optimized block copolymers, consisting of at 

most two distinct comonomers, we sought to design a series of equally simple block 



49 

copolypeptides.  Within our CPPM library, carriers featuring a hydrophobic block of all-

phenyl side chains yielded higher EGFP delivery than those of greater (e.g., all-naphthyl) 

or lower (e.g., all-methyl) hydrophobicity.5  Conveniently, both the methyl and phenyl side 

chains appear on natural amino acids (alanine and phenylalanine), providing a 

straightforward opportunity to directly compare top-performing and poorer-performing 

polymers with their analogous peptide counterparts.  Notably, however, tryptophan (the 

most hydrophobic natural amino acid6–8) has frequently been used to introduce 

hydrophobicity into CPPs9–20 and other membrane-active peptides.9,21–25  In fact, 

replacement of both tryptophan residues in the Penetratin sequence with phenylalanine 

resulted in dramatically reduced cellular uptake.26  Despite the prevalence of tryptophan-

rich CPPs, very few indole-containing synthetic carriers have been reported to date.27–29  

For this reason, we synthesized two new indole-containing polymeric mimics and included 

their tryptophan-rich peptide counterparts for comparison in this study.  Based on previous 

findings that an increased hydrophobic:cationic block ratio (2:1 vs. 1:1) results in enhanced 

protein delivery,30 each carrier in this study was evaluated at both ratios to determine if this 

CPPM finding translates back to CPPs as well. 

Carriers were evaluated for delivery into Jurkat T cells, widely recognized as a 

challenging cell type for intracellular delivery,31,32 using two protein cargoes:  enhanced 

green fluorescent protein (EGFP) and Cre recombinase (Cre).  The two proteins are similar 

in size (33 and 40 kDa, respectively), but the high isoelectric point (pI) of Cre (around 9.2) 

contrasts well with the low pI of EGFP (6.2).  At physiological pH, the net negative charge 

of EGFP should allow for electrostatic attraction to a CPP(M), while binding to the net 

positive surface of Cre may pose more of a challenge.33  Although EGFP’s post-delivery 
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fluorescence implies preservation of protein structure, Cre delivery provides a route to 

explicitly probe the biological function of delivered cargo.  Gene recombination, which 

can only occur following nuclear localization and tetrameric assembly of Cre,34 offers a 

simple readout of activity for elucidation of relationships between carrier structure and 

cargo function. 

Despite their structural simplicity, block copolypeptides like the ones presented 

here are surprisingly absent in the field of CPPs.  To the best of our knowledge, the only 

similar block CPPs previously reported are F2,4,6GR8,
35 F6G6(rR)3R2,

36 F3,5GR8,
37 and W1-

4R7-8.
9,12,13  The former two were investigated for delivery of model cargoes (covalently) 

and fluorescent probes (non-covalently), respectively, while the latter two were only 

screened for cellular uptake.  Several more distantly related peptides include pH-responsive 

block CPPs (containing H and R),38 self-assembling block peptides for drug encapsulation 

(combinations of M, L, F, H, K, and R),39–45 block peptides for membrane insertion 

(containing A and K),46,47 and antimicrobial peptides end-tagged with hydrophobic 

stretches of oligopeptides (including A, F, and W).21–24  Thus, while a few related materials 

have been studied for similar applications, all of the amphiphilic peptides presented in this 

study are new and represent the first use of simple block copolypeptides for non-covalent 

protein delivery.  In this work, we identify carrier hydrophobicity as universal predictor of 

a protein cargo’s internalization, activity, and intracellular availability (IA), regardless of 

the carrier’s macromolecular scaffold. 
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3.2 Materials and Methods 

3.2.1 Materials 

3.2.1.1 Synthesis 

Chemicals and solvents were obtained as reagent grade from Millipore Sigma, Alfa 

Aesar, Fisher Scientific, Fluka, BDH, or Acros Organics and used as received unless 

otherwise noted.  Grubbs 3rd generation catalyst (Dichloro-di(3-bromopyridino)-N,N’-

Dimesitylenoimidazolino-Ru=CHPh; G3) was synthesized as described previously.48  

Deuterated NMR solvents were obtained from Cambridge Isotope Laboratories.  Polymers 

were dialyzed using Spectra/Por® dialysis membranes with molecular weight cutoffs 

(MWCOs) ranging from 0.5-1 kDa. 

Cre recombinase was fluorescently labelled for uptake studies using the Alexa 

Fluor™ 647 Protein Labeling Kit purchased from Thermo Fisher Scientific (product code 

A20173) to create the Cre-AF647 conjugate.  Dialysis of Cre-AF647 was performed using 

a Tube-O-DIALYZER micro dialysis kit with 1 kDa MWCO membranes purchased from 

VWR/G-Biosciences (product code 95057-588). 

3.2.1.2 Peptides and Proteins 

Peptides were purchased by custom order from GenScript with no end group 

modifications.  Recombinant enhanced green fluorescent protein (EGFP) with both an N-

terminal and a C-terminal 6XHis tag was purchased from BioVision (product code 4999), 

reconstituted to a concentration of 1 mg/mL in 1x PBS, and stored at -20 ⁰C, per 

manufacturer recommendations.  The isoelectric point (pI) of this EGFP variant is 6.2.33  

Recombinant Cre recombinase with an N-terminal 6XHis tag and NLS sequence 
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(PKKKRKV) was purchased from Excellgen (HNC form, old product code RP-7, new 

product code EG-1067) and stored at -20 ⁰C, per manufacturer recommendations.  The pI 

of this Cre variant was estimated to be ~9.23 by entering the following amino acid sequence 

into a web-based calculator:49 

MGSSHHHHHHPKKKRKVSNLLTVHQNLPALPVDATSDEVRKNLMDMFRDRQA

FSEHTWKMLLSVCRSWAAWCKLNNRKWFPAEPEDVRDYLLYLQARGLAVKTI

QQHLGQLNMLHRRSGLPRPSDSNAVSLVMRRIRKENVDAGERAKQALAFERTD

FDQVRSLMENSDRCQDIRNLAFLGIAYNTLLRIAEIARIRVKDISRTDGGRMLIHIG

RTKTLVSTAGVEKALSLGVTKLVERWISVSGVADDPNNYLFCRVRKNGVAAPS

ATSQLSTRALEGIFEATHRLIYGAKDDSGQRYLAWSGHSARVGAARDMARAGV

SIPEIMQAGGWTNVNIVMNYIRNLDSETGAMVRLLEDGD 

3.2.1.3 Reporter Jurkat T Cell Line 

The Jurkat reporter cell line was created by stably transfecting Jurkat T cells with 

the pWPT-GFP plasmid.  pWPT-GFP was a gift from Didier Trono (Addgene plasmid # 

12255; http://n2t.net/addgene:12255; RRID:Addgene_12255).  A single cell containing 

one copy of the EGFP gene was then identified, isolated, and expanded to create the 

monoclonal cell line used for Cre and Cre-AF647 delivery. 

3.2.1.4 Cell Culture Reagents 

Jurkat T cells and the modified reporter Jurkat T cells were cultured in Gibco™ 

RPMI 1640 High Glucose GlutaMAX™ Supplement (Thermo Fisher Scientific), 

supplemented with 10% (v/v) EquaFETAL (Atlas Biologicals), 1% (v/v) 100 mM Sodium 

Pyruvate Solution (Lonza) or 100 mM HyClone™ Sodium Pyruvate Solution (Fisher 
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Scientific), 1% (v/v) 100x MEM Non-Essential Amino Acid Solution (Lonza) or 100x 

HyClone™ Non-Essential Amino Acids NEAA (Fisher Scientific), 1% (v/v) HEPES (1 

M) (Thermo Fisher Scientific), and 1% (v/v) Penicillin-Streptomycin Mixture (10K/10K) 

(Lonza).  Serum-free RPMI was formulated in the same manner, withholding the 10% 

EquaFETAL.  Gibco™ 10X phosphate-buffered saline (PBS), pH 7.4 was diluted to 1X 

prior to use.  Heparin sodium salt from porcine intestinal mucosa (≥100 IU/mg) (Alfa 

Aesar/VWR) was used to remove extracellular complexes from the cell surfaces.  7-

aminoactinomycin D (7-AAD) Staining Solution (BD Biosciences/Fisher Scientific) or the 

Zombie Violet Fixable Viability Kit (BioLegend) was used to assess cellular viability in 

flow cytometry experiments. 

3.2.2 Instrumentation and Software 

1H nuclear magnetic resonance (NMR) spectra were recorded for all monomers and 

polymers at 500 MHz using a Bruker Ascend Nuclear Magnetic Resonance Spectrometer 

retrofitted with a cryoprobe.  Chemical shifts (δ) are listed in ppm and coupling constants 

(J) in Hz.  Splitting patterns were described as either s, singlet; d, doublet; dd, doublet of 

doublets; t, triplet; tt triplet of triplets; dt, doublet of triplets; q, quartet; or m, multiplet; or 

br, broad.  Analysis of NMR spectra was performed using MestReNova v. 6.1.0-6224 

(Mestrelab Research). 

A CombiFlash Rf 200 automated chromatography system (Teledyne ISCO) with 

120 g RediSep Rf silica disposable columns was used to purify the dIn monomer.  The 

other monomers and intermediates were purified by standard silica gel chromatography 

methods. 
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Gel permeation chromatography (GPC) chromatograms were recorded for all 

polymers using an Agilent Technologies 1260 Infinity series system equipped with 

refractive index (RI) and ultraviolet (UV) detectors, a PL Gel 5 μm guard column, two PL 

Gel 5 μm analytical Mixed-C columns, and a PL Gel 5 μm analytical Mixed-D column.  

These columns were connected in series and incubated at 40 ⁰C.  THF was used as the 

eluent at a flow rate of 1 mL/min.  Toluene was used as the flow marker.  The instrument 

was calibrated with both poly(methyl methacrylate) and polystyrene standards.  All 

samples were prepared at ~3 mg/mL and filtered into Agilent Technologies autosampler 

vials using 0.45 μm PTFE syringe filters prior to injection. 

Flow cytometry experiments were conducted using a BD Dual LSRFortessa™ flow 

cytometer and FACSDiva as the acquisition software.  Zombie Violet, EGFP, Alexa 

Fluor™ 647 (AF647), and 7-aminoactinomycin D (7-AAD) were excited with 405 nm, 488 

nm, 640 nm, and 488 nm lasers, respectively.  Fluorescence emission for the dyes were 

collected using 450/50, 530/30, 670/30, and 710/50 band pass filters, respectively.  

Fluorescence signals of 10,000 cells were collected for every sample.  Analysis was 

performed using FlowJo v. 10.0.7r2 (Tree Star). 

Cre concentrations and degree of fluorescent labelling were determined using a 

BioDrop µLite instrument with a pathlength of 5 mm.  Cre-AF647 binding curves were 

collected for all carriers using a BioTek Instruments Synergy Mx plate reader and Gen5 

1.10 as the acquisition software.  Samples were measured at 25 °C in Ultra Cruz 96 well 

sterile poly(styrene) black tissue culture plates with clear flat bottoms purchased from 

Santa Cruz Biotechnology, Inc. 
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Hydrophobicity was predicted for all model carriers using a combination of 

software packages.  Chemical structures were drawn in ChemDraw Ultra v. 8.0.3 

(CambridgeSoft).  Octanol-water partition coefficients (LogP) were predicted using the 

KOWWIN v. 1.68 module of EPI Suite v. 4.1 (United States Environmental Protection 

Agency).  Connolly molecular surface area values (SA) were predicted using Chem3D 

Ultra v. 8.0.3 (CambridgeSoft). 

3.2.3 Methods  

3.2.3.1 Synthesis 

The following polymeric carriers were previously reported and characterized:  dG5, 

dG10, dMe5-b-dG5, dMe10-b-dG5, dPh5-b-dG5, and dPh10-b-dG5.30,50 MePh10-b-dG5, 

while reported several times before, was resynthesized for this study, necessitating the 

synthesis of both the MePh and the dG monomers.  Synthesis and characterization of this 

polymer and its constituent monomers are presented here.  The dIn monomer and its two 

resulting polymers, dIn5-b-dG5 and dIn10-b-dG5, are reported here for the first time. 

3.2.3.1.1 Monomer Synthesis 

In general, all monomers were prepared following previously reported 

procedures.51  A brief overview is provided here (Figure 3.1 and Figure 3.2). 

 
Figure 3.1: Synthesis of the asymmetric MePh monomer.  (i) Methanol, DMAP, CH2Cl2, room temperature, 

overnight; (ii) benzyl alcohol, DMAP, EDC, CH2Cl2, 0 °C to room temperature, overnight. 
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Ph half ester:  One molar equivalent of oxanorbornene anhydride and 0.1 molar 

equivalents of 4-dimethylaminopyridine (DMAP) were added to an oven dried two-neck 

round bottom flask under nitrogen gas and dissolved in sufficient freshly distilled CH2Cl2 

dried over CaH2.  One molar equivalent of benzyl alcohol was added via syringe.  The 

reaction was stirred overnight under nitrogen at room temperature.  As the half ester 

product formed, it precipitated out overnight.  The precipitate was isolated by vacuum 

filtration, washing with cold CH2Cl2, and then dried under vacuum. 

56% yield 

1H NMR (500 MHz, DMSO) δ 12.45 (s, 1H), 7.41 – 7.28 (m, 5H), 6.50 – 6.42 (m, 2H), 

5.11 (d, J = 5.8 Hz, 2H), 5.08 – 4.91 (m, 2H), 2.81 – 2.73 (m, 2H). 

MePh monomer:  One molar equivalent of the Ph half ester and 0.1 molar equivalents of 

DMAP were added to an oven dried two-neck round bottom flask under nitrogen gas and 

dissolved in sufficient freshly distilled CH2Cl2 dried over CaH2.  One molar equivalent of 

methanol was added via syringe.  The solution was then cooled down to 0 °C in an ice bath 

and 1.2 molar equivalents of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were 

added.  The solution was allowed to stir overnight under nitrogen and gradually return to 

room temperature.  The diester product was isolated by normal phase flash chromatography 

with silica using a 90/10 (v/v) mixture of CH2Cl2/ethyl acetate (EtOAc) as the eluent.  Pure 

fractions were combined and concentrated using rotary evaporation.  The sample was dried 

under vacuum overnight at room temperature to obtain a white solid. 

69% yield 
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1H NMR (500 MHz, CDCl3) δ 7.40 – 7.29 (m, 5H), 6.47 – 6.42 (m, 2H), 5.28 (d, J = 3.4 

Hz, 2H), 5.18 – 5.10 (m, 2H), 3.55 (s, 3H), 2.88 – 2.79 (m, 2H). 

dG:  One molar equivalent of oxanorbornene anhydride, two molar equivalents of 1,3,-di-

boc-2-(2-hydroxyethyl)guanidine, and 0.1 molar equivalents of DMAP were dissolved in 

freshly distilled CH2Cl2 dried over CaH2 and stirred at room temperature under nitrogen.  

The solution was then cooled down to 0 °C in an ice bath and 1.2 molar equivalents of 

EDC were added.  The solution was allowed to stir overnight under nitrogen and gradually 

return to room temperature.  The diester product was isolated by normal phase flash 

chromatography using silica using a 70/30 (v/v) mixture of CH2Cl2/EtOAc as the eluent.  

Pure fractions were combined and concentrated using rotary evaporation.  The sample was 

dried under vacuum overnight at room temperature to obtain a white solid. 

71% yield 

1H NMR (500 MHz, CDCl3) δ 11.49 (br, 2H), 8.56 (br, 2H), 6.47 (br, 2H), 5.35 – 5.27 (m, 

2H), 4.33 – 4.19 (m, 4H), 3.83 – 3.61 (m, 4H), 2.85 (br, 2H), 1.69 – 1.39 (m, 36H). 

dIn:  One molar equivalent of oxanorbornene anhydride, two molar equivalents of 

tryptophol, and 0.1 molar equivalents of DMAP were dissolved in CH2Cl2 and stirred at 

room temperature under nitrogen.  The solution was then cooled down to 0 °C in an ice 

 
Figure 3.2:  Synthesis of the symmetric dG and dIn monomers.  (i) R-OH, DMAP, EDC, CH2Cl2, 0 °C to 

room temperature, overnight. 
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bath and 1.5 molar equivalents of EDC were added.  The solution was allowed to stir 

overnight under nitrogen and gradually return to room temperature.  The reaction mixture 

was then concentrated using rotary evaporation and purified by normal phase, flash 

chromatography using a 120 g silica column and a solvent gradient from pure hexanes to 

pure ethyl acetate as the eluent.  Pure fractions were combined and then concentrated using 

rotary evaporation.  The sample was dried under vacuum overnight at room temperature to 

obtain a white solid. 

44% yield 

1H NMR (500 MHz, CDCl3) δ 7.96 (s, 2H), 7.60 (d, J = 7.9 Hz, 2H), 7.33 (d, J = 8.1 Hz, 

2H), 7.18 (t, J = 7.6 Hz, 2H), 7.10 (t, J = 7.5 Hz, 2H), 7.00 (d, J = 2.1 Hz, 2H), 6.41 (s, 

2H), 5.19 (s, 2H), 4.40 – 4.26 (m, 4H), 3.07 (t, J = 7.1 Hz, 4H), 2.79 (s, 2H). 

3.2.3.1.2 Polymer Synthesis 

All polymers were prepared according to previously reported procedures (Figure 

3.3).51 

 
Figure 3.3: Synthesis of Boc-protected block copolymers used in Chapter 3.  (i) G3, CH2Cl2, room 

temperature, 10 min; (ii) dG, CH2Cl2, room temperature, 90 min; (iii) ethyl vinyl ether, room temperature, 

overnight. 
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In brief, 1 molar equivalent of G3, 5 or 10 molar equivalents of the hydrophobic 

block monomer (depending on the target length of the hydrophobic block), and 5 molar 

equivalents of the dG monomer were each dissolved in separate oven dried Schlenk flasks 

using freshly distilled CH2Cl2 dried over CaH2.  The contents of all Schlenk flasks were 

put through a minimum of 3 freeze, pump, thaw (FPT) cycles to rigorously degas the 

monomer and catalyst solutions.  After the final FPT cycle, the contents of the flask 

containing the hydrophobic monomer were cannulated into the flask containing the stirring 

G3 solution.  This monomer was allowed to polymerize for about 10 minutes, at which 

time a crude aliquot was taken and dried using compressed air for analysis by 1H NMR and 

THF GPC.  The NMR spectrum was used to confirm monomer consumption by a complete 

upfield shift of the alkene protons in the oxanorbornene-based monomer.  The GPC 

chromatogram was used to calculate the molecular weight and dispersity of the 

hydrophobic block.  The dG monomer was then cannulated into the G3 flask and allowed 

to polymerize for approximately 90 minutes.  Upon completion, 2-3 mL of ethyl vinyl ether 

(EVE) was injected into the Schlenk flask to terminate the polymerization.  A crude aliquot 

was taken at this point and dried using compressed air for analysis by 1H NMR and THF 

GPC.  As with the first aliquot, this NMR spectrum was used to confirm complete 

consumption of the second monomer.  The GPC chromatogram was used to confirm 

successful chain extension by comparison with the first chromatogram.  After stirring 

overnight with EVE, the crude reaction mixture was concentrated to a solid using rotary 

evaporation before it was redissolved in 1 mL of tetrahydrofuran (THF).  This solution was 

then precipitated dropwise into cold, stirring pentane.  The precipitated polymers in their 

Boc-protected forms were recovered using vacuum filtration and dried under high vacuum 
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overnight, at which point they were again characterized by 1H NMR and THF GPC.  The 

final NMR spectrum was used to calculate the relative block composition using 

integrations of diagnostic peaks from each of the respective blocks (Table 3.1).  For 

MePh10-b-dG5, the MePh block CH3 protons at 3.45 ppm were compared to the dG block 

CH2 protons at 4.21 ppm.  For the indole-containing polymers, the dG block NH protons 

at ~8.5 ppm were compared to the dIn block aromatic CH protons at ~7.5 ppm.  The final 

GPC chromatogram was used to determine the approximate molecular weight (MW) and 

dispersity of each polymer, also reported in Table 3.1. 

The 1H NMR chemical shifts for each precipitated, Boc-protected polymer are 

below.  Overlays of the three GPC chromatograms taken for each polymer can be found in 

Figure 3.4, Figure 3.5, and Figure 3.6. 

Table 3.1:  Characterization summary for PTDMs used in Chapter 3 based on 1H NMR and THF GPC 

analysis. 

Polymer 

Block 1: 

Block 2a 

Theoretical 

MW (g/mol)b 

Mp 

(g/mol)c 

Mn 

(g/mol)c 

Mw 

(g/mol)c Đc 

MePh10-b-dG5 66:33 6,761 8,149 7,119 7,780 1.1 

dIn5-b-dG5 48:52 6,231 5,790 5,150 5,620 1.1 

dIn10-b-dG5 69:31 8,584 7,660 6,930 7,620 1.1 
aRelative block incorporation as calculated by 1H NMR.  bTheoretical molecular weight based on polymer 

structure shown in Figure 3.3.  cCalculated by GPC in THF, 40⁰C, flow rate 1 mL/min with polystyrene 

standards and toluene as the flow marker. 

 
Figure 3.4:  GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the MePh monomer) to create the Boc-protected copolymer (MePh10-b-dG5), shown here 

before and after purification by precipitation. 
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MePh10-b-dG5:  1H NMR (500 MHz, CDCl3) δ 11.47 (br, 2H), 8.48 (br, 2H), 7.32 (br, 

11H), 5.84 (trans) and 5.57 (cis) (br, 6H total), 5.09 (br, 4H), 5.09 (cis) and 4.68 (trans) 

(br, 6H total), 4.21 (br, 4H), 3.68 (br, 4H), 3.45 (br, 6H), 3.08 (br, 6H), 1.56 (s, 18H), 1.47 

(s, 18H). 

dIn5-b-dG5:  1H NMR (500 MHz, CDCl3) δ 11.47 (br, 2H), 8.49 (br, 2H), 8.09 (br, 2H), 

7.47 (br, 2H), 7.14 (br, 7H), 6.77 (br, 2H), 5.84 (trans) and 5.51 (cis) (br, 4H total), 5.10 

(cis) and 4.61 (trans) (br, 4H total), 4.20 (br, 8H), 3.59 (br, 4H), 2.98 (br, 8H), 1.57 (s, 

18H), 1.47 (s, 18H). 

 
Figure 3.5:  GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the dIn monomer) to create the Boc-protected copolymer (dIn5-b-dG5), shown here before 

and after purification by precipitation. 

 

 
Figure 3.6:  GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the dIn monomer) to create the Boc-protected copolymer (dIn10-b-dG5), shown here before 

and after purification by precipitation. 
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dIn10-b-dG5:  1H NMR (500 MHz, CDCl3) δ 11.48 (br, 2H), 8.49 (br, 2H), 8.10 (br, 4H), 

7.46 (br, 4H), 7.11 (br, 13H), 6.74 (br, 4H), 5.85 (trans) and 5.49 (cis) (br, 6H total), 5.10 

(cis) and 4.64 (trans) (br, 6H total), 4.20 (br, 12H), 3.63 (br, 4H), 2.91 (br, 14H), 1.64 (s, 

18H), 1.47 (s, 18H). 

3.2.3.1.3 Polymer Deprotection 

To remove the Boc protecting groups, each polymer was dissolved in a 4 mL 

solution of 1:1 CH2Cl2:trifluoroacetic acid (TFA) and stirred in a scintillation vial 

overnight (Figure 3.7).  The scintillation vials were filled to halfway with methanol and 

concentrated using rotary evaporation.  This process was repeated up to 7 times to remove 

traces of TFA by azeotropic distillation.  The deprotected polymers were then dissolved in 

a minimal volume of methanol, diluted in approximately 10 mL of reverse osmosis (RO) 

water, and loaded into hydrated dialysis membrane tubing (MWCO = 500-1000 Da).  All 

polymers were dialyzed against RO water until the conductivity of the solution outside the 

bag reached 0.3 µS or lower.  Once dialysis was completed, polymer solutions were flash 

 
Figure 3.7:  Deprotection of Boc-protected block copolymers used in Chapter 3 to yield cationic guanidinium 

groups.  (i) TFA/CH2Cl2 (1:1), room temperature, overnight. 
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frozen in plastic cups by submerging them in liquid nitrogen.  Frozen water was then 

removed by lyophilization in vacuo over the course of 3-5 days. 

3.2.3.2 Fluorescent Labelling of Cre-AF647 

Cre was gradually dialyzed at 4 °C into a buffer containing ~15 % (v/v) glycerol in 

PBS to remove arginine and reduce the glycerol level (from 50%), according to Thermo 

Fisher Scientific’s recommendations, since the NHS ester dye in the protein labelling kit 

reacts with primary amines and the reaction rate is slowed by viscous solvents like glycerol.  

Dialysis was performed using a Tube-O-DIALYZER micro dialysis kit with 1 kDa MWCO 

membranes for ~24 h at a sample to buffer ratio of ~1:1000.  The buffer was replaced 

several times throughout dialysis and stirred continuously.  The final protein solution was 

passed through a 0.45 μm PTFE filter to ensure the removal of any aggregated protein.  

Dialyzed Cre was stored at 4 °C. 

Concentration of the dialyzed Cre was determined from the absorbance of 280 nm 

wavelength light (A280), using distilled water as the reference solution, as recommended by 

Excellgen.  The extinction coefficient of Cre at 280 nm (𝜀280) was estimated from the 

number of strongly absorbing residues (tryptophan, tyrosine, and cysteine) using the 

following equation:52 

𝜀280 ≈ (5500 𝑀−1𝑐𝑚−1)𝑊 + (1490 𝑀−1𝑐𝑚−1)𝑌 + (125 𝑀−1𝑐𝑚−1)𝐶 

For a protein with 𝑊 = 7, 𝑌 = 7, and 𝐶 = 4, this becomes 𝜀280 ≈ 49,430 M-1cm-1.  

Knowing the light pathlength within the BioDrop (𝑙 = 0.05 cm), Cre concentration was 

then determined using Beer’s Law: 
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𝑐 =
𝐴280

𝜀280𝑙
 

Approximately 1.4 mL of 1.4 mg/mL Cre was labelled with the contents of two 

AF647 NHS ester dye tubes and subsequently separated from the excess unreacted dye by 

size exclusion chromatography according to manufacturer guidelines. 

The concentration of the Cre-AF647 conjugate was determined from its absorbance 

at 280 nm and 650 nm (𝐴650) using a modified version of Beer’s Law, in which the factor 

of 0.03 corrects for the added absorbance of the dye molecule at 280 nm: 

𝑐 =
𝐴280 − 0.03𝐴650

𝜀280𝑙
 

The conjugate’s degree of labelling (DOL), or average number of dye molecules 

per protein, was then calculated as the ratio of molar AF647 concentration to molar Cre 

concentration: 

𝐷𝑂𝐿 =
𝑐𝐴𝐹647

𝑐𝐶𝑟𝑒
=

𝐴650 𝜀650𝑙⁄

𝑐𝐶𝑟𝑒
=

𝐴650

𝜀650𝑐𝐶𝑟𝑒𝑙
 

By this method, Cre-AF647 DOL was found to be approximately 0.78. 

3.2.3.3 Delivery 

3.2.3.3.1 EGFP Internalization 

EGFP delivery was based on previously published protocols.5,27,30,32,33,50,53  

Peptides were received as lyophilized powders, dissolved in DMSO to make 1-5 mM stock 

solutions, and stored at -20 °C.  Polymers were dissolved in DMSO to make 1 mM stock 
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solutions and stored at -20 °C.  Jurkat T cells were harvested on the day of the experiment 

and seeded in 12-well plates at a density of 4 x 105 cells/0.8 mL of fresh serum-containing 

RPMI (800 μL per well).  Stock EGFP (1 mg/mL) was diluted 1:10 in 1X phosphate-

buffered saline (PBS, pH ~7.4) to achieve a working concentration of 0.1 mg/mL.  Peptide 

and polymer stock solutions were diluted appropriately in PBS to achieve working 

concentrations of 0.1 mM.  Carrier:protein complexes were prepared by mixing appropriate 

volumes of EGFP (corresponding to a final delivery concentration of 3 μg/mL) and carrier 

(corresponding to a final delivery concentration of 2 μM, yielding a 20:1 molar ratio of 

carrier:cargo) in PBS to achieve total volumes of 200 μL.  These complexes were incubated 

in the dark at room temperature for 30 min prior to adding them dropwise to each well, 

resulting in final delivery volumes of 1 mL.  The cells were incubated with the complexes 

for 4 h at 37 °C in 5% CO2.  After the incubation period, the cells were harvested, 

transferred to microcentrifuge tubes, collected by centrifugation at 400 x g, and washed 3 

times with 800 μL of heparin (20 U/mL in PBS) to remove any extracellular or surface-

bound complexes, in accordance with previously published procedures.54  Cells were 

resuspended in 200 μL of FACS buffer (0.2% bovine serum albumin in PBS) containing 5 

μL of 7-aminoactinomycin D (7-AAD) stain prior to internalization and viability analysis 

by flow cytometry, in which data for 10,000 cells were collected. 

3.2.3.3.2 Cre-AF647 Internalization 

Cre-AF647 delivery was performed in much the same way as EGFP delivery, with 

the following exceptions.  In order to match the functional Cre delivery experiments as 

closely as possible, Cre-AF647 internalization was performed with the same EGFP-

expressing modified Jurkat T cell line.  Cells were seeded in 24-well plates at a density of 
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2 x 105 cells/0.4 mL of fresh serum-free RPMI (400 μL per well).  Stock Cre-AF647 (20 

µM) was not further diluted in PBS to a working concentration, since it was already dilute 

enough to use directly for complexation.  Carrier:protein complexes were prepared by 

mixing appropriate volumes of Cre-AF647 (corresponding to a final delivery concentration 

of 560 nM) and carrier (corresponding to a final delivery concentration of 3 μM, yielding 

a molar ratio of carrier:cargo of around 5:1) in PBS to achieve total volumes of 100 μL.  

The cells were incubated with the complexes for 4 h at 37 °C in 5% CO2.  Halfway through 

the 4 h incubation, 500 μL of complete RPMI was added to each well to assist with cellular 

viability.  To avoid the large spectral overlap of 7-AAD with AF647, cells were instead 

stained with Zombie Violet.  The lyophilized Zombie Violet dye was reconstituted by 

dissolving in anhydrous DMSO and stored at -20 °C according to manufacturer guidelines.  

Zombie Violet was diluted 1:1000 in PBS, and each cell sample was stained with 100 μL 

for 15 min in the dark at room temperature.  Following staining, the dye was diluted by 

adding 700 μL of PBS on top of each sample and removed by centrifugation.  Samples 

were then resuspended in 200 μL of FACS buffer prior to internalization and viability 

analysis by flow cytometry, in which data for 10,000 cells were collected. 

3.2.3.3.3 Functional Cre Delivery 

Cre delivery was performed in an identical manner to Cre-AF647 delivery, with the 

following exceptions.  The very high concentration stock Cre (70 μM) was first diluted 

1:10 in PBS to a working concentration of 7 μM prior to complexation.  The final delivery 

concentration of 3 μM remained the same as for Cre-AF647.  Following the 4h delivery 

incubation, cells were centrifuged, resuspended in fresh serum-containing RPMI, and 

cultured for 6 days to allow for intracellular EGFP expressed prior to gene recombination 
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to be degraded.  On this day, the cells were harvested, transferred to microcentrifuge tubes, 

collected by centrifugation, and washed once with PBS to remove the culture medium.  

Cells were resuspended in 200 μL of FACS buffer containing 5 μL of 7-AAD (as done 

with EGFP delivery, since the AF647 fluorophore was absent from this assay), to exclude 

dead cells from the analysis, prior to gene recombination by flow cytometry, in which data 

for 10,000 cells were collected. 

3.2.3.4 Hydrophobicity Calculations 

3.2.3.4.1 Model Carrier Design 

Theoretical hydrophobicity was calculated for each carrier according to a method 

reported by Magenau et al.55  Although the peptides and polymers used here were relatively 

short, they were still too large to be processed by the software utilized for octanol-water 

partition coefficient (LogP) prediction.  Instead, a series of shorter model carriers, each 

containing the same comonomer ratio as their respective full-length polymers, were used.  

The model carrier degrees of polymerization (DPs) were dictated by the maximum DP of 

the highest-molecular weight carrier accepted by EPI Suite, keeping in mind that these 

numbers needed to be divisible by either 2 (homopolymers/homopeptides) or 3 

(copolymers/copolypeptides) to accurately capture various carrier lengths.  The highest 

molecular weight carriers were therefore R6 for the homopolypeptides, dG4 for the 

homopolymers, W6R3 for the copolypeptides, and dIn2-b-dG1 for the copolymers.  A full 

list of the model carriers used can be found in Figure 3.14. 

Magenau et al. found that, because large end groups can have a disproportionately 

large effect on hydrophobicity at lower DPs, omitting them in model molecules led to the 
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most accurate prediction of full-length polymer hydrophobicity.  In reality, something has 

to be attached as an end group on the model molecules.  The small, hydrophilic NH3
+ and 

COO- end groups were retained on the model peptides, as their presence would not 

significantly affect overall hydrophobicity or surface area of a net-hydrophilic peptide at 

low DP.  The full-length ROMP polymers, however, contain a bulky phenyl group at one 

end.  Since retaining such a large, hydrophobic end group on the net-hydrophilic model 

carriers would cause the carriers to be represented as unfairly hydrophobic and large at low 

DPs, the smaller, less hydrophobic -CH2 group (already found on the opposite end of the 

polymer) was used for the polymer models instead. 

3.2.3.4.2 LogP 

The chemical structure of each model was drawn in ChemDraw Ultra v. 8.0.3.  The 

SMILES code was then obtained by selecting the molecule and navigating to “File”, “Edit”, 

“Copy As”, “SMILES”.  EPI Suite v. 4.1 was launched and the KOWWIN v. 1.68 module 

was opened.  The SMILES code was pasted into the “Enter SMILES” field, and the 

estimated LogP (Log Kow) value was obtained by clicking “Calculate” and recording the 

value displayed in the pop-up window. 
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3.2.3.4.3 Surface Area and Hydrophobicity 

The surface areas of the model peptide carriers were relatively straightforward to 

model, given their precise and unambiguous stereochemical structure.  The chemical 

structures were copied from ChemDraw Ultra v. 8.0.3 and pasted into Chem3D Ultra v. 

8.0.3, at which point an MM2 energy minimization was performed by navigating to 

“MM2”, “Minimize Energy”, and clicking “Run”.  The molecular surface area (SA) was 

obtained by navigating to “Analyze”, “Compute Properties”, selecting “Connolly 

Molecular Area”, clicking “Add”, “Ok”, and recording the value displayed on the message 

bar at the bottom of the screen.  The probe size used was the default of 1.4 Å.  Carrier 

hydrophobicity was then predicted by normalizing the LogP value by the molecular surface 

area (LogP/SA).  A summary of these values for the peptide carriers, ranked from most 

hydrophilic to most hydrophobic, can be found in Table 3.2. 

Modelling the surface areas of the polymers was complicated by the mixture of 

polymer microstructures afforded by ROMP, arising from the double bonds and chiral 

carbons inherent to the poly(oxanorbornene) backbone.  Specifically, the polymers can 

contain varying amounts of isoselectivity (cis or trans monomer addition), stereoselectivity 

Table 3.2:  Summary of hydrophobicity parameters calculated for model peptide carriers.  Carriers are ranked 

in order of increasing predicted hydrophobicity. 

Full-

Length 

Carrier 

Model 

Carrier 

Octanol-Water Partition 

Coefficient (LogP)a 

Molecular Surface 

Area (SA) (nm2)b 

LogP/SA 

(nm-2) 

R9 R3 -20.54 4.62 -4.44 

R20 R6 -38.31 9.18 -4.17 

A10R10 A3R3 -21.78 6.65 -3.28 

A20R10 A6R3 -23.01 8.69 -2.65 

F10R10 F3R3 -16.65 8.05 -2.07 

W10R10 W3R3 -16.47 8.83 -1.87 

F20R10 F6R3 -12.76 11.45 -1.11 

W20R10 W6R3 -6.48 13.24 -0.49 
aLogP values calculated using the KOWWIN tool in EPI Suite v. 4.1.  bSurface area is the Conolly molecular 

area, calculated in Chem3D Ultra 8.0 using a probe size of 1.4 Å after performing a MM2 energy 

minimization. 

 



70 

(preference for isotactic, syndiotactic, or atactic monomer addition), and regioselectivity 

(head-to-tail [HT], head-to-head [HH], and tail-to-tail [TT] monomer addition).56,57  

Combinations of these parameters within the same polymer chain lead to an immense 

number of unique possible configurations.  If we simplify the situation by assuming the 

entire polymer chain has double bonds of the same isomer (all cis or all trans bonds), is 

tactic (isotactic or syndiotactic, not atactic), and has a single regiochemistry (only HT-HT, 

HH-TT, TH-TH, or TT-HH monomer addition) there are only 12 unique polymer 

configurations.  Furthermore, for polymers built from symmetric monomers (i.e., featuring 

the same functional groups on both arms), the regioisomers become redundant, reducing 

the number of possible configurations to just four:  (1) all-cis, isotactic, (2) all-cis, 

syndiotactic, (3), all-trans, isotactic, and (4) all-trans, syndiotactic.  This is a reasonable 

simplification given that only one of the nine polymers contains an asymmetric monomer 

(MePh).  The cis:trans ratio of ROMP polymers is easily quantified through 1H NMR.  For 

our oxanorbornene-based CPPMs, this ratio is typically close to 50:50.58  The catalyst used 

to produce the ROMP polymers, Grubbs third generation catalyst, is known to produce 

polynorbornenes with a mixture of stereoisomers.  In fact, highly specialized catalysts must 

be designed to obtain syndiotactic or isotactic macromolecules.  Thus, it is entirely 

reasonable to assume our CPPMs are atactic in nature, and that any given repeat unit has 

an equal chance of being positioned either “syndiotactic” or “isotactic” relative to its 

preceding neighbor.59 

Based on the assumptions outlined above, polymers were modeled in each of the 

four simplified configurations (cis/isotactic, cis/syndiotactic, trans/isotactic, and 

trans/syndiotactic) and equal weight was given to each possible configuration in 
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calculating an average surface area of the model molecule.  For simplicity, MePh10-b-dG5 

(modeled as MePh2-b-dG1), the only carrier in which regioisomers were also possible, was 

only modeled in the HT-HT configuration.  As is evident from the SA values for each 

configuration (Table 3.3) and the virtually invisible LogP/SA x-axis error bars (Figure 

3.12, Figure 3.13, and Figure 3.16B, D), the various polymer configurations had little effect 

on the final predicted surface area and hydrophobicity. 

Table 3.3:  Summary of hydrophobicity parameters calculated for model polymer carriers.  Carriers are 

ranked in order of increasing predicted hydrophobicity. 

Full-

Length 

Carrier 

Model 

Carriera LogPb Trial 

cis, iso 

SAc 

(nm2) 

cis, 

syndio 

SAc 

(nm2) 

trans, 

iso SAc 

(nm2) 

trans, 

syndio 

SAc 

(nm2) 

Avg. 

SAd 

(nm2) 

Avg. 

LogP/ 

SA 

(nm-2) 

dG10 dG4 -45.70 

1 13.05 13.07 12.94 13.25 

12.93 -3.53 2 12.99 13.00 12.78 12.68 

3 12.49 12.95 12.94 13.01 

dG5 dG2 -22.22 

1 6.65 6.80 6.81 6.84 

6.77 -3.28 2 6.48 6.86 6.88 6.64 

3 6.82 6.78 6.80 6.85 

dMe5-b-

dG5 

dMe1-b-

dG1 
-10.33 

1 5.18 5.32 5.22 5.18 

5.20 -1.99 2 5.15 5.09 5.16 5.13 

3 5.17 5.44 5.26 5.14 

dMe10-b-

dG5 

dMe2-b-

dG1 
-10.18 

1 6.46 6.90 6.84 6.83 

6.77 -1.50 2 6.70 6.70 6.82 6.87 

3 6.78 6.83 6.95 6.63 

dPh5-b-

dG5 

dPh1-b-

dG1 
-6.91 

1 6.30 6.21 6.33 5.90 

6.20 -1.11 2 6.11 6.38 6.28 5.97 

3 6.28 6.41 6.28 5.99 

MePh10-

b-dG5 

MePh2-

b-dG1 
-6.76 

1 7.59 7.88 8.12 7.30 

7.67 -0.88 2 7.51 7.70 7.86 7.41 

3 7.16 7.98 8.07 7.41 

dIn5-b-

dG5 

dIn1-b-

dG1 
-5.80 

1 6.50 6.96 6.97 6.39 

6.70 -0.87 2 6.50 6.95 6.94 6.47 

3 6.22 6.92 6.97 6.61 

dPh10-b-

dG5 

dPh2-b-

dG1 
-3.34 

1 8.29 8.93 9.00 8.73 

8.81 -0.38 2 8.36 8.86 9.06 8.88 

3 8.76 8.93 9.17 8.79 

dIn10-b-

dG5 

dIn2-b-

dG1 
-1.13 

1 9.16 10.32 10.23 9.30 

9.67 -0.12 2 9.17 9.77 10.25 9.41 

3 9.11 9.80 10.24 9.24 
aPolymer structures modelled with a -CH2 end group rather than the phenyl end group.  bOctanol-water 

partition coefficient (LogP) values calculated using the KOWWIN v. 1.68 tool in EPI Suite v. 4.1.  cSurface 

area (SA) is the Conolly molecular area, calculated in Chem3D Ultra 8.0.3 using a probe size of 1.4 Å after 

performing a MM2 energy minimization.  dAverage SA values represent equally weighted averages of all 

three trials of each of the four polymer configurations modelled. 
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Because the energy minimization function in Chem3D Ultra v. 8.0.3 could only 

find a local energy minimum (not the global minimum), the surface area of the optimized 

structure was dependent on the starting positions of the molecule’s atoms and bonds.  Thus, 

rather than pasting the entire model polymer structure from ChemDraw (which often 

resulted in a very messy, tangled molecule), the repeat units were individually pasted from 

ChemDraw, then arranged and connected in Chem3D in a logical, consistent manner.  This 

process is illustrated in below for each microstructure of the model carrier dG4 (Figure 

3.8). 

 
Figure 3.8:  Representative trial of energy minimization prior to surface area calculation for a model 

polymeric carrier (dG4) in the cis/isotactic (A), cis/syndiotactic (B), trans/isotactic (C), and 

trans/syndiotactic configurations.  In each case the process involved (i) copying the appropriate repeat-unit 

stereoisomers from ChemDraw Ultra, pasting them into Chem3D Ultra, and arranging them in the 

appropriate orientations, (ii) connecting the repeat units with double bonds, and (iii) performing a MM2 

energy minimization to obtain the optimized structure. 
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Each configuration was modelled three times, resulting in a total of 12 SA values 

which were averaged to achieve the final SA value.  LogP values (which are unaffected by 

stereochemistry) were divided by SA values to obtain the hydrophobicity parameter, 

LogP/SA.  A summary of these values can be found in Table 3.3. 

3.2.3.5 Cre-AF647 Fluorescence-Based Equilibrium Binding Assays 

To determine the binding behavior for various carrier:Cre complexes, equilibrium 

fluorescence quenching assays were conducted according to previously published 

procedures.5,33,53  These assays were conducted at 25 °C in PBS at pH ~7.2 and the 

fluorescence of Cre-AF647 was monitored and recorded as a function of increasing carrier 

concentration (from 0 up to 10 μM, depending on the carrier).  These experiments were 

conducted in a 96-well polystyrene plate, where each well had black opaque sides and flat 

clear bottoms.  In general, each well in the titration was designed to contain 200 nM Cre-

AF647, the respective carrier concentration, and remaining PBS to reach a total volume of 

200 μL.  A stock concentration of 0.8 mg/mL was used for Cre-AF647, where aliquots 

were removed and subsequently diluted to yield a working solution of dye-labelled protein.  

Carrier stock concentrations were either at 1 or 2 mM in pure DMSO and were serially 

diluted in PBS to produce subsequent stock solutions of 100 μM (10% v/v DMSO), 10 μM 

(1% v/v DMSO), or 2 μM (0.2% v/v DMSO).  Variable volumes from any of these less 

concentrated stocks were added to the wells such that each subsequent well in the series 

contained an increasing amount of carrier.  As the use of different carrier stock solutions 

introduced DMSO in varying amounts, additional DMSO was added to each well such that 

all wells for a contained the same concentration (v/v) of DMSO.  Once all wells had 

received the calculated volumes of PBS, DMSO, Cre-AF647 and the appropriate carrier, 
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they were gently mixed by pipetting up and down and stirring with the tip of the pipet.  The 

96-well plate was allowed to incubate in the dark (covered by the plastic lid and under foil) 

at room temperature for 30 min to achieve equilibrium prior to fluorescence measurements.  

Samples were excited at 650 nm and emission was read at 670 nm with a BioTek Mx plate 

reader.  During the binding experiments, the fluorescence intensity of each well in the 

titration for a given protein was measured.  The background noise of a negative control 

(containing only PBS and DMSO) was first subtracted from these measurements.  Next, 

the values were normalized by the fluorescence intensity of a positive control (containing 

only 200 nM protein, PBS, and DMSO) to yield a curve of normalized fluorescence 

intensity vs. carrier concentration.  The binding experiments were repeated in duplicate for 

each carrier.  In some cases, the second replicate included additional data points at new 

concentrations to provide more information in critical parts of the binding curves.  In the 

case of MePh10-b-dG5, the data were also converted to fractional saturation and the 

equilibrium dissociation constant (Kd) was calculated as reported previously.33 

3.3 Results and Discussion 

3.3.1 Macromolecular Carrier Design 

Two groups of macromolecular carriers, CPPs (purple) and polymeric CPPMs 

(red), were designed to feature equivalent arrangements of m cationic (blue) and n 

hydrophobic (green) side-chains (Scheme 3.1).  The peptides were built from the L-amino 

acids arginine (R), alanine (A), phenylalanine (F), and tryptophan (W), while the polymers 

were synthesized from di-guanidine (dG), di-methyl (dMe), di-phenyl (dPh), and di-

indole (dIn) functionalized ring-opening metathesis polymerization (ROMP) monomers.  
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Dual-functional ROMP monomers were selected over monofunctional ones with the 

intention of more closely matching the functional group density of the peptide series (two 

side chains for every six CPP or five CPPM backbone atoms).60  Additionally, increased 

 
Scheme 3.1:  Peptides (purple) and their polymeric mimics (red) selected for use in Chapter 3.  Each of the 

eight polymer/peptide pairs was designed to contain an equal number of cationic (blue) and hydrophobic 

(green) functional groups (denoted by n and m, respectively).  The homopolymer/peptide pairs (m ≡ 0, n = 

10 or 20) feature only a cationic guanidinium functional groups (blue “+”), conferred by either the amino 

acid arginine (R) or its ROMP monomer mimic, di-guanidine (dG).  The block copolymer/peptide pairs (m 

= 10 or 20, n ≡ 10) contain an added hydrophobic block consisting of either methyl (Me), phenyl (Ph), or 

indole (In) functional groups.  This was accomplished by incorporating either hydrophobic amino acids 

(alanine [A], phenylalanine [F], tryptophan [W]) or their ROMP monomer mimics (di-methyl [dMe], di-

phenyl [dPh], di-indole [dIn]). 
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CPPM functional group density has been shown to enhance protein delivery.30  In order to 

compensate for the dual-functionality of these monomers, the degree of polymerization of 

each peptide was designed to be exactly double that of its polymeric counterpart, with the 

minor exception of employing R9 in lieu of R10, due to its historical significance and 

widespread prevalence in the field of CPPs.61  Within each macromolecular scaffold, four 

combinations of monomers were utilized:  guanidine homopolymers (Rn and dGn), 

methyl/guanidine copolymers (AmR10 and dMem/2-b-dG5), phenyl/guanidine copolymers 

(FmR10 and dPhm/2-b-dG5), and indole/guanidine copolymers, (WmR10 and dInm/2-b-dG5).  

Each functional group combination was evaluated at two different degrees of 

polymerization (n or m = 10, 20).  Carriers were compared to a positive control CPPM, 

MePh10-b-dG5, which has previously been reported to robustly deliver both EGFP and 

Cre.5,27,30,32,33,50  The hydrophobic monomer incorporated in this polymer (MePh) features 

one methyl and one phenyl substituent.  In total, 17 carriers including the positive control 

were used to deliver each cargo. 

3.3.2 EGFP Internalization 

The two macromolecular series were compared side-by-side for their abilities to 

facilitate EGFP delivery into Jurkat T cells (Figure 3.9).  Cargo uptake is presented using 

two metrics:  the percentage of live cells positive for EGFP (Figure 3.9A) and the median 

fluorescence intensity (MFI) of the entire live cell population (Figure 3.9B).  Because these 

simple metrics lack information regarding the more complicated fluorescence profiles from 

which they are derived, a representative flow cytometry histogram has also been included 

for each carrier (Figure 3.9C-F).  The positive control CPPM, MePh10-b-dG5, was also 
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used to deliver EGFP (and Cre recombinase).  For comparison, the raw uptake histograms 

have been provided here as well (Figure 3.10A). 

 

Whether compared by percent positive or MFI, the homopolymers/peptides all 

failed to deliver substantial amounts of EGFP.  The block copolymers/peptides were far 

 
Figure 3.9:  EGFP uptake in Jurkat T cells mediated by peptide carriers (purple) and their polymeric mimics 

(red).  Within each functional group category, delivery with the shorter carriers (n or m = 10) is distinguished 

from delivery with the longer carriers (n or m = 20) by solid and hatched bars (or solid and dotted lines), 

respectively.  Thus, each pair of adjacent bars represents the direct comparison of a peptide to its equivalent 

polymeric mimic, both possessing the same number, identity, and arrangement of side-chain functional 

groups.  Internalization is presented as (A) percentage of the live-cell population positive for EGFP, (B) 

median fluorescence intensity (MFI) of the entire live-cell population, and (C-F) a representative flow 

cytometry histogram for each carrier overlaid with control samples containing only either PBS (black) or 

EGFP (grey).  Uptake values (A and B) are displayed as the mean ± the standard error of the mean for three 

independent replicates of 10,000 cells each.  Unless otherwise specified with a bracket, all statistical 

comparisons are between the indicated data and the EGFP control:  * = p < 0.05, ** = p < 0.01, *** = p < 

0.001, no symbol = no significance, as determined by one-way ANOVA followed by a Tukey post-test. 
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more successful, though the extent of this success is dependent on the uptake metric 

considered.  From the perspective of percent positive, only three amphiphilic carriers failed 

to deliver EGFP to a significant fraction of the population (A10R10, W10R10, and dIn10-b-

dG5).  Interestingly, their macromolecular counterparts (dMe5-b-dG5, dIn5-b-dG5, and 

W20R10) were all successful, suggesting that side-chain functionality does not predict 

delivery outcome in every case.  Analysis by MFI, however, softens these differences, 

portraying only one of these polymer/peptide pairs (W10R10 & dIn5-b-dG5) as performing 

significantly different from each other.  Notably, dIn5-b-dG5, one of the new CPPMs 

reported here, facilitated significantly higher levels of EGFP delivery than any other 

carrier, making it a strong candidate for future studies. 

The discrepancies between percent positive and MFI can be reconciled by 

understanding that the shape of the population distribution heavily affects which measure 

of delivery more accurately represent the actual outcomes.62–64  This can be illustrated 

using several of the histograms in Figure 3.9.  Two monomodal distributions (e.g., dPh5-

b-dG5 [solid red] and dPh10-b-dG5 [dotted red] in Figure 3.9E) can be fairly compared by 

MFI, but not percent positive.  This is because, while one carrier delivered a much higher 

quantity of cargo, both delivered to the entire population.  Thus, MFI captures the delivery 

 
Figure 3.10:  Representative fluorescence histograms for cellular internalization of (A) EGFP and (B) Cre-

AF647 mediated by the positive control CPPM, MePh10-b-dG5 (blue), overlaid with the relevant PBS (black) 

and protein-only (grey) controls. 
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differences while percent positive depicts them as equal.  In contrast, two bimodal 

populations (e.g., W20R10 [dotted purple] and EGFP [filled grey] in Figure 3.9F) can be 

accurately compared by percent positive, but not MFI.  In this case, since the carrier 

delivered to less than half of the cells, its MFI lies in its negative mode, nearly equivalent 

to the MFI of the EGFP control.  Thus, MFI portrays this carrier as facilitating no delivery, 

while percent positive accurately summarizes its success in nearly 50% of the population.  

Unfortunately, the carriers in this series produced a mixture of monomodal and bimodal 

fluorescence distributions, meaning neither percent positive nor MFI alone can fairly 

compare them all.  For this reason, both metrics have been presented, as well as the raw 

data for one representative trial, to prevent misinterpretation of the data.  

In summary, whether compared by percent positive or MFI, most of the amphiphilic 

carriers performed at similar levels.  Although this means that many CPPs performed at 

the same level as their CPPM counterparts, it also implies that identity and arrangement of 

hydrophobic pendant groups are not the most critical design parameters.  The stark 

differences within the Methyl10Guanidine10 and Indole10Guanidine10 pairs further 

suggest that side-chain functionality is an unsatisfactory predictor of performance. 

3.3.3 Cre Recombinase Internalization 

The CPP(M) series was also screened for Cre delivery to evaluate whether the 

results from EGFP delivery extrapolated to an oppositely charged protein.  Function of the 

delivered Cre was quantified by loss of EGFP fluorescence six days post-delivery into a 

reporter Jurkat T cell line modified to stably express a floxed EGFP gene and will be 

discussed in a later section (Figure 3.11C, H-K).  Cre internalization was assessed by 
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delivering Cre fluorescently labelled with Alexa Fluor 647 (Cre-AF647) into the same cell 

line (Figure 3.11A-B, D-G).  The raw uptake histogram for the positive control CPPM, 

MePh10-b-dG5, is provided in Figure 3.10B for comparison. 

The control sample containing only Cre-AF647 exhibited unusually high 

fluorescence compared to the PBS control.  For reference, the control sample containing 

only EGFP in Figure 3.9 had essentially the same MFI as its respective PBS control.  Since 

Cre is unable to facilitate its own delivery (evidenced by lack of gene recombination in the 

Figure 3.11C control), it can be inferred that Cre interacted particularly strongly with the 

cell surface.  Cationic proteins, particularly those containing a cluster of positive charges 

(e.g., a Tat or NLS sequence, like the Cre used here) can commonly associate with anionic 

membranes via non-specific electrostatic interactions.65,66  In fact, at least one previous 

study observed remarkable membrane adherence of fluorescently-labelled Tat-Cre.67  

Typically, washing the cell surface with heparin removes all extracellular protein, as was 

the case for EGFP.54  Since extracellular Cre-AF647 could not be completely removed with 

multiple heparin washes in this case, only fluorescence intensities above this control were 

considered to be positive for intracellular Cre-AF647 (illustrated by black arrows in Figure 

3.11D-G). 

The heparin washes were, however, able to remove extracellular carrier:Cre 

complexes.  This becomes evident when considering the carriers with fluorescence profiles 

lower than that of the Cre-AF647 control, like dG5 (red solid line, Figure 3.11D).  While 

guanidine-rich ROMP homopolymers like dG5 have been shown to bind proteins, they are 

typically unable to facilitate significant protein internalization, as seen with EGFP (red 
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Figure 3.11:  Uptake (A-B, D-G) and function (C) of Cre recombinase delivered with peptide carriers (purple) 

and their polymeric mimics (red) in a reporter Jurkat T cell line, modified to express a floxed EGFP gene.  

Within each functional group category, delivery with the shorter carriers (n or m = 10) is distinguished from 

delivery with the longer carriers (n or m = 20) by solid and hatched bars (or solid and dotted lines), 

respectively.  Thus, each pair of adjacent bars represents the direct comparison of peptide to its equivalent 

polymeric mimic, which possesses the same number, identity, and arrangement of side-chain functional 

groups.  Internalization of Cre, fluorescently labelled with Alexa Fluor 647 (Cre-AF647), is presented as (A) 

percentage of the live-cell population positive for Cre-AF647, (B) median fluorescence intensity (MFI) of 

the entire live-cell population, and (D-G) a representative flow cytometry histogram for each carrier overlaid 

with control samples containing either only PBS (black) or only Cre-AF647 (grey).  Activity of Cre is 

displayed as (C) percentage of gene recombination (i.e., percentage of EGFP negative cells).  Bars (A-C) are 

displayed as the mean ± the standard error of the mean for three independent replicates of 10,000 cells each.  

Unless otherwise specified with a bracket, all statistical comparisons are between the indicated data and the 

Cre or Cre-AF647 control:  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no significance, as 

determined by one-way ANOVA followed by a Tukey post-test. 
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solid line, Figure 3.9C).53  Thus, when complexed with a carrier that is unable to facilitate 

delivery, Cre is no longer free to associate as strongly with the cell membrane.  As a result, 

the heparin washes are more effective, and the fluorescence profile is lower than that of the 

Cre-AF647 control.  In contrast, some carriers are altogether incapable of binding to 

proteins, like R9 (purple solid line, Figure 3.11D), explaining their need for covalent 

attachment.50,68  In this case, Cre-AF647 is free to associate with the cell membrane and 

produces a nearly identical fluorescence profile to that of Cre-AF647 alone.  In order to 

further explore this possibility, binding of another carrier with a similar fluorescence 

profile, A10R10, to Cre was measured using a previously reported equilibrium fluorescence 

quenching assay (Figure 3.18B).5,33,53  As expected, A10R10 was unable to bind Cre-AF647 

at the low carrier:cargo ratio used in these experiments.  Extrapolating this finding tells us 

that F10R10 was also likely to have failed in binding Cre-AF647, given its fluorescence 

profile and lack of gene recombination. 

Because of the competing effects of carrier binding and carrier-mediated 

internalization on fluorescence, it is unclear whether fluorescence intensities between dG5 

and the Cre-AF647 control indicate (1) complete cargo binding and low cargo 

internalization, (2) partial cargo binding and low cargo-membrane adherence, or (3) partial 

cargo binding and a mixture of low cargo internalization combined with low cargo-

membrane adherence.  Despite ambiguity within the poorly performing carriers, the 

overwhelming quantity of Cre internalized by dPh5-b-dG5 is undeniable.  Interestingly, the 

complete failure of its peptide counterpart, F10R10, provides another explicit example of a 

polymer/peptide pair with dissimilar activity, likely due to discrepancies in cargo binding 

ability. 
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3.3.4 Differences in EGFP and Cre Internalization 

Perhaps the most noticeable differences between EGFP and Cre delivery were the 

sheer number of carriers successful for EGFP internalization, including more methyl- and 

indole-containing carriers, and the identity of the top-performing carriers in each case 

(Figure 3.12).  While dIn5-b-dG5 was the overwhelming victor for EGFP internalization, 

it was among the worst performers for Cre uptake.  Similarly, dPh5-b-dG5 was by far the 

most successful carrier for Cre internalization, but only an average performer for EGFP 

delivery.  The number of effective carriers for each cargo is addressed in later sections from 

the perspective of hydrophobicity. 

3.3.5 Differences in Cre Recombinase Activity 

A comparison of the polymer/peptide pairs for intracellular Cre activity provides 

even more examples of performance discrepancies (Figure 3.13C, H-K).  In fact, each 

carrier which facilitated significant gene recombination (dMe10-b-dG5, dPh5-b-dG5, and 

W10R10) had a polymer or peptide counterpart which entirely failed to achieve functional 

delivery (A20R10, F10R10, and dIn5-b-dG5).  This finding further reinforces the suspicion 

 
Figure 3.12:  Relationship between Cre-AF647 and EGFP internalization for all peptide (purple) and polymer 

(red) carriers.  For clarity, only data points representing statistically significant levels of uptake are 

accompanied by labels indicating the carrier’s hydrophobic block.  Internalization is compared by (A) percent 

positive and (B) median fluorescence intensity (MFI), demonstrating a lack of correlation between delivery 

of the two cargoes. 
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that carrier side-chain functionality is a poor-predictor of delivery outcomes.  Furthermore, 

despite the dramatically higher internalization facilitated by dPh5-b-dG5 over dMe10-b-

dG5, they both yielded the same level of gene recombination (Figure 3.13). 

Closer analysis of the data reveals that the phenyl-containing CPPMs, including the 

positive control (dPh10-b-dG5, MePh10-b-dG5, and dPh5-b-dG5), follow a linear 

relationship between uptake and function (illustrated by the solid grey line).  A linear 

dependence of intracellular dose and biological activity is intuitive; however, it is 

interesting to note that the methyl-only CPPMs (dMe5-b-dG5 and dMe10-b-dG5) exhibit a 

different linear intracellular dose dependence (illustrated by the dashed grey line).  The 

only successful CPP for Cre delivery (W10R10) appears to resemble the methyl-only 

CPPMs.  Together, these three carriers (dMe5-b-dG5, W10R10, and dMe10-b-dG5) 

demonstrate that high levels of internalization are not necessarily required to achieve 

heightened cargo activity.  It is possible that the uptake-function relationship differences 

are explained by the relative abilities of each carrier to facilitate release or endosomal 

 
Figure 3.13:  Relationships between Cre uptake and function for all peptide (purple) and polymer (red) 

carriers.  Within the successful carriers, the phenyl-containing and methyl-only CPPMs both exhibit linear 

relationships between uptake and function (illustrated by solid grey and dotted grey lines, respectively).  Such 

linear relationships between dose of intracellular cargo and cargo activity are intuitive, although it is 

interesting to note that three carriers in particular (dMe5-b-dG5, W10R10, and dMe10-b-dG5) facilitate much 

higher Cre activity considering their levels of uptake. 
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escape of its cargo.  Although such differences should be explored in future studies, it is 

nonetheless clear that optimizing for maximum uptake can overlook carriers which are just 

as effective at delivering functional cargo. 

3.3.6 Optimal Carrier Hydrophobicity for Protein Internalization 

Several previous reports have revealed an optimal window in carrier 

hydrophobicity for enhanced uptake of CPP(M)s and their cargoes, however, these studies 

have been restricted to carriers of the same macromolecular scaffold.5,30,35,58,69,70  

Designing the polymer/peptide pairs to contain identical side chain arrangements allowed 

the effect of backbone identity on delivery outcomes to be isolated.  Considering that the 

poly(oxanorbornene) backbone of the polymer series is considerably more hydrophobic 

than the more polar polyamide backbone of the peptide series, it is not entirely unexpected 

that carriers with different backbones would perform differently.  Within a pair of carriers 

with equivalent side chains, significant differences in overall carrier hydrophobicity could 

still be imparted by the identity of the backbone, in turn causing performance discrepancies.  

Therefore, we sought to reorganize the carriers by hydrophobicity to see if this parameter 

was better correlated with delivery.  Given that CPPMs have been shown not to self-

assemble in solution71 (which could alter the apparent hydrophobicity of the complexes 

experienced by the cell), single-chain hydrophobicity was taken as a reasonable predictor 

of complex hydrophobicity for this analysis. 

Quantifying the hydrophobicity of macromolecules has been a challenge 

historically.  While molecules with discrete molecular weights (e.g., peptides) can be 

evaluated by methods like HPLC, polymers with molecular weight distributions make this 
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much more difficult.55  Constituent monomer hydrophobicity can sometimes be used as a 

convenient substitute for polymer hydrophobicity, however, this strategy is insufficient 

when polymers are built from dissimilar backbones (e.g., ROMP polymers and 

peptides).5,30,69  Even within the same synthetic platform, predicting polymer 

hydrophobicity from monomer hydrophobicity is further complicated when considering 

copolymers.  In the past, our group has successfully ranked copolymers by monomer 

hydrophobicity when either the identity of one monomer5,69 or the comonomer ratio30 was 

varied.  This study varies both comonomer identity (MePh, dMe, dPh, and dIn) and ratio 

(1:1 and 2:1) simultaneously, rendering monomer hydrophobicity inadequate for prediction 

of polymer hydrophobicity.  As a result, we have employed a theoretical method developed 

by Magenau et al. for calculating macromolecular hydrophobicity using shorter, model 

oligomers which capture the correct comonomer identities and ratios.55 

In this method, the theoretical octanol-water partition coefficient (LogP), which has 

been shown to correlate well with experimentally measured hydrophobicity,5,55,69 is 

normalized by the molecular surface area (SA) of the molecule to account for differences 

in polymer length.  The resulting hydrophobicity parameter (LogP/SA) is presented for all 

carriers, ranked from most hydrophilic to most hydrophobic (Figure 3.14).  The relative 

positions of the peptides of equal length in this table are consistent with reports that 

tryptophan is more hydrophobic than phenylalanine, which is in turn more hydrophobic 

than alanine, providing additional support for the validity of this hydrophobicity model.6–8  

Accordingly, the relative positions of the polymers in this list are also logical in terms of 

relative side-chain hydrophobicity (indole > phenyl > methyl).  The hydrophobicity 
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ranking makes it clear that the ROMP polymer and polypeptide backbones are of 

sufficiently disparate hydrophobicity to skew the peptide series (purple) toward the more 

hydrophilic end of the scale and the polymer series (red) to the more hydrophobic end.  In 

fact, ten alanine residues must be appended to R10 to impart it with the same hydrophobicity 

as the dG5 homopolymer.  Likewise, CPPMs with ten methyl and ten phenyl groups are 

just as hydrophobic as CPPs with ten phenyl and twenty phenyl groups, respectively. 

 
Figure 3.14:  Predicted hydrophobicity of carriers used for EGFP and Cre delivery.  Hydrophobicity was 

calculated as the ratio of the octanol-water partition coefficient (LogP) to molecular surface area (SA) for a 

series of shorter model molecules which simply capture the correct identity and ratio of hydrophobic to 

hydrophilic functional groups.  LogP was calculated using the KOWWIN tool in EPI Suite v. 4.1, and SA is 

the Connolly molecular area, calculated in Chem3D Ultra 8.0 using a probe size of 1.4 Å after performing a 

MM2 energy minimization.  Importantly, polymer structures were modelled with a -CH2 end group in place 

of the actual phenyl end group, as this would disproportionately affect the overall hydrophobicity of such a 

small model molecule.  Given the relatively short length of the full-length carriers, it is possible that the 

omission of the phenyl end groups resulted in representation of the polymers as slightly more hydrophilic 

than they are in reality, though this difference is likely very small. 
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Replotting internalization of both cargoes by hydrophobicity does in fact reveal 

windows for optimal performance, in accordance with previous studies, although the EGFP 

window appears to be much wider than that of Cre (Figure 3.15).  Thus, neither carrier 

side-chain functionality nor backbone alone dictate cargo internalization; rather, the overall 

hydrophobicity resulting from the combination of these two design parameters predicts 

uptake for a given cargo. 

 
Figure 3.15:  Optimal hydrophobic windows for (A) EGFP and (B) Cre-AF647 internalization mediated by 

all polymer (red) and peptide (purple) carriers as quantified by percent positive cells.  Hydrophobicity is 

represented by the ratio of the theoretical octanol-water partition coefficient to molecular surface area 

(LogP/SA).  The optimal hydrophobicity windows are illustrated by green dashed lines. 
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Comparison of EGFP and Cre-AF647 delivery through the lens of hydrophobicity 

supports the hypothesis that protein pI is largely responsible for the differences in uptake.  

Whereas EGFP can rely on both electrostatics and hydrophobics for complex formation, 

Cre is much more restricted to hydrophobics.  Therefore, carriers of lower hydrophobicity 

likely struggle to bind (and deliver) Cre without the help of the electrostatic attraction 

present in EGFP binding.  Differences in high hydrophobicity carriers were mostly due to 

toxicity.  Whereas a loss in viability was only observed for the most hydrophobic carrier 

during EGFP delivery, several of the more hydrophobic carriers exhibited toxicity 

following Cre-AF647 delivery (Figure 3.16).  The dead cells, which were excluded from 

the uptake analysis, were often those with high levels of internalized Cre-AF647.  

 
Figure 3.16:  Cellular viability immediately following delivery of (A-B) EGFP and (C-D) Cre-AF647 with 

peptides (purple) and their corresponding polymeric mimics (red), compared with control samples (grey).  

Carriers are grouped by both side-chain functional group arrangement (A, C) and hydrophobicity (B, D) to 

illustrate the dependence of cytotoxicity on overall carrier hydrophobicity, rather than specific identity of the 

side-chain functional groups.  Data are displayed as the mean ± the standard error of the mean for three 

independent replicates of 10,000 cells each.  All statistical comparisons are between the indicated data and 

the appropriate PBS control:  * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no significance, as 

determined by one-way ANOVA followed by a Tukey post-test. 
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Therefore, if both live and dead cells had been included in the analysis, there would be 

fewer differences between delivery of the two cargoes with the most hydrophobic carriers. 

3.3.7 Optimal Carrier Hydrophobicity for Intracellular Availability (IA) of Cre 

Replotting Cre activity as a function of hydrophobicity exposes a similar window 

containing the top performers for functional delivery (Figure 3.17A).  Interestingly, the 

window for optimal Cre function extends further in the hydrophilic direction than the 

window for optimal Cre uptake.  Closer examination reveals that the three carriers causing 

the broadening of this window (dMe5-b-dG5, W10R10, and dMe10-b-dG5) are the same 

 
Figure 3.17:  Optimal hydrophobic windows for (A) maximum intracellular activity of delivered Cre and (B) 

maximum intracellular availability (IA) of Cre for all polymer (red) and peptide (purple) carriers.  IA values 

were calculated as the ratio of intracellular activity to protein uptake (recombination/Cre-AF647 MFI), with 

higher values representing relatively fewer internalized Cre molecules required to edit each cell.  

Hydrophobicity is represented by the ratio of the theoretical octanol-water partition coefficient to molecular 

surface area (LogP/SA).  Optimal hydrophobic windows are illustrated with dashed green lines. 
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three which exhibited higher than expected Cre activity, given their low uptake.  That is, 

these three relatively hydrophilic carriers appear strikingly more successful through the 

lens of cargo function than they did with cargo uptake.  This phenomenon can be quantified 

by formally defining the intracellular availability (IA) of the cargo to denote the ratio of 

biologically active cargo to cellularly internalized cargo.  For Cre delivery, IA can be 

calculated for each carrier by normalizing percent gene recombination by Cre-AF647 MFI, 

which is directly proportional to the quantity of intracellular Cre.  The IA provides valuable 

insight into the physical differences between delivery with various carriers, effectively 

describing how efficient a carrier is at making its cargo available after promoting its 

internalization.  While it is possible that all CPP(M)s behave similarly enough to directly 

associate the IA with the ability of a carrier to release its cargo, there are a number of steps 

in the complex delivery landscape that could influence this process.  In particular, carrier-

dependent cellular entry mechanisms and protein denaturation, as well as spatial and 

temporal differences surrounding intracellular trafficking, may all contribute to differences 

in IA.  Nonetheless, IA appears to be strongly correlated with hydrophobicity (Figure 

3.17B). 

Importantly, differences in IA mean that not all carriers facilitating high cargo 

activity also exhibit high uptake.  Thus, optimizing for maximum cargo uptake may fail to 

identify the carriers which are more effective at making their delivered cargo bioavailable.  

For example, past uptake-focused studies in our group painted dMe10-b-dG5 as a relatively 

underwhelming carrier, resulting in its exclusion from functional delivery studies until 

now.33,50  Additionally, a statistically significant loss of cellular viability was observed for 

the high uptake carriers (MePh10-b-dG5 and dPh5-b-dG5), but not for the high IA carriers 
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(dMe10-b-dG5 and W10R10), providing further incentive to identify and take advantage of 

such CPP(M)s (Figure 3.16). 

3.3.8 Potential Relationship Between Binding and IA 

Upon observation that high IA correlated with low hydrophobicity (within the 

optimal window), it was hypothesized that this heightened cargo availability might be due 

to increased ability of the carriers to facilitate intracellular cargo release, specifically as a 

result of relatively weaker carrier-cargo associations.  Perhaps a carrier facilitating low 

uptake (e.g., dMe10-b-dG5) would yield the same level of activity as one with very high 

uptake (e.g., dPh5-b-dG5) if the former was more weakly bound to its cargo.  This 

hypothesis of hydrophobicity-driven binding strength dictating intracellular release would 

be consistent with the idea that CPP(M):Cre binding relies heavily on hydrophobic 

interactions, given the lack of electrostatic attraction. 

To test this hypothesis, previously reported fluorescence-based, equilibrium 

binding assays5,33,53 were performed using Cre-AF647 and the five carriers which 

facilitated significant levels of either gene recombination or uptake:  MePh10-b-dG5, 

dMe10-b-dG5, dPh5-b-dG5, dPh10-b-dG5, and W10R10 (Figure 3.18A).  Two additional 

carriers, one more hydrophilic (A10R10) and one more hydrophobic (W20R10) than any 

contained within this set, were studied as well to probe the effect of more dramatic shifts 

in hydrophobicity as well as to include more peptides (Figure 3.18B). 
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Figure 3.18:  Peptide (purple) and polymer (red) carrier binding to Cre-AF647 as measured by equilibrium 

fluorescence quenching assays.  (A) Overlay of binding curves for all carriers which facilitated statistically 

significant Cre uptake and/or function.  (B) Overlay of binding curves for two additional carriers, one more 

hydrophilic (A10R10) and one more hydrophobic (W20R10) than any of the other carriers.  (C) Overlay of 

W10R10 and MePh10-b-dG5, two carriers which facilitated similar levels of gene recombination, despite the 

latter transporting significantly more Cre intracellularly.  (D) Overlay of dMe10-b-dG5 and dPh5-b-dG5, two 

carriers which facilitated similar levels of gene recombination, despite the latter transporting significantly 

more Cre intracellularly.  (E) Overlay of W10R10, dPh10-b-dG5, dMe10-b-dG5, three carriers which facilitated 

significantly different levels of gene recombination, despite all transporting similar quantities of Cre 

intracellularly.  (F) Fractional saturation plot of MePh10-b-dG5 used to calculate the dissociation constant 

(Kd) between this carrier and Cre.  Data are displayed as the mean ± the standard deviation of two independent 

replicates, except in (F), where singlet data for several additional concentrations (outlined in black) were 

added to improve the accuracy of the fractional saturation fit and binding constant (Kd) calculation. 
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Globally, increased hydrophobicity undoubtedly drove tighter Cre binding.  A 

dramatic difference was observed between the most hydrophobic carrier (W20R10) and the 

least hydrophobic carrier (A10R10), which were the tightest and weakest binders, 

respectively (Figure 3.18B).  The carriers of intermediate hydrophobicity, however, 

performed similar to one another.  All of these intermediate hydrophobicity carriers 

achieved complete cargo binding at very low CPP(M) concentrations, on par with the 

lowest seen for any previously-studied CPPM:protein pairs.5,33 

Though many of the binding curves were clearly overlapping, they were 

nonetheless replotted in groups of fewer carriers to make the comparisons originally 

proposed.  Two individual pairs of carriers represent similar levels gene recombination 

despite different levels of uptake (Figure 3.18C-D).  In both cases, it was predicted that the 

carriers with more uptake (MePh10-b-dG5 and dPh5-b-dG5) would be hampered by tighter 

binding (leading to less cargo release), explaining the reason for their low IAs.  Although 

the curves were not dramatically different from each other in either case, the predicted 

trend (tighter binding correlating with lower IA) did hold from a qualitative standpoint. 

From the opposite perspective, three carriers facilitated similar uptake levels but 

different levels of gene recombination (Figure 3.18E).  In this case, it was predicted that 

higher gene recombination (dMe10-b-dG5 > W10R10 > dPh10-b-dG5) would be 

accompanied by weaker binding, thus explaining the high IAs observed.  This time, the 

trend did not hold.  Specifically, dMe10-b-dG5 had much tighter binding than expected, on 

par with dPh10-b-dG5, providing more evidence that binding tightness is not the only 

important parameter for intracellular activity. 
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While qualitative comparisons of binding curves suggested there might be 

correlations between binding tightness and relative Cre activity (Figure 3.18C-E), the 

curves were not well enough resolved to say this with any certainty.  Despite the inability 

to rank these intermediate carriers, it can be definitively said that any potential differences 

are minor, given the much more substantial differences observed between previously-

studied binding pairs.33  Such small differences in Cre binding would be unlikely to explain 

the dramatic disparities in gene recombination.  Future work investigating the forces 

underlying post-delivery cargo release may be a worthwhile endeavor, as it remains 

plausible that the complicated interactions surrounding intracellular unbinding differ 

significantly from those driving the complex formation event modeled by these assays. 

Finally, for comparison with our previous report, which surveyed MePh10-b-dG5 

binding to seven unique proteins, the binding curve for MePh10-b-dG5:Cre-AF647 was 

converted into fractional saturation and the equilibrium dissociation constant (Kd) was 

calculated using the methodology presented in that study (Figure 3.18F).33  To improve the 

quality of the fit (in particular, to ensure that saturation was achieved) a single replicate of 

additional data points was added to the binding curve prior to conversion to fractional 

saturation.  These additional data points were measured at concentrations of 0.1 µM, 1.5 

µM, and 3-10 µM, and are indicated with black outlines and no error bars.  As expected, 

the Kd found for Cre (287 ± 28 nM) correlates well with the predicted Kd for a protein with 

a pI of about 9.2, further supporting the conclusion that pI drives CPPM binding tightness. 
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3.4 Conclusions 

Optimized hydrophobic side-chain arrangements cannot be directly translated from 

one macromolecular platform to another with the expectation of equivalent delivery 

performance.  This is because discrepancies in backbone hydrophobicity significantly 

impact the carrier’s overall hydrophobicity.  The overall hydrophobicity, which can be 

adequately predicted using theoretical methods, can instead be used to inform the design 

of new carriers with different backbones, thus increasing the chance of success.  In this 

work, the relatively hydrophobic poly(oxanorbornene) CPPM backbone was found to 

generally improve polymer delivery outcomes as compared to their equivalent peptide 

counterparts, possessing hydrophilic polar backbones.  This meant that CPPs generally 

required the incorporation of either a longer hydrophobic block, side chains of greater 

hydrophobicity, or a combination of the two to compete with polymer performance.  Thus, 

the CPPMs were more often able to facilitate high levels of uptake and function, since 

relatively few of the CPPs were hydrophobic enough to fall within the optimal performance 

windows.  Furthermore, the inherent heterogeneity afforded by synthetic methods (i.e., 

mixtures of molecules with slight variations in overall length, monomer ratio, and 

stereochemistry) may actually be advantageous for intracellular delivery, allowing for a 

broader range of unique interactions between carrier, cargo, and membrane to occur.  

Combined with their ease of synthesis and access to a broader chemical space, these results 

further validate the continued study of biomimetic materials in combination with peptides. 

The utility of carrier hydrophobicity extends beyond what has been reported 

previously.  While these studies were restricted to prediction of uptake within a specific 

carrier scaffold, our findings generalize this to more universally predict both uptake and 
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intracellular cargo activity, despite multiple carrier backbones.  Furthermore, carrier 

hydrophobicity was also found to strongly correlate with the intracellular availability (IA) 

of the cargo, defined as the ability of a carrier to make its cargo available to perform its 

biological function.  Despite their low cellular internalization, two carriers with high IAs 

were just as effective at gene recombination as carriers with the highest uptake, yet resulted 

in lower cell death, making them highly attractive from a functional delivery standpoint.  

Within the CPPM series, the more hydrophobic phenyl-containing carriers tended to 

internalize more cargo, while the cargo delivered by the less hydrophobic methyl-

containing carriers was more intracellularly available.  Importantly, the high IA carriers 

would have been overlooked if screened for uptake alone.  From a practical standpoint, 

however, it is reassuring to note that there were no cases of high uptake without high 

activity, providing evidence that optimizing for high uptake remains a useful tool for rapid 

screening of large libraries of new carriers.  While carrier-cargo association strength does 

not appear to drive IA, it remains possible that hydrophobicity-driven differences in 

endosomal escape, cargo release kinetics, or even cargo denaturation are responsible for 

the observed phenomenon.  It should be noted that the predictive capabilities of carrier 

hydrophobicity may be limited to assessing carriers of the same architecture (i.e., diblock 

copolymers), as two studies of macromolecular isomers have explicitly shown that 

statistical and block copolymers facilitate different levels of delivery, despite being of 

similar expected hydrophobicity.53,70 

Carrier success was also dependent on inherent cargo properties.  As a result of 

both electrostatic and hydrophobic driving forces, low pI proteins (like EGFP) are expected 

to be successfully delivered with a wider hydrophobic range of cationic carriers than high 
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pI proteins (like Cre), which cannot rely on electrostatics to compensate for a lack of 

hydrophobicity when it comes to cargo binding.  This highlights the importance of 

designing chemically rich and versatile carriers, i.e., those which can interact with their 

cargoes in more than one manner, for the delivery of heterogeneous proteins.  Additionally, 

the effectiveness of a carrier at delivering one cargo may not translate to delivery of other 

cargoes, a long-standing problem in the field of protein delivery. 

In summary, we have reported the first series of simple block copolypeptides 

capable of binding and transporting proteins intracellularly without the need for covalent 

attachment.  In studying these carriers and their synthetic mimics, we have also established 

macromolecular hydrophobicity as a universal parameter to predict protein uptake, 

function, and intracellular availability, regardless of carrier backbone. 
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CHAPTER 4 

 

4 INCREASED BLOCK COPOLYMER LENGTH IMPROVES 

INTRACELLULAR AVAILABILITY OF PROTEIN CARGO 

NOTE:  Polymers used in this chapter were prepared with the help of Hazel C. Davis, Leah 

M. Caffrey, and Brittany M. deRonde.  Optimization of delivery conditions was done with 

the help of Esha A. Uddin.  Binding assays and dynamic light scattering were performed 

by Hazel C. Davis. 

4.1 Introduction 

4.1.1 Summary 

Amphiphilic protein transduction domain mimics (PTDMs) of various lengths were 

studied for their abilities to non-covalently deliver proteins into Jurkat T cells.  While 

shorter PTDMs facilitated greater EGFP and IgG internalization, longer block copolymers 

promoted heightened activity of Cre recombinase post-delivery.  Notably, the highest 

molecular weight PTDM facilitated robust gene recombination even at exceptionally low 

concentrations (approximately one polymer molecule per protein).  Dynamic light 

scattering revealed that longer polymers formed considerably smaller nanoparticles upon 

protein complexation.  Moreover, while increasing the carrier to cargo ratio produced 

larger aggregates for short PTDMs (up to a micron in diameter), an eight-fold increase in 

ratio yielded no change in nanoparticle size for the longest amphiphile, implying a 

fundamentally different mechanism of assembly.  The greater intracellular cargo 

availability exhibited by these markedly smaller nanoparticles implies that limiting 

complex size may be more beneficial than simply boosting cargo internalization.  The 

structural and dimensional differences in these polymer-protein complexes likely influence 
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cargo protection, cellular uptake mechanism, intracellular trafficking, or dissociation 

kinetics, all of which are critical to on-target, functional delivery. 

4.1.2 Background 

Formation of polymer-protein complexes via non-covalent interactions offers 

distinct advantages over covalent carrier-cargo attachment.  In particular, such assemblies 

can be formed via a simple mixing step, analogous to polyplex formation in nucleic acid 

delivery, which circumvents the need for laborious coupling and purification steps.1–3  

Moreover, polymer-protein conjugation must typically be performed under mild aqueous 

conditions, greatly limiting the available synthetic routes, and frequently leads to 

substantial reduction in protein activity.1,4–7  Owing to the immense heterogeneity in 

composition, structure, and stability of proteins, successful strategies for conjugate 

preparation are also challenging to broadly apply to other protein cargoes.  In contrast, non-

covalent delivery offers flexibility in that carriers and cargoes can be easily substituted or 

combined in any proportion, enabling rapid screening of libraries for elucidation of 

structure-activity relationships.  Polymer-protein complexes are distinct from other 

polymer nanoparticle systems, such as those employing carrier self-assembly (e.g., 

polymeric micelles and polymersomes) or physical methods (e.g., nanoprecipitation and 

emulsions) to produce delivery vehicles.  Instead, complexation is induced by strong 

carrier-cargo associations, including electrostatic, hydrophobic, and hydrogen bonding 

interactions.2,8  Although the homogenous, colloidal aggregates formed by non-covalent 

complexation lack the precise order that is characteristic of self-assembling carrier systems, 

a wider range of macromolecular structures can be employed, given that ability to self-

assemble is not a requirement. 
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While a number of natural and synthetic polymeric carriers have been reported to 

deliver proteins via complexation, optimization has focused largely on chemical 

modifications rather degree of polymerization (DP).3,9,10  Prominent examples in which DP 

has been explicitly modulated in the context of protein complexation and delivery have 

primarily focused on cationic homopolymers of chitosan11–16 and polyethylenimine 

(PEI)17,18 complexed with model proteins, such as bovine serum albumin (BSA), human 

serum albumin (HSA), and insulin.  The cationic nature of both chitosan and PEI enables 

strong interactions with anionic cargoes and cellular membranes, making them highly 

popular choices for a range of delivery applications.  Although not applied to intracellular 

delivery, the effect of molecular weight on BSA and HSA complexation by poly(ethylene 

glycol) (PEG), modified to contain hydrophobic end groups, has also been investigated.19  

Altogether, these studies have explored polymer-protein binding, complex size, complex 

stability, protein release, and retention of protein structure and activity as a function of 

polymer DP.  Though results were sometimes conflicting, longer polymers generally 

appeared to strengthen carrier-cargo interactions and retard protein release at the cost of 

increasingly altered protein conformation.11,13–15,18,19  The effects of DP on block 

copolymer-protein complexation are severely understudied.  Block copolymers typically 

combine disparate chemical properties, resulting in fundamentally different interactions 

with both proteins and lipid membranes.  In particular, lengthening amphiphilic block 

copolymers would be expected to increase their surfactant-like character, potentially giving 

rise to self-assembly, cargo denaturation, enhanced endosomal escape, or increased cellular 

toxicity.20–24 
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Our group has developed a library of synthetic guanidine-rich polymers known as 

protein transduction domain mimics (PTDMs) which resemble the membrane-transducing 

peptide sequences found in HIV-1 Tat and Antennapedia.25–29  The effects of DP and 

charge density on siRNA delivery have been thoroughly explored using both cationic 

homopolymers and cationic-hydrophobic block copolymers, however, such optimization 

has thus far not been extended to protein delivery.30–32  To date, ring-opening metathesis 

polymerization-based PTDMs have been used at a maximum length of just 20 repeat units 

with protein cargoes.33,34 

Block copolymer PTDMs have consistently outperformed their homopolymer 

counterparts for protein delivery, likely due to insufficient hydrophobicity and poor cargo 

binding of homopolymers (demonstrated in Chapter 3).33,35,36  However, as with the 

aforementioned carriers, homopolymer chain extension might be expected to enhance 

carrier-cargo binding, preserve native protein structure, and ultimately boost 

internalization.  Likewise, given that variation in cationic charge density of chitosan altered 

protein encapsulation efficiency in one study, there is motivation to modulate this 

parameter in PTDMs as well.15  Accordingly, EGFP delivery has been explored here using 

PTDMs comprising 20-60 repeat units with charge densities of one or two guanidine 

groups per monomer (7-22 kDa and 12-35 kDa in size, respectively).  Past optimization of 

block copolymers indicated that incorporation of hydrophobic and hydrophilic monomers 

at a 2:1 ratio maximizes both protein internalization and function.34,37  Additionally, 

PTDMs constructed from a hydrophobic monomer featuring methyl and phenyl 

substituents (MePh) and a cationic monomer containing two guanidine groups (dG) have 

demonstrated robust delivery of several functional proteins, including antibodies and 
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enzymes.37–41  Thus, these carriers were synthesized with DPs of 15-120 (6-46 kDa in size), 

at a consistent 2:1 ratio of MePh to dG.  This series of block copolymers has been used 

here to deliver EGFP, IgG, and Cre recombinase to elucidate the impact of molecular 

weight on both internalization and protein activity. 

4.2 Materials and Methods 

4.2.1 Materials 

4.2.1.1 Synthesis 

Chemicals and solvents were obtained as reagent grade from Millipore Sigma, Alfa 

Aesar, Fisher Scientific, Fluka, BDH, or Acros Organics and used as received unless 

otherwise noted.  Grubbs 3rd generation catalyst (Dichloro-di(3-bromopyridino)-N,N’-

Dimesitylenoimidazolino-Ru=CHPh; G3) was synthesized as described previously.42  

Deuterated NMR solvents were obtained from Cambridge Isotope Laboratories.  Polymers 

were dialyzed using Spectra/Por® dialysis membranes with molecular weight cutoffs 

(MWCOs) ranging from 0.5-1 kDa. 

4.2.1.2 Protein Cargoes 

Recombinant enhanced green fluorescent protein (EGFP) with both an N-terminal 

and a C-terminal 6XHis tag was purchased from BioVision (product code 4999), 

reconstituted to a concentration of 1 mg/mL in 1x PBS, and stored at -20 ⁰C, per 

manufacturer recommendations.  Cross-adsorbed goat anti-rabbit immunoglobulin G, 

fluorescently labelled with Alexa Fluor 488 (herein referred to as “IgG-AF488”), was 

purchased from ThermoFisher Scientific (product number A-11008) and stored in the dark 
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at 4 ⁰C upon receipt, per manufacturer recommendations.  Bovine serum albumin 

fluorescently labelled with fluorescein isothiocyanate (herein referred to as “BSA-FITC”) 

was purchased from Millipore Sigma (product number A9771) and stored in the dark at 4 

⁰C upon receipt, per manufacturer recommendations.  Unlabeled immunoglobulin G from 

goat serum (herein referred to as “IgG”) was purchased from Millipore Sigma (product 

number I5256) and stored at 4 ⁰C upon receipt, per manufacturer recommendations.  

Recombinant Cre recombinase with an N-terminal 6XHis tag and NLS sequence 

(PKKKRKV) was purchased from Excellgen (HNC form, old product code RP-7, new 

product code EG-1067) and stored at -20 ⁰C, per manufacturer recommendations. 

4.2.1.3 Reporter Jurkat T Cell Line 

The Jurkat reporter cell line (herein referred to as “Jurkat-GFP”) was created by 

stably transfecting Jurkat T cells with the pWPT-GFP plasmid.  pWPT-GFP was a gift 

from Didier Trono (Addgene plasmid # 12255; http://n2t.net/addgene:12255; 

RRID:Addgene_12255).  A single cell containing one copy of the EGFP gene was then 

identified, isolated, and expanded to create the monoclonal cell line used for Cre delivery. 

4.2.1.4 Cell Culture Reagents 

Jurkat T cells and the modified Jurkat-GFP cell line were cultured in Gibco™ 

RPMI 1640 High Glucose GlutaMAX™ Supplement (Thermo Fisher Scientific), 

supplemented with 10% (v/v) EquaFETAL (Atlas Biologicals), 1% (v/v) 100 mM Sodium 

Pyruvate Solution (Lonza) or 100 mM HyClone™ Sodium Pyruvate Solution (Fisher 

Scientific), 1% (v/v) 100x MEM Non-Essential Amino Acid Solution (Lonza) or 100x 

HyClone™ Non-Essential Amino Acids NEAA (Fisher Scientific), 1% (v/v) HEPES (1 
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M) (Thermo Fisher Scientific), and 1% (v/v) Penicillin-Streptomycin Mixture (10K/10K) 

(Lonza).  Serum-free RPMI was formulated in the same manner, withholding the 10% 

EquaFETAL.  Gibco™ 10X phosphate-buffered saline (PBS), pH 7.4 was diluted to 1X 

prior to use.  The embryonic mouse hippocampal-18 (mHippoE) cell line was cultured in 

Gibco™ DMEM High Glucose GlutaMAX™ Supplement (Thermo Fisher Scientific), 

supplemented with 10% (v/v) FBS or EquaFETAL (Atlas Biologicals), 1% (v/v) 100 mM 

Sodium Pyruvate Solution (Lonza) or 100 mM HyClone™ Sodium Pyruvate Solution 

(Fisher Scientific), 1% (v/v) 100x MEM Non-Essential Amino Acid Solution (Lonza) or 

100x HyClone™ Non-Essential Amino Acids NEAA (Fisher Scientific), and 1% (v/v) 

Penicillin-Streptomycin Mixture (10LK/10K) (Lonza).  Heparin sodium salt from porcine 

intestinal mucosa (≥100 IU/mg) (Alfa Aesar/VWR) was used to remove extracellular 

complexes from the cell surfaces.  7-aminoactinomycin D (7-AAD) Staining Solution (BD 

Biosciences/Fisher Scientific) was used to assess cellular viability in flow cytometry 

experiments.  Bovine serum albumin, standard heat shock (Rocky Mountain Biologicals, 

Inc.) was used in FACS buffer preparation. 

4.2.2 Instrumentation and Software 

1H nuclear magnetic resonance spectra were recorded for all monomers and 

polymers at 500 MHz using a Bruker Ascend Nuclear Magnetic Resonance Spectrometer 

retrofitted with a cryoprobe.  Chemical shifts (δ) are listed in ppm and coupling constants 

(J) in Hz.  Splitting patterns were described as either s, singlet; d, doublet; dd, doublet of 

doublets; t, triplet; tt triplet of triplets; dt, doublet of triplets; q, quartet; or m, multiplet; or 

br, broad.  Analysis of NMR spectra was performed using MestReNova v. 6.1.0-6224 

(Mestrelab Research). 
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Gel permeation chromatography (GPC) chromatograms were recorded for all 

polymers using an Agilent Technologies 1260 Infinity series system equipped with 

refractive index (RI) and ultraviolet (UV) detectors, a PL Gel 5 μm guard column, two PL 

Gel 5 μm analytical Mixed-C columns, and a PL Gel 5 μm analytical Mixed-D column.  

These columns were connected in series and incubated at 40 ⁰C.  THF was used as the 

eluent at a flow rate of 1 mL/min.  Toluene was used as the flow marker.  The instrument 

was calibrated with both poly(methyl methacrylate) and polystyrene standards.  All 

samples were prepared at ~3 mg/mL and filtered into Agilent Technologies autosampler 

vials using 0.45 μm PTFE syringe filters prior to injection. 

Flow cytometry experiments were conducted using a BD Dual LSRFortessa™ flow 

cytometer and FACSDiva acquisition software.  EGFP, AF488, and 7-AAD were all 

excited with a 488 nm laser.  Fluorescence emission was collected using 530/30 (for EGFP 

and 7-AAD) and 710/50 band pass filters.  Fluorescence signals were recorded for 10,000 

cells in all samples.  Analysis was performed using FlowJo v. 10.0.7r2 (Tree Star). 

Fluorescence data for equilibrium binding assays were collected using a BioTek 

Instruments Synergy Mx plate reader and Gen5 1.10 acquisition software.  Samples were 

measured at 25 °C in Ultra Cruz 96 well sterile poly(styrene) black tissue culture plates 

with clear flat bottoms purchased from Santa Cruz Biotechnology, Inc. 

Dynamic light scattering experiments were conducted using a Malvern Instruments 

Zetasizer Nano Series Nano-ZS and Zetasizer software (v. 8.00.4813) for analysis.  The 

standard operating procedure (SOP) used for all DLS experiments included the use of the 

instrument default “protein” as the material with a refractive index (RI) of 1.450 and 
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absorption of 0.001.  The dispersant selected in the SOP was a “complex solvent”, 1x PBS, 

(RI = 1.3317, viscosity = 0.9051 cP), where the primary component selected was water and 

the minor components consisted of sodium chloride (0.1551 M), sodium phosphate dibasic 

(0.0030 M), and potassium bicarbonate (0.0010 M) as a substitute for potassium phosphate 

monobasic, which was the actual component in the 1x PBS used.  Measurement 

temperature was set at 25°C with an equilibration time of 120 seconds between 

measurements.  The disposable cuvette option DTS0012 (for PTDM:IgG samples) or 

ZEN0040 (for PTDM:Cre samples) was also selected in the SOP.  Light scattering was 

measured at a back-scattering angle of 173° with the number of runs per measurement set 

to automatic, 11 runs per measurement, and a run duration of 10 seconds.  Each DLS trial 

consisted of 3 measurements.  Finally, for data processing, the analysis model was a general 

purpose (normal resolution) model.  Disposable polystyrene cuvettes with a volume 

capacity of 4.5 mL or 1.5 mL were purchased from Fisher Scientific.  Poly(ethersulfone) 

(PES) syringe filters were purchased from the Restek Corporation. 

4.2.3 Methods  

4.2.3.1 Synthesis 

The PGONn and dGn series of carriers studied have been previously 

characterized.30,31  Although the MePh10-b-dG5 carrier has also been reported previously, 

it was resynthesized for these studies.  The following carriers are reported here for the first 

time:  MePh20-b-dG10, MePh30-b-dG15, MePh40-b-dG20, and MePh80-b-dG40.  Synthetic 

protocols and characterization data for the MePh2n-b-dGn series and its constituent 

monomers are detailed in the subsequent sections. 
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4.2.3.1.1 Monomer Synthesis 

In general, the dG and MePh monomers were prepared following previously 

reported procedures.43  A brief overview is provided here (Figure 4.1 and Figure 4.2). 

dG monomer:  One molar equivalent of oxanorbornene anhydride, two molar equivalents 

of 1,3,-di-boc-2-(2-hydroxyethyl)guanidine, and 0.1 molar equivalents of DMAP were 

dissolved in freshly distilled CH2Cl2 dried over CaH2 and stirred at room temperature under 

nitrogen.  The solution was then cooled down to 0 °C in an ice bath and 1.2 molar 

equivalents of EDC were added.  The solution was allowed to stir overnight under nitrogen 

and gradually return to room temperature.  The diester product was isolated by normal 

phase flash chromatography using silica using a 70/30 (v/v) mixture of CH2Cl2/ethyl 

acetate (EtOAc) as the eluent.  Pure fractions were combined and concentrated using rotary 

evaporation.  The sample was dried under vacuum overnight at room temperature to obtain 

a white solid. 

71% yield 

1H NMR (500 MHz, CDCl3) δ 11.49 (br, 2H), 8.56 (br, 2H), 6.47 (br, 2H), 5.35 – 5.27 (m, 

2H), 4.33 – 4.19 (m, 4H), 3.83 – 3.61 (m, 4H), 2.85 (br, 2H), 1.69 – 1.39 (m, 36H). 

 
Figure 4.1:  Synthesis of the symmetric dG monomer.  (i) R-OH, DMAP, EDC, CH2Cl2, 0 °C to room 

temperature, overnight. 
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Ph half ester:  One molar equivalent of oxanorbornene anhydride and 0.1 molar 

equivalents of 4-dimethylaminopyridine (DMAP) were added to an oven dried two-neck 

round bottom flask under nitrogen gas and dissolved in sufficient freshly distilled CH2Cl2 

dried over CaH2.  One molar equivalent of benzyl alcohol was added via syringe.  The 

reaction was stirred overnight under nitrogen at room temperature.  As the half ester 

product formed, it precipitated out overnight.  The precipitate was isolated by vacuum 

filtration, washing with cold CH2Cl2, and then dried under vacuum. 

56% yield 

1H NMR (500 MHz, DMSO) δ 12.45 (s, 1H), 7.41 – 7.28 (m, 5H), 6.50 – 6.42 (m, 2H), 

5.11 (d, J = 5.8 Hz, 2H), 5.08 – 4.91 (m, 2H), 2.81 – 2.73 (m, 2H). 

MePh monomer:  One molar equivalent of the Ph half ester and 0.1 molar equivalents of 

DMAP were added to an oven dried two-neck round bottom flask under nitrogen gas and 

dissolved in sufficient freshly distilled CH2Cl2 dried over CaH2.  One molar equivalent of 

methanol was added via syringe.  The solution was then cooled down to 0 °C in an ice bath 

and 1.2 molar equivalents of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were 

added.  The solution was allowed to stir overnight under nitrogen and gradually return to 

room temperature.  The diester product was isolated by normal phase flash chromatography 

 
Figure 4.2:  Synthesis of the asymmetric MePh monomer.  (i) Methanol, DMAP, CH2Cl2, room temperature, 

overnight; (ii) benzyl alcohol, DMAP, EDC, CH2Cl2, 0 °C to room temperature, overnight. 
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with silica using a 90/10 (v/v) mixture ofCH2Cl2/EtOAc as the eluent.  Pure fractions were 

combined and concentrated using rotary evaporation.  The sample was dried under vacuum 

overnight at room temperature to obtain a white solid. 

69% yield 

1H NMR (500 MHz, CDCl3) δ 7.40 – 7.29 (m, 5H), 6.47 – 6.42 (m, 2H), 5.28 (d, J = 3.4 

Hz, 2H), 5.18 – 5.10 (m, 2H), 3.55 (s, 3H), 2.88 – 2.79 (m, 2H). 

4.2.3.1.2 Polymer Synthesis 

All polymers were prepared according to previously reported procedures (Figure 

4.3).43 

In brief, 1 molar equivalent of G3, 10-80 molar equivalents of the MePh monomer 

(depending on the target length of the hydrophobic block), and 5-40 molar equivalents of 

the dG monomer (depending on the target length of the cationic block) were each dissolved 

in separate oven dried Schlenk flasks using freshly distilled CH2Cl2 dried over CaH2.  The 

contents of all Schlenk flasks were put through a minimum of 3 freeze, pump, thaw (FPT) 

cycles to rigorously degas the monomer and catalyst solutions.  After the final FPT cycle, 

 
Figure 4.3:  Synthesis of Boc-protected block copolymers used in Chapter 4.  (i) G3, CH2Cl2, room 

temperature, 10 min; (ii) dG, CH2Cl2, room temperature, 90 min; (iii) ethyl vinyl ether, room temperature, 

overnight. 
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the contents of the flask containing the hydrophobic monomer were cannulated into the 

flask containing the stirring G3 solution.  This monomer was allowed to polymerize for 

about 10 minutes, at which time a crude aliquot was taken and dried using compressed air 

for analysis by 1H NMR and THF GPC.  The NMR spectrum was used to confirm monomer 

consumption by a complete upfield shift of the alkene protons in the oxanorbornene-based 

monomer.  The GPC chromatogram was used to calculate the molecular weight and 

dispersity of the hydrophobic block.  The dG monomer was then cannulated into the G3 

flask and allowed to polymerize for approximately 90 minutes.  Upon completion, 2-3 mL 

of ethyl vinyl ether (EVE) was injected into the Schlenk flask to terminate the 

polymerization.  A crude aliquot was taken at this point and dried using compressed air for 

analysis by 1H NMR and THF GPC.  As with the first aliquot, this NMR spectrum was 

used to confirm complete consumption of the second monomer.  The GPC chromatogram 

was used to confirm successful chain extension by comparison with the first 

chromatogram.  After stirring overnight with EVE, the crude reaction mixture was 

concentrated to a solid using rotary evaporation before it was redissolved in 1 mL of 

tetrahydrofuran (THF).  This solution was then precipitated dropwise into cold, stirring 

pentane.  The precipitated polymers in their Boc-protected forms were recovered using 

vacuum filtration and dried under high vacuum overnight, at which point they were again 

characterized by 1H NMR and THF GPC.  The final NMR spectrum was used to calculate 

the relative block composition using integrations of diagnostic peaks from each of the 

respective blocks (Table 4.1).  For this analysis, the oxanorbornene backbone -CH protons 

at ~3.15-3.13 ppm were compared to the dG block -CH2 protons at ~4.22-4.16 ppm.  The 
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final GPC chromatogram was used to determine the molecular weight (MW) averages and 

dispersity (Ð) of each polymer, reported in Table 4.1. 

The 1H NMR chemical shifts for each precipitated, Boc-protected polymer are 

below.  Overlays of the intermediate and final GPC chromatograms taken for each polymer 

can be found in Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.7, and Figure 4.8.  An overlay 

of the final chromatograms for all block copolymers can be found in Figure 4.9. 

Table 4.1:  Characterization summary for PTDMs used in Chapter 4 based on 1H NMR and THF GPC 

analysis. 

Polymer 

Block 1: 

Block 2a 

Theoretical 

MW (kDa)b 

Mp 

(kDa)c 

Mn 

(kDa)c 

Mw 

(kDa)c Đc 

PGON20
d -- 9.11 11.2 9.56 10.5 1.1 

PGON40
d -- 18.1 19.0 17.3 18.4 1.1 

PGON80
d -- 36.1 44.2 34.4 38.4 1.1 

dG20
d -- 15.2 13.5 12.7 13.4 1.1 

dG40
d -- 30.3 30.5 23.6 27.2 1.2 

dG80
d -- 60.5 71.0 50.2 59.2 1.2 

MePh10-b-dG5 67:33 6.76 7.73 6.65 7.39 1.1 

MePh20-b-dG10 69:31 13.4 15.4 12.4 14.2 1.1 

MePh30-b-dG15 69:31 20.1 22.2 17.6 20.2 1.1 

MePh40-b-dG20 68:32 26.7 27.3 23.0 25.1 1.1 

MePh80-b-dG40 68:32 53.4 54.2 40.3 46.9 1.2 
aRelative block incorporation as calculated by 1H NMR.  bTheoretical molecular weight based on polymer 

structure shown in Figure 4.3.  cCalculated by GPC in THF, 40⁰C, flow rate 1 mL/min with polystyrene 

(PGONn and MePh2n-b-dGn) or poly(methyl methacrylate) (dGn) standards and toluene as the flow marker.  
dData summarized from previous reports.30,31 

 

 
Figure 4.4:  GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the MePh monomer) to create the Boc-protected copolymer (MePh10-b-dG5), shown here 

after purification by precipitation.  
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MePh10-b-dG5:  1H NMR (500 MHz, CD3CN) δ 11.52 (br, 2H), 8.35 (br, 2H), 7.34 (br, 

10H), 5.84 (trans) and 5.59 (cis) (br, 6H total), 5.09 (br, 4H), 5.09 (cis) and 4.62 (trans) 

(br, 6H total), 4.22 (br, 4H), 3.55 (br, 4H), 3.47 (br, 6H), 3.13 (br, 6H), 1.47 (s, 18H), 1.41 

(s, 18H). 

MePh20-b-dG10:  1H NMR (500 MHz, CD3CN) δ 11.53 (br, 2H), 8.35 (br, 2H), 7.33 (br, 

10H), 5.84 (trans) and 5.58 (cis) (br, 6H total), 5.03 (br, 4H), 5.03 (cis) and 4.60 (trans) 

(6H total), 4.16 (br, 4H), 3.55 (br, 4H), 3.46 (br, 6H), 3.13 (br, 6H), 1.47 (s, 18H), 1.41 (s, 

18H). 

 
Figure 4.6:  GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the MePh monomer) to create the Boc-protected copolymer (MePh30-b-dG15), shown here 

after purification by precipitation. 

 

 
Figure 4.5:  GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the MePh monomer) to create the Boc-protected copolymer (MePh20-b-dG10), shown here 

after purification by precipitation. 
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MePh30-b-dG15:  1H NMR (500 MHz, CD3CN) δ 11.53 (br, 2H), 8.35 (br, 2H), 7.33 (br, 

10H), 5.83 (trans) and 5.58 (cis) (br, 6H total), 5.01 (br, 4H), 5.01 (cis) and 4.60 (trans) 

(br, 6H total), 4.16 (br, 4H), 3.55 (br, 4H), 3.46 (br, 6H), 3.13 (br, 6H), 1.47 (s, 18H), 1.41 

(s, 18H). 

MePh40-b-dG20:  1H NMR (500 MHz, CD3CN) δ 11.53 (br, 2H), 8.35 (br, 2H), 7.33 (br, 

10H), 5.83 (trans) and 5.58 (cis) (br, 6H total), 5.03 (br, 4H), 5.03 (cis) and 4.60 (trans) 

(br, 6H total), 4.17 (br, 4H), 3.55 (br, 4H), 3.46 (br, 6H), 3.13 (br, 6H), 1.47 (s, 18H), 1.41 

(s, 18H). 

 
Figure 4.7: GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the MePh monomer) to create the Boc-protected copolymer (MePh40-b-dG20), shown here 

after purification by precipitation. 

 

 
Figure 4.8:  GPC traces illustrating the increase in molecular weight upon chain extension of the first block 

(containing just the MePh monomer) to create the Boc-protected copolymer (MePh80-b-dG40), shown here 

after purification by precipitation. 
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MePh80-b-dG40:  1H NMR (500 MHz, CD3CN) δ 11.53 (br, 2H), 8.35 (br, 2H), 7.33 (br, 

10H), 5.84 (trans) and 5.58 (cis) (br, 6H total), 5.01 (br, 4H), 5.01 (cis) and 4.60 (trans) 

(br, 6H total), 4.17 (br, 4H), 3.61 (br, 4H), 3.46 (br, 6H), 3.15 (br, 6H), 1.48 (s, 18H), 1.42 

(s, 18H). 

4.2.3.1.3 Polymer Deprotection 

To remove the Boc protecting groups, each polymer was dissolved in a 4 mL 

solution of 1:1 CH2Cl2:trifluoroacetic acid (TFA) and stirred in a scintillation vial 

overnight.  The scintillation vials were then filled to halfway with methanol and 

concentrated using rotary evaporation.  This process was repeated up to 7 times to remove 

traces of TFA by azeotropic distillation.  The deprotected polymers were then dissolved in 

a minimal volume of methanol, diluted in approximately 10 mL of reverse osmosis (RO) 

water, and loaded into hydrated dialysis membrane tubing (MWCO = 500-1000 Da).  All 

polymers were dialyzed against RO water until the conductivity of the solution outside the 

bag reached 0.3 µS or lower.  Once dialysis was completed, polymer solutions were flash 

frozen in plastic cups by submerging them in liquid nitrogen.  Frozen water was then 

removed by lyophilization in vacuo over the course of 3-5 days.  1H NMR was used to 

 
Figure 4.9:  Overlay of all GPC traces for the purified, Boc-protected polymers in the MePh2n-b-dGn series, 

illustrating the differences in molecular weight distributions obtained. 
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confirm complete removal of the Boc groups to yield the deprotected guanidinium 

functional groups. 

4.2.3.2 Protein Delivery 

4.2.3.2.1 Homopolymer-Mediated EGFP Delivery 

EGFP delivery followed previously published protocols.34–37,44–46  PTDMs were 

dissolved in DMSO to make 1 mM stock solutions and stored at -20 ℃.  Jurkat T cells 

were harvested on the day of the experiment and seeded in 12-well plates at a density of 4 

x 105 cells/0.8 mL of fresh serum-containing RPMI (800 µL per well).  Stock EGFP (1 

mg/mL) was diluted 1:21 in 1X phosphate-buffered saline (PBS, pH ~7.4) to make a less 

concentrated working solution.  Polymer stock solutions were diluted 1:20 in PBS to create 

working solutions of 50 µM.  Polymer:protein complexes were prepared by combining 

appropriate volumes of PBS, EGFP, and PTDM (in that order) to achieve 200 µL solutions 

whose final delivery concentrations (after combining with the 0.8 mL cell solutions in a 

later step) were 60 nM EGFP and 1.2, 0.6, or 0.3 µM PTDM (n = 20 ,40, or 80, 

respectively).  Resulting molar ratios of PTDM:protein were thus 20:1, 10:1, or 5:1, 

respectively.  Inequal polymer:protein ratios were selected in order to maintain equivalent 

polymer repeat unit:protein ratios (400:1) across all samples, successfully isolating the 

effect of increased monomer connectivity on delivery.  Thus, while molar concentration 

was varied based on PTDM DP, weight concentration remained at ~14 µg/mL dGn or ~0.9 

µg/mL PGONn regardless of PTDM DP.  The solutions were incubated in the dark at room 

temperature for 30 minutes to allow complexation, then added dropwise to each well 

containing cells, resulting in final delivery volumes of 1 mL.  The cells were incubated 
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with the complexes for 4 h at 37 ℃ in 5% CO2.  After the incubation period, the cells were 

harvested, transferred to microcentrifuge tubes, collected by centrifugation for 5 min at 400 

x g, and washed 3 times with 800 µL heparin (20 U/mL in PBS) to remove any extracellular 

or surface-bound complexes, in accordance with previously published procedures.47  Cells 

were resuspended in 200 µL of FACS buffer (0.2% [w/w] bovine serum albumin in PBS) 

containing 2.5% (v/v) of 7-aminoactinomycin D (7-AAD) stain prior to internalization and 

viability analysis by flow cytometry, in which data for 10,000 cells were collected. 

4.2.3.2.2 Block Copolymer-Mediated EGFP Delivery 

Block copolymer-mediated EGFP delivery was performed in an identical manner 

to the above-described homopolymer-mediated EGFP delivery with the following 

modifications.  Stock EGFP (1 mg/mL) was diluted 1:37 in PBS to achieve an appropriate 

working solution.  Polymer stock solutions (1 mM) were diluted in 1:10 in PBS to achieve 

working solutions of 100 µM.  Final delivery concentrations were 50 nM EGFP and 2, 0.5, 

or 0.25 µM PTDM (2n/n = 10/5, 40/20, and 80/40, respectively).  Resulting molar ratios 

of PTDM:protein were thus 40:1, 10:1, and 5:1, respectively.  Inequal polymer:protein 

ratios were selected in order to maintain equivalent polymer repeat unit:protein ratios 

(600:1) across all samples, successfully isolating the effect of increased monomer 

connectivity on delivery.  Thus, while molar concentration was varied based on PTDM DP, 

weight concentration remained at ~12 µg/mL MePh2n-b-dGn regardless of PTDM DP.   

4.2.3.2.3 Block Copolymer-Mediated IgG Delivery in Jurkat T Cells 

Block copolymer-mediated IgG-AF488 delivery in Jurkat T cells was performed in 

an identical manner to the above-described homopolymer-mediated EGFP delivery 



124 

(substituting IgG for EGFP) with the following modifications.  Stock IgG was received as 

2 mg/mL and diluted 1:20 in PBS to make a working solution of 0.1 mg/mL.  Polymer 

stock solutions (1 mM) were diluted 1:50 in PBS to make working solutions of 20 µM.  

Final delivery concentrations were 50 nM IgG-AF488 and 1, 0.5, 0.333, 0.25, or 0.125 µM 

PTDM (2n/n = 10/5, 20/10, 30/15, 40/20, and 80/40, respectively).  Resulting molar ratios 

of PTDM:protein were thus 20:1, 10:1, 6.7:1, 5:1, and 2.5:1, respectively.  Inequal 

polymer:protein ratios were selected in order to maintain equivalent polymer repeat 

unit:protein ratios (300:1) across all samples, successfully isolating the effect of increased 

monomer connectivity on delivery.  Thus, while molar concentration was varied based on 

PTDM DP, weight concentration remained at ~6 µg/mL MePh2n-b-dGn regardless of 

PTDM DP. 

4.2.3.2.4 Block Copolymer-Mediated IgG Delivery in mHippoE-18 Cells 

Block copolymer-mediated IgG-AF488 delivery in mHippoE-18 cells was 

performed in an identical manner to the above-described homopolymer-mediated EGFP 

delivery (substituting IgG for EGFP) with the following modifications.  mHippoE cells 

were harvested 24 h prior to the experiment and seeded in 12-well plates at a density of 7.5 

x 104 cells/well.  Stock IgG (2 mg/mL) was diluted 1:1000 in PBS to achieve a working 

concentration of 0.1 µM.  Polymer stock solutions (1 mM) were serially diluted 1:10,000 

in PBS to achieve 100 nM working concentrations.  Final delivery concentrations were 1 

nM IgG-AF488 and 5, 2.5, 1.667, or 1.25 nM PTDM (2n/n = 10/5, 20/10, 30/15, and 40/20, 

respectively).  Resulting molar ratios of PTDM:protein were thus 5:1, 3:1, 2:1, and 1:.25:1, 

respectively.  Inequal polymer:protein ratios were selected in order to maintain equivalent 

polymer repeat unit:protein ratios (75:1) across all samples, successfully isolating the effect 
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of increased monomer connectivity on delivery.  Thus, while molar concentration was 

varied based on PTDM DP, weight concentration remained at ~29 pg/mL MePh2n-b-dGn 

regardless of PTDM DP.  Immediately prior to treatment with the complexes, the medium 

was aspirated from each well and replaced with 800 µL of fresh, serum-containing DMEM.  

Following the incubation period, the medium was aspirated from each well, and the cells 

were rinsed with PBS, lifted with 0.25% trypsin-EDTA, diluted with DMEM (5x volume 

of trypsin), and collected by centrifugation for 5 min at 400 x g.  After washing with 

heparin, cells were resuspended in 100% FACS buffer (viability was not assessed in these 

experiments). 

4.2.3.2.5 Cre Delivery:  PTDM Molecular Weight Comparison 

Block copolymer-mediated Cre delivery in Jurkat-GFP cells was performed in an 

identical manner to the above-described homopolymer-mediated EGFP delivery 

(substituting Cre for EGFP) with the following modifications.  Jurkat-GFP cells were 

seeded in a 24-well plates at a density of 2 x 105 cells/0.4 mL (400 µL total) of serum-free 

RPMI.  Stock Cre was received as 60 µM and diluted 1:24 in PBS to achieve a working 

concentration of 2.5 µM.   Polymer stock solutions (1 mM) were diluted 1:64 in PBS to 

create working solutions.  Complexes were prepared in volumes of 100 µL (0.5 mL final 

delivery volume) with final delivery concentrations of 125 nM Cre and 0.625, 0.313, 0.208, 

0.156, or 0.078 µM PTDM (2n/n = 10/5, 20/10, 30/15, 40/20, and 80/40, respectively).  

Resulting molar ratios of PTDM:protein were thus 5:1, 2.5:1, 1.667:1, 1.25:1, and 0.625:1, 

respectively.  Inequal polymer:protein ratios were selected in order to maintain equivalent 

polymer repeat unit:protein ratios (75:1) across all samples, successfully isolating the effect 

of increased monomer connectivity on delivery.  Thus, while molar concentration was 
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varied based on PTDM DP, weight concentration remained at 3.6 ng/mL MePh2n-b-dGn 

regardless of PTDM DP.  Halfway through the 4h incubation of complexes with cells, 500 

µL of serum-containing RPMI was added on top of wells to aid with cellular viability.  At 

the end of the incubation, 10 µL was taken from each well, stained with trypan blue, and 

counted on a hemocytometer to assess cellular viability.  The remainder of the sample was 

centrifuged for 5 min at 400 x g, resuspended in fresh serum-containing RPMI, and 

replated.  The cells were cultured for 5 days, at which point they were harvested by 

centrifugation and washed once with PBS.  Cells were then directly stained with 7-AAD 

to exclude dead cells from analysis during flow cytometry. 

4.2.3.2.6 Cre Delivery:  PTDM Molar Ratio Comparison 

Block copolymer-mediated Cre delivery in Jurkat-GFP cells was performed in an 

identical manner to the above-described Cre molecular weight comparison experiment with 

the following modifications.  MePh2n-b-dGn polymers were used at PTDM:Cre molar 

ratios of 0.625:1, 1.25:1, 2.5:1, and 5:1 (0.078, 0.156, 0.313, and 0.625 µM, respectively, 

for 2n/n = 10/5, 20/10, 30/15, 40/20, and 80/40).  These molar concentrations were selected 

such that the highest ratio (5:1) of MePh10-b-dG5 had approximately the same weight 

concentration (~3.6 ng/mL) of polymer as the lowest ratio (0.625:1) of MePh80-b-dG40, as 

in the molecular weight comparison experiments. 

4.2.3.3 Dynamic Light Scattering 

Dynamic light scattering measurement procedures were adapted from a previously 

published report.21  Prior to polymer:protein complexation, all microcentrifuge vials (used 

to prepare solutions) and cuvettes were rinsed 3 times with filtered methanol and allowed 
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to dry in a covered box that allowed for filtered air to pass through.  Cuvettes and 

microcentrifuge vials were allowed to dry up to overnight to ensure complete drying and 

prevent dust accumulation.  

Measurements were collected for solutions containing PTDM:protein complexes in 

1x PBS.  Protein concentrations were held constant at 50 nM and 125 nM for IgG and Cre, 

respectively.  For experiments examining the effect of PTDM DP on complex size, 

MePh2n-b-dGn polymers were used at molar ratios of PTDM:IgG = 20:1, 10:1, 6.67:1, 5:1, 

and 2.5:1 and PTDM:Cre ratios = 5:1, 2.5:1, 1.67:1, 1.25:1, and 0.625:1 for 2n/n = 10/5, 

20/10, 30/15, 40/20, and 80/40, respectively.  For experiments examining the effect of 

PTDM:protein ratio on complex size, additional samples were prepared at molar ratios of 

PTDM:IgG = 2.5:1 and 20:1 for 2n/n = 10/5 and 80/40, respectively. 

For IgG DLS samples, 1 mM stock solutions of PTDM were prepared by dissolving 

solid polymer in DMSO that had been filtered through 0.45 µM PES filters.  1x PBS was 

then filtered through 0.45 µM PES filters and subsequently used to prepare working 

solutions of both PTDM (10 µM) and protein.  Appropriate volumes of PTDM and protein 

were then combined in 1.5 mL microcentrifuge tubes containing appropriate volumes of 

1x PBS to achieve the final desired concentrations.  Samples were mixed by gently 

pipetting up and down, incubated for 30 min at room temperature to allow complexes to 

form, and then carefully transferred to polystyrene cuvettes for analysis. 

For Cre DLS samples, PTDM stock solutions were prepared in DMSO that had not 

been filtered previously, though filtered 1x PBS was used to create working solutions of 

both PTDM and Cre.  Samples were prepared directly in cuvettes, mixed by gently 
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pipetting up and down, and then covered with a small slip of aluminum foil for 30 min 

prior to analysis. 

It is important to note that the assumed RI value used in the SOP and absorbance 

of the material were used to convert the raw intensity-based size data to the number-based 

size data which have been reported in the main text.  The distribution most closely related 

to the raw data is the intensity data, though the trends reported can be observed in either 

the intensity- or number-based analysis of particle size. 

4.2.3.4 Fluorescence-Based Equilibrium Binding Assays 

To isolate the effect of increasing PTDM degree of polymerization on protein 

binding, equilibrium fluorescence quenching assays were conducted according to 

previously published procedures using BSA-FITC as a model cargo.35,44,45  These assays 

were conducted at 25 °C in 1x PBS at pH ~7.2, and the fluorescence of BSA-FITC was 

monitored and recorded as a function of increasing PTDM concentration from 0 to 8 μM 

(corresponding to ~ 47, 94, 140, and 186 mg/mL for the 2n/n = 10/5, 20/10, 30/15, and 

40/20 polymers, respectively).  These experiments were conducted in a 96-well polystyrene 

plate, where each well had black opaque sides and flat clear bottoms.  In general, each well 

in the titration was designed to contain 200 nM BSA-FITC, the appropriate carrier 

concentration, and PBS to reach a total volume of 200 μL.  A stock solution of 1 mg/mL 

BSA-FITC in 1x PBS was prepared and used to prepare more dilute working solutions of 

dye-labelled protein.  PTDM stock concentrations of 1 mM in pure DMSO were serially 

diluted in PBS to obtain working solutions of 100 μM (10% v/v DMSO) and 10 μM (1% 

v/v DMSO.  Variable volumes from these working solutions were added to the wells such 
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that each subsequent well in the series contained an increasing final concentration of 

carrier.  Since the use of different carrier stock solutions introduced DMSO in varying 

amounts, additional volumes of pure DMSO were added to each well such that all wells 

contained the same final concentration (v/v) of DMSO.  Once all wells had received the 

appropriate volumes of PBS, BSA-FITC, DMSO, and PTDM, in that order, they were 

gently mixed by pipetting up and down and stirring with the tip of the pipet.  The 96-well 

plate was incubated in the dark (covered by the plastic lid and under foil) at room 

temperature for 30 min to achieve equilibrium prior to fluorescence measurements.  

Samples were excited at 495 nm and emission was read at 523 nm with a BioTek Mx plate 

reader.  During the binding experiments, the fluorescence intensity of each well in the 

titration was measured.  The background fluorescence of a negative control (containing 

only PBS and the appropriate DMSO concentration) was first subtracted from these 

measurements.  Next, the values were normalized by the fluorescence intensity of a positive 

control (containing only 200 nM BSA-FITC in PBS and the appropriate DMSO 

concentration) to yield a plot of normalized FITC fluorescence intensity vs. PTDM 

concentration.  The binding experiments were repeated in triplicate for each PTDM.  In 

certain cases, follow-up experiments consisting of three additional replicates at additional 

PTDM concentrations were performed in order to provide more data in critical regions of 

the binding curves. 
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4.3 Results and Discussion 

4.3.1 PTDM Design 

In an effort to isolate the effects of polymer length and charge density on protein 

delivery, homopolymers were synthesized with targeted DPs of 20, 40, and 80 repeat units 

and containing either one (poly[guanidinium oxanorbornene], or PGON) or two 

(diGuanidine, or dG) positive charges (Scheme 4.1).  Given the well-established 

importance of hydrophobicity in non-covalent protein delivery, a series of block 

copolymers were synthesized consisting of a hydrophobic block (featuring methyl and 

phenyl substituents, or MePh) and a cationic block (dG).1,33,35,36  These carriers were 

designed to contain a 2:1 ratio of hydrophobic to cationic repeat units (MePh2n-b-dGn) at 

DPs of 15, 30, 45, 60, and 120 (2n/n = 10/5, 20/10, 30/15, 40/20, and 80/40) to assess the 

impact of carrier length on both cargo uptake and biological activity. 

4.3.2 Impact of Homopolymer Length and Charge Density on Internalization 

Homopolymers were complexed with 60 nM EGFP and incubated with Jurkat T 

cells for 4 hours to allow for cellular internalization (Figure 4.10).  In much the same way 

 
Scheme 4.1:  Protein transduction domain mimic (PTDM) carriers selected for use in Chapter 4, comprising 

various charge densities, macromolecular architectures, and chain lengths.  (A) Poly(guanidinium 

oxanorbornene) (PGONn) homopolymers featuring one cationic charge per repeat unit.  (B) Diguanidine 

(dGn) homopolymers containing two cationic charges per repeat unit.  (C) Block copolymers of hydrophobic 

(methyl/phenyl substituents, green) and cationic (guanidine substituents, blue) monomers incorporated at a 

constant 2:1 ratio (MePh2n-b-dGn).  PGONn, dGn, and MePh2n-b-dGn homopolymers consisted of 20-80 

repeat units (20-80 and 40-160 cationic charges per polymer for the PGONn and dGn series, respectively), 

while block copolymers were synthesized with 15-120 repeat units (10-80 cationic charges). 
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that N:P ratio is been held constant when optimizing the length of polymeric carriers for 

nucleic acid delivery, the ratio of polymer repeat units to protein molecules was maintained 

at 400:1 for all carriers.30,32  As a result, the number of polymer chains in the system is 

decreased with increasing polymer length, effectively isolating the effect of monomer 

connectivity on carrier performance. 

 
Figure 4.10:  EGFP internalization in Jurkat T cells as a function of both homopolymer PTDM degree of 

polymerization (DP) and cationic charge density.  (A) Illustration of the inverse relationship between DP and 

number of polymer molecules in the system given that the total number of polymer repeat units in the system 

is universally conserved.  As shorter polymers are linked together to form longer ones, fewer independent 

chains remain, allowing for a direct assessment of the impact of monomer connectivity on delivery.  The 

impact of charge density is observed by comparing polymers with one (hatched blue bars) and two (solid 

blue bars) charges per repeat unit at equal DPs (each pair of adjacent bars).  EGFP internalization is quantified 

as (B) percentage of live cells positive for EGFP and (C) median fluorescence intensity (MFI) of the entire 

live-cell population.  Data are displayed as the mean ± the standard error of the mean for four independent 

replicates of 10,000 cells each.  Statistical analysis of the dataset was done by one-way ANOVA followed 

by a Tukey post-test.  For all samples, p values were > 0.05 when compared to the PBS and EGFP controls 

(grey). 
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EGFP internalization was assessed by flow cytometry using two metrics:  

percentage of the cellular population positive for cargo in any quantity and median EGFP 

fluorescence intensity (MFI) of the population, a gauge of quantity delivered per cell.  Not 

unlike past siRNA studies, both metrics suggested marginally better delivery with 

polymers of intermediate length, however, the differences here were insignificant owing to 

consistently poor internalization by all carriers.  Likewise, charge density had no 

appreciable impact on delivery, suggesting that number of cations is perhaps less important 

for delivery of proteins than nucleic acids.30 

 
Figure 4.11:  Cellular viability for EGFP (A-B), IgG (C), and Cre (D) delivery using PTDMs in the PGONn 

(hatched blue bars), dGn (solid blue bars), and MePh2n-b-dGn (solid green bars) series to accompany Figure 

4.10, Figure 4.12, Figure 4.13, and Figure 4.15.  Viability was determined by either 7-AAD (A-C) or trypan 

blue (D) staining immediately following delivery.  7-AAD data (A-C), obtained by flow cytometry, are 

displayed as the mean ± the standard error of the mean (SEM) for three (B) or four (A, C) independent 

replicates of 10,000 cells each.  Trypan blue data (D), obtained by manual count with a hemocytometer, are 

displayed as the mean ± the SEM for three independent replicates.  Statistical analyses of the datasets were 

done by one-way ANOVA followed by a Tukey post-test.  For all samples, p values were > 0.05 when 

compared to their respective PBS and EGFP controls (grey). 
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7-AAD staining was used to assess viability following homopolymer-mediated 

EGFP delivery to Jurkat T cells (as well as for all other delivery experiments in Jurkat and 

Jurkat-GFP cell lines).  Experiments for which no significant cellular toxicity was observed 

for any of the experimental conditions is presented here (Figure 4.11).  Viability for the 

final experiment is presented alongside delivery data (Figure 4.16). 

 
Figure 4.12:  EGFP internalization in Jurkat T cells as a function of block copolymer PTDM degree of 

polymerization (DP).  (A) Illustration of the inverse relationship between DP and number of polymer 

molecules in the system given that the total number of polymer repeat units in the system is universally 

conserved.  As shorter polymers are linked together to form longer ones, fewer independent chains remain, 

allowing for a direct assessment of the impact of monomer connectivity on delivery.  EGFP internalization 

is quantified as (B) percentage of live cells positive for EGFP and (C) median fluorescence intensity (MFI) 

of the entire live-cell population.  Data are displayed as the mean ± the standard error of the mean for three 

independent replicates of 10,000 cells each.  Statistics indicate significance in comparison with the PBS and 

EGFP controls (grey), unless otherwise noted: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no 

significance, as determined by one-way ANOVA followed by a Tukey post-test. 
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4.3.3 Impact of Block Copolymer Length on Internalization and Activity 

In a similar experiment, delivery of 50 nM EGFP was compared three lengths of 

MePh2n-b-dGn carriers at a ratio of 600 polymer repeat units per protein (Figure 4.12).  In 

sharp contrast with homopolymer-mediated delivery, the shortest polymer facilitated 

EGFP internalization in virtually the entire cell population, while the longer two polymers 

failed entirely. 

 
Figure 4.13:  AlexaFluor (AF)488 conjugated IgG internalization in Jurkat T cells as a function of PTDM 

degree of polymerization (DP).  (A) Illustration of the inverse relationship between DP and number of 

polymer molecules in the system given that the total number of polymer repeat units in the system is 

universally conserved.  As shorter polymers are linked together to form longer ones, fewer independent 

chains remain, allowing for a direct assessment of the impact of monomer connectivity on delivery.  IgG 

internalization is quantified as (B) percentage of live cells positive for AF488 and (C) median fluorescence 

intensity (MFI) of the entire live-cell population.  Data are displayed as the mean ± the standard error of the 

mean for four independent replicates of 10,000 cells each.  Statistics indicate significance in comparison with 

the PBS and IgG controls (grey), unless otherwise noted: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no 

symbol = no significance, as determined by one-way ANOVA followed by a Tukey post-test. 
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Although fluorescence is typically directly correlated with concentration of 

delivered protein, it is possible that the longer, more surfactant-like amphiphiles denatured 

EGFP, destroying its fluorophore.  If true, lower fluorescence would be observed regardless 

of internalization level.  To test this possibility, a second protein cargo was delivered, this 

time labelled with a small molecule dye whose fluorescence is independent of protein 

conformation.  In this experiment, 50 nM of an AlexaFluor 488 conjugated antibody (IgG-

 
Figure 4.14:  AlexaFluor (AF)488 conjugated IgG internalization in embryonic mouse hippocampal-18 

(mHippoE-18) cells as a function of PTDM degree of polymerization (DP).  (A) Illustration of the inverse 

relationship between DP and number of polymer molecules in the system given that the total number of 

polymer repeat units in the system is universally conserved.  As shorter polymers are linked together to form 

longer ones, fewer independent chains remain, allowing for a direct assessment of the impact of monomer 

connectivity on delivery.  IgG internalization is quantified as (B) percentage of live cells positive for AF488 

and (C) median fluorescence intensity (MFI) of the entire live-cell population.  Data are displayed as the 

mean ± the standard error of the mean for four independent replicates of 10,000 cells each.  Statistics indicate 

significance in comparison with the PBS and IgG controls (grey), unless otherwise noted: * = p < 0.05, ** = 

p < 0.01, *** = p < 0.001, no symbol (or ns) = no significance, as determined by one-way ANOVA followed 

by a Tukey post-test. 
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AF488) was delivered into Jurkat T cells at a ratio of 300 polymer repeat units per protein 

(Figure 4.13).  Similar to EGFP, IgG-AF488 internalization was significantly diminished 

when delivered with longer PTDMs.  However, these longer polymers nonetheless 

delivered some IgG-AF488.  This trend was replicated in a second cell line, embryonic 

mouse hippocampal-18 (mHippoE-18) cells (Figure 4.14).  Thus, while it remains possible 

that protein denaturation contributed in part to the dramatic reduction in EGFP delivery, it 

appears that many, shorter PTDMs are more effective at maximizing protein 

internalization. 

As demonstrated with this PTDM system in Chapter 3, high cargo activity can be 

achieved despite low internalization.  That is, maximized internalization is not necessarily 

 
Figure 4.15:  Functional delivery of Cre recombinase in Jurkat T cells, modified to express a floxed EGFP 

gene, as a function of PTDM degree of polymerization (DP).  (A) Illustration of the inverse relationship 

between DP and number of polymer molecules in the system given that the total number of polymer repeat 

units in the system is universally conserved.  As shorter polymers are linked together to form longer ones, 

fewer independent chains remain, allowing for a direct assessment of the impact of monomer connectivity 

on delivery.  Functional Cre delivery is quantified as (B) percentage of cells negative for EGFP fluorescence 

6 days post-delivery.  Data are displayed as the mean ± the standard error of the mean for four independent 

replicates of 10,000 cells each.  Statistics indicate significance in comparison with the PBS and Cre controls 

(grey), unless otherwise noted: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no significance, as 

determined by one-way ANOVA followed by a Tukey post-test. 
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associated with heightened cargo intracellular availability.  For this reason, the block 

copolymers series was further screened for ability to deliver a model bioactive cargo, Cre 

recombinase, into a reporter Jurkat T cell line at a ratio of 75 polymer repeat units per 

protein (Figure 4.15).  On-target delivery of structurally uncompromised Cre resulted in 

recombination of the EGFP gene and subsequent loss of cellular fluorescence.  In stark 

contrast with internalization experiments, maximal protein activity was achieved with the 

longest carriers, MePh40-b-dG20 and MePh80-b-dG40.  This finding was particularly 

intriguing considering that the longest carrier, MePh80-b-dG40, was used at a ratio of less 

than one polymer molecule per protein.  Considering that a large excess of carrier to cargo 

is almost always used in non-covalent delivery, the potency of this carrier is remarkable. 

Although MePh80-b-dG40 achieved the highest Cre activity at the conditions 

selected, the gene recombination rate was fairly low (~15%) in comparison with past 

studies (see Chapter 3) using this cargo.35,37,48  Given that increasing PTDM:Cre ratio has 

been shown to elevate activity, ratios between 0.625:1 and 5:1 (the ratios used for MePh80-

b-dG40 and MePh10-b-dG5 in Figure 4.15, respectively) were surveyed for the shortest and 

longest PTDMs (Figure 4.16).48  Importantly, the ratio of polymer repeat units to protein 

molecules was not maintained in this case.  In fact, each new condition tested represented 

either lower or higher ratios for MePh10-b-dG5 and MePh80-b-dG40, respectively, 

compared with Figure 4.15 conditions.  As expected, increasing polymer:protein ratio 

promoted higher gene recombination.  It is worth noting, however, that at the highest mass 

of polymer used (i.e., MePh80-b-dG40 with a 5:1 ratio), a slight drop in performance was 

observed.  This reduction in activity coincided with severe cytotoxicity (~25% viable 

cells), suggesting that many of the cells receiving large quantities of protein did not survive.  
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Overall, the contrast between the different length polymers was clear:  for the conditions 

evaluated, MePh10-b-dG5 was unable to facilitate any notable gene recombination whereas 

MePh80-b-dG40 modified 60% of the cellular population. 

 
Figure 4.16:  Functional delivery of Cre recombinase in Jurkat T cells, modified to express a floxed EGFP 

gene, as a function of both PTDM degree of polymerization (DP) and number of polymer chains in the system 

(i.e., molar ratio of PTDM:Cre).  (A) Illustration of the experimental design, in which PTDMs with two 

different DPs (MePh10-b-dG5 and MePh80-b-dG40) were studied at increasing ratios of PTDM chains to Cre 

molecules.  Results are presented as (B) percentage of cells negative for EGFP fluorescence 6 days post-

delivery and (C) cellular viability immediately following delivery.  Each pair of bars represents delivery at 

equal polymer chain concentration, but unequal polymer repeat unit concentration (MePh10-b-dG5 << 

MePh80-b-dG40).  Data are displayed as the mean ± the standard error of the mean for four independent 

replicates of 10,000 cells each.  Statistics indicate significance in comparison with the PBS and Cre controls 

(grey), unless otherwise noted: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no significance, as 

determined by one-way ANOVA followed by a Tukey post-test. 
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4.3.4 Impact of Block Copolymer Length on Binding 

The dramatic differences in cargo functionality when delivered with different 

length PTDMs, particularly considering the contradictory trend in internalization data, 

prompted speculation that there may be similarly large physical disparities in the 

polymer:protein complexes.  Carrier-cargo association strength was probed using a model 

protein cargo, BSA-FITC, in a previously-established fluorescence-based binding assay 

(Figure 4.17).35,44,45 

Given that the binding regions of the curves (initial negative slope) collapsed onto 

each other when plotted by weight concentration (Figure 4.17B), but not when plotted by 

molar concentration (Figure 4.17A), cargo binding appeared to be driven by the polymer 

repeat unit to protein ratio (i.e., mass concentration of polymer in the system) rather than 

PTDM DP.  This finding suggests that, in all experiments exploring the effect of increased 

monomer connectivity, proteins were bound with similar strengths by their carriers.  It is 

interesting to note that after fluorescence quenching (i.e., binding) is achieved, the addition 

of more polymer into the system results in return of cargo fluorescence for polymers longer 

 
Figure 4.17:  Fluorescence-quenching binding curves for PTDM:BSA-FITC pairs plotted by (A) PTDM 

molar concentration and (B) PTDM weight concentration.  Replotting the data by weight concentration 

accounts for longer PTDMs containing more pendant functional groups, essentially normalizing to isolate 

the effect of increasing the concentration of repeat units in the system.  Data points represent the mean 

normalized fluorescence intensity from three independent replicates ± the standard deviation. 
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than 2n/n = 10/5.  This phenomenon becomes progressively more pronounced as degree of 

polymerization increases.  While it is not known whether this is due to a rearrangement 

event (e.g., cargo release, PTDM micellization, etc.), or simply an artifact of a smaller 

change in local fluorophore environment, these conditions are well above concentrations 

used in delivery experiments and have not been pursued in this study.  Future studies may 

elucidate whether the more amphiphilic nature of these longer PTDMs results in self-

assembly, for example micelle formation, above certain concentrations. 

4.3.5 Impact of Block Copolymer Length on Complex Size 

Dynamic light scattering (DLS) was subsequently used to probe the physical size 

of PTDM:IgG nanoparticles as a function of DP (Figure 4.18A-B).  Complex size 

decreased dramatically with increasing polymer length, from ~1 µm to 50 nm in diameter, 

which represents nearly four orders of magnitude in particle volume reduction.  To gain 

more insight into the complex formation process, the shortest and longest polymers were 

studied further by DLS at two PTDM:IgG ratios, 2.5:1 and 20:1, spanning the range of 

ratios employed in Figure 4.13 (Figure 4.18C-D).  Consistent with previous findings, 

MePh10-b-dG5:IgG nanoparticles grew substantially in size as more polymer was 

introduced into the system.21  In contrast, MePh80-b-dG40:IgG nanoparticles remained the 

same size despite the eight-fold increase in polymer concentration.  This suggests higher 

molecular weight amphiphiles may form protein complexes via an entirely different 

mechanism than traditional PTDMs.  The increased surfactant character of these long 

PTDMs may aid in complex stability at smaller sizes or even induce micellization.  

Regardless of the formation mechanism, complex size almost certainly impacts myriad 
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aspects of delivery, such as cellular internalization mechanism, endosomal escape, 

intracellular trafficking, and complex dissociation kinetics.49–54 

The DLS data in Figure 6B and Figure 6D were derived from the raw curves shown 

in Figure 4.19-Figure 4.22.  Figure 4.19 and Figure 4.21 contain the intensity-based particle 

size distributions, while Figure 4.20 and Figure 4.22 display number-based population 

distributions.  While the number distributions are of greater interest for the purposes of this 

study, it is important to recognize that they are derived directly from the intensity 

 
Figure 4.18:  PTDM:IgG complex size as a function of (A-B) PTDM degree of polymerization (DP) and (C-

D) number of polymer chains in the system (i.e., molar ratio of PTDM:IgG).  (A) Illustration of the inverse 

relationship between DP and number of polymer molecules in the system in the first experiment, given that 

the total number of polymer repeat units in the system is universally conserved.  As shorter polymers are 

linked together to form longer ones, fewer independent chains remain, allowing for a direct assessment of 

the impact of monomer connectivity on complex size.  (B) PTDM:IgG complex diameter as measured by 

dynamic light scattering (DLS) for increasing PTDM DP.  (C) Illustration of the second experimental design, 

in which PTDMs with two different DPs (MePh10-b-dG5 and MePh80-b-dG40) were studied at increasing 

ratios of PTDM chains to Cre molecules.  (D) PTDM:IgG complex diameter as determined by DLS, where 

each pair of bars represents complex size at equal polymer chain concentration, but unequal polymer repeat 

unit concentration (MePh10-b-dG5 << MePh80-b-dG40).  Data are presented as the mean size (by number) of 

the most populous distribution (when multimodal) ± the standard deviation for two (D) or three (B) 

independent replicates, each comprising three individual measurements of the same sample.  In the case that 

a weak correlation curve was obtained, no meaningful data was obtained and the measurement was omitted.  

Further details regarding data analysis can be found in Section 4.2.3.3 Dynamic Light Scattering.  Statistics 

indicate significance between the two data points indicated by brackets: * = p < 0.05, ** = p < 0.01, *** = p 

< 0.001, ns = no significance, as determined by one-way ANOVA followed by a Tukey post-test. 

 



142 

F
ig

u
re

 4
.1

9
: 

 R
aw

 D
L

S
 c

u
rv

es
 f

o
r 

M
eP

h
2
n
-b

-d
G

n
:I

g
G

 c
o

m
p

le
x

es
 p

lo
tt

ed
 a

s 
p

er
ce

n
ta

g
e 

o
f 

to
ta

l 
si

g
n

al
 i

n
te

n
si

ty
 a

s 
a 

fu
n
ct

io
n

 o
f 

d
ia

m
et

er
. 

 S
am

p
le

s 
co

n
ta

in
ed

 5
0
 

n
M

 I
g

G
 a

n
d
 P

T
D

M
:I

g
G

 m
o

la
r 

ra
ti

o
s 

o
f 

2
0

:1
, 

1
0

:1
, 

6
.6

7
:1

, 
5

:1
, 

an
d

 2
.5

:1
, 

re
sp

ec
ti

v
el

y
, 

fo
r 

2
n

/n
 =

 1
0

/5
, 

2
0

/1
0

, 
3

0
/1

5
, 

4
0

/2
0

, 
an

d
 8

0
/4

0
. 

 E
ac

h
 i

n
d

iv
id

u
al

 p
lo

t 

co
n

ta
in

s 
o

v
er

la
id

 d
at

a 
fr

o
m

 t
h
re

e 
sc

an
s 

o
f 

th
e 

sa
m

e 
sa

m
p

le
. 
 O

n
e 

ru
n
 w

it
h

 a
 p

o
o

r 
co

rr
el

at
io

n
 f

u
n

ct
io

n
 (

T
ri

al
 3

, 
R

u
n
 1

 o
f 

M
eP

h
8
0
-b

-d
G

4
0
) 

h
as

 b
ee

n
 o

m
it

te
d

. 

 



143 

F
ig

u
re

 4
.2

0
: 

 R
aw

 D
L

S
 c

u
rv

es
 f

o
r 

M
eP

h
2
n
-b

-d
G

n
:I

g
G

 c
o

m
p
le

x
es

 p
lo

tt
ed

 a
s 

p
er

ce
n

ta
g

e 
o

f 
to

ta
l 

n
u

m
b

er
 o

f 
p

ar
ti

cl
es

 a
s 

a 
fu

n
ct

io
n

 o
f 

d
ia

m
et

er
. 

 S
am

p
le

s 
co

n
ta

in
ed

 

5
0

 n
M

 I
g

G
 a

n
d

 P
T

D
M

:I
g

G
 m

o
la

r 
ra

ti
o

s 
o

f 
2

0
:1

, 
1

0
:1

, 
6

.6
7

:1
, 

5
:1

, 
an

d
 2

.5
:1

, 
re

sp
ec

ti
v

el
y

, 
fo

r 
2

n
/n

 =
 1

0
/5

, 
2
0

/1
0

, 
3

0
/1

5
, 

4
0

/2
0

, 
an

d
 8

0
/4

0
. 

 E
ac

h
 i

n
d

iv
id

u
al

 p
lo

t 

co
n

ta
in

s 
o

v
er

la
id

 d
at

a 
fr

o
m

 t
h
re

e 
sc

an
s 

o
f 

th
e 

sa
m

e 
sa

m
p

le
. 
 O

n
e 

ru
n
 w

it
h

 a
 p

o
o

r 
co

rr
el

at
io

n
 f

u
n

ct
io

n
 (

T
ri

al
 3

, 
R

u
n
 1

 o
f 

M
eP

h
8
0
-b

-d
G

4
0
) 

h
as

 b
ee

n
 o

m
it

te
d

. 

 



144 

F
ig

u
re

 4
.2

1
: 

 R
aw

 D
L

S
 c

u
rv

es
 f

o
r 

M
eP

h
2
n
-b

-d
G

n
:I

g
G

 c
o

m
p

le
x

es
 p

lo
tt

ed
 a

s 
p

er
ce

n
ta

g
e 

o
f 

to
ta

l 
si

g
n

al
 i

n
te

n
si

ty
 a

s 
a 

fu
n
ct

io
n

 o
f 

d
ia

m
et

er
. 

 S
am

p
le

s 
co

n
ta

in
ed

 5
0
 

n
M

 I
g

G
 a

n
d

 v
ar

io
u

s 
P

T
D

M
:I

g
G

 m
o

la
r 

ra
ti

o
s 

as
 i

n
d

ic
at

ed
 a

t 
th

e 
to

p
 o

f 
ea

ch
 c

o
lu

m
n

. 
 E

ac
h

 i
n

d
iv

id
u

al
 p

lo
t 

co
n

ta
in

s 
o

v
er

la
id

 d
at

a
 f

ro
m

 t
h

re
e 

sc
an

s 
o

f 
th

e 
sa

m
e 

sa
m

p
le

. 
 N

o
te

 t
h

at
 d

at
a 

co
n

ta
in

ed
 w

it
h

in
 t

h
e 

m
id

d
le

 t
w

o
 c

o
lu

m
n

s 
w

as
 i

n
cl

u
d

ed
 i

n
 F

ig
u

re
 4

.2
0

 b
u

t 
h

as
 b

ee
n

 c
o
p

ie
d

 h
er

e 
fo

r 
ea

se
 o

f 
co

m
p

ar
is

o
n

. 



145 

F
ig

u
re

 4
.2

2
: 

 R
aw

 D
L

S
 c

u
rv

es
 f

o
r 

M
eP

h
2
n
-b

-d
G

n
:I

g
G

 c
o
m

p
le

x
es

 p
lo

tt
ed

 a
s 

p
er

ce
n

ta
g

e 
o

f 
to

ta
l 

n
u

m
b

er
 o

f 
p

ar
ti

cl
es

 a
s 

a 
fu

n
ct

io
n

 o
f 

d
ia

m
et

er
. 

 S
am

p
le

s 
co

n
ta

in
ed

 

5
0

 n
M

 I
g

G
 a

n
d

 v
ar

io
u

s 
P

T
D

M
:I

g
G

 m
o

la
r 

ra
ti

o
s 

as
 i

n
d

ic
at

ed
 a

t 
th

e 
to

p
 o

f 
ea

ch
 c

o
lu

m
n

. 
 E

ac
h

 i
n

d
iv

id
u

al
 p

lo
t 

co
n

ta
in

s 
o

v
er

la
id

 d
at

a 
fr

o
m

 t
h
re

e 
sc

an
s 

o
f 

th
e 

sa
m

e 

sa
m

p
le

. 
 N

o
te

 t
h

at
 d

at
a 

co
n

ta
in

ed
 w

it
h

in
 t

h
e 

m
id

d
le

 t
w

o
 c

o
lu

m
n

s 
w

as
 i

n
cl

u
d

ed
 i

n
 F

ig
u

re
 4

.2
0

 b
u

t 
h

as
 b

ee
n

 c
o
p

ie
d

 h
er

e 
fo

r 
ea

se
 o

f 
co

m
p

ar
is

o
n

. 



146 

distributions using the estimated RI value entered in the SOP.  Though redundant, plots for 

samples which were used to isolate the effects of both PTDM DP and PTDM:IgG molar 

ratio on particle size (i.e., MePh10-b-dG5 at a ratio of 20:1 and MePh80-b-dG40 at 2.5:1) 

have been included in both sets of figures for ease of comparison. 

Given that PTDM:IgG complex size dramatically decreased with increasing 

polymer length, a similar experiment was conducted using PTDM:Cre complexes in order 

to probe whether this phenomenon extended to Cre and might provide insight into the 

differences in biological activity observed (Figure 4.23).  PTDM:Cre complexes did 

behave similarly, though the magnitude of size reduction was not as large (~50% decrease 

 
Figure 4.23:  PTDM:Cre complex size as a function of PTDM degree of polymerization (DP).  (A) Illustration 

of the inverse relationship between DP and number of polymer molecules in the system, given that the total 

number of polymer repeat units in the system is universally conserved.  As shorter polymers are linked 

together to form longer ones, fewer independent chains remain, allowing for a direct assessment of the impact 

of monomer connectivity on complex size.  (B) PTDM:Cre complex diameter as measured by dynamic light 

scattering (DLS) for increasing PTDM DP.  Data are presented as the mean size (by number) of the most 

populous distribution (when multimodal) ± the standard deviation for three (C) independent replicates, each 

comprising three individual measurements of the same sample.  In the case that a weak correlation curve was 

obtained, no meaningful data was obtained and the measurement was omitted.  Statistics indicate significance 

between the two data points indicated by brackets: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol 

= no significance, as determined by one-way ANOVA followed by a Tukey post-test. 
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in diameter from MePh10-b-dG5 to MePh80-b-dG40 for Cre compared to almost an order 

of magnitude for IgG).  However, a 50% decrease in nanoparticle diameter still represents 

about an order of magnitude reduction in volume.  The raw intensity- and number-based 

particle size distributions from which Figure 4.23 was derived can be found in Figure 4.24 

and Figure 4.25, respectively.  

4.4 Conclusions 

Whereas siRNA cargoes can be adequately delivered with homopolymer PTDMs,30 

these polymers are poor protein carriers, regardless of polymer length, charge density, or 

anionic nature of the cargo.  This is consistent with previous findings that, although cationic 

homopolymers struggle to bind and deliver proteins, the simple addition of a hydrophobic 

block dramatically improves protein internalization.35,36  Block copolymer degree of 

polymerization was found to affect protein delivery in competing ways.  Although 

shortening these PTDMs maximized protein internalization, arranging the same number of 

monomers into fewer, longer polymer chains greatly improved functional delivery.  This 

suggests that longer amphiphiles promote higher intracellular availability of their protein 

cargo even when minimal protein is delivered.  Importantly, higher DP PTDMs with more 

surfactant-like character do not seem to significantly denature protein cargo.  In contrast, 

they facilitate greater functional delivery.  Taken together, these data reinforce the 

inconvenient reality that screening for maximal internalization alone is a gross 

oversimplification of the delivery process and can overlook highly effective carriers. 

In order to understand the cause of intracellular availability differences, carrier-

cargo binding and complex size were studied.  Measured carrier-cargo binding interactions 
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were similar for various length PTDMs, however, complex size varied immensely.  For 

PTDM:IgG complexes, particles ranged from 50 nm (DP = 120) to 1 µm (DP = 15) in 

diameter.  Furthermore, unlike MePh10-b-dG5 complexes, the size of MePh80-b-dG40 

complexes was independent of polymer concentration, indicating that they were 

particularly stable.  While there is evidence in the literature of longer polymeric carriers 

protecting protein activity, the differences in intracellular availability seen here are likely 

due, at least in part, to differences in nanoparticle size.  Cargoes contained within smaller 

nanoparticles may be more intracellularly available due variations in cellular uptake 

mechanism, nanoparticle surface area, or release kinetics.  It is also possible, however, that 

the structures of these polymer-protein assemblies are fundamentally different.  Future 

studies will be necessary to more thoroughly characterize the complexation mechanism, 

nanoparticle structure, and potential micellization of these high molecular weight PTDMs. 
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CHAPTER 5 

 

5 RAPID QUANTIFICATION OF SUBCELLULAR DRUG DELIVERY BY 

ORGANELLE FLOW CYTOMETRY 

NOTE:  Polymers used in this chapter were prepared with the help of Coralie M. Backlund 

and Miguel A. Franco.  Preliminary delivery experiments were performed with the help of 

Miguel A. Franco. 

5.1 Introduction 

5.1.1 Summary 

A simple approach for evaluating subcellular delivery is herein presented as an 

alternative to methods such as confocal microscopy, imaging flow cytometry, and bulk 

analysis of purified organelle fractions.  In this workflow, intracellular delivery is followed 

by cell lysis and analysis at the single organelle level using a conventional flow cytometer.  

Intra-organelle delivery can thus be quantified for statistically powerful sample sizes in a 

high-throughput and objective manner unattainable by confocal microscopy, the gold 

standard for examining subcellular distribution.  This approach is particularly 

advantageous when accumulation in the organelle of interest is considerably lower than in 

other subcellular compartments (e.g., endosomes), causing intra-organelle fluorescence to 

be prohibitively obscured during whole-cell imaging.  In the present study, the utility of 

this new method is exemplified through evaluation of polymeric cell-penetrating peptide 

mimics (CPPMs) for their ability to non-covalently transport an antibody cargo into the 

mitochondria of HeLa cells.  Consistent with reports of structurally-similar mitochondria 

penetrating peptides, delivery with CPPMs containing significant hydrophobic content 

yielded enhanced intramitochondrial localization of both carrier and cargo.  Importantly, 
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antibody detection within the mitochondria implies that such non-covalent carriers are 

capable of trafficking their cargoes subcellularly prior to release. 

5.1.2 Background 

Subcellular-targeted therapeutics are expected to be a critical thrust of next-

generation therapeutics.1–4  Organelle-selective delivery enables significant increases in 

potency, thereby reducing both the required dosage and incidence of off-target effects.5–7  

By far the most popular strategy for measuring intracellular drug distribution is confocal 

microscopy, in which a drug’s overlap with the target organelle is visualized using 

appropriate chromophores.7  However, it was recently found that over three-quarters of 

such reports include only qualitative data.8  This lack of quantitative analysis is alarming, 

particularly given the countless sophisticated techniques available for calculating 

colocalization.9,10  When used appropriately, confocal microscopy can be an unrivaled and 

powerful tool; however, it can sometimes be impractical or better suited in combination 

with another complementary technique.  Such situations might include analysis of 

subcellular compartments with relatively low fluorescence in comparison with other 

regions of the cell and delivery to suspension cells. 

An increasingly popular alternative to microscopy is multispectral imaging flow 

cytometry (IFC).  IFC couples the detailed imagery of microscopy with the high-

throughput, unbiased, and statistically powerful nature of flow cytometry (FCM).11–14  

Although not quite as spatially resolved as confocal, IFC generally enables satisfactory 

determination of subcellular localization.  At present, imaging flow cytometers are less 

accessible than confocal microscopes, but this is rapidly changing.  Mass spectrometry 
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(MS) is an emerging tool for mapping tissue and subcellular distributions of small 

molecules.  Distinct advantages of MS over fluorescence-based techniques include higher 

sensitivity and detection of unmodified drugs, thus eliminating the risk of fluorophore-

driven changes in biological activity.  Widespread adoption of MS for subcellular detection 

is currently limited by its specialized instrumentation and inferior resolution as compared 

to confocal microscopy and IFC (~1 µm at best).  Nonetheless, this technology is in its 

infancy, and these barriers are expected to be overcome in the near future.7  Finally, 

subcellular delivery can be quantified through analysis of organelle-enriched fractions 

from cell lysates.  These protocols are quite laborious and purity is vital to obtaining 

accurate results, though even the most rigorous protocols rarely yield complete 

separation.15  Furthermore, the many wash steps required increase the risk of drug leakage 

out of the organelle being studied.7  In lieu of traditional differential centrifugation, 

subcellular fractionation can also be performed by immunoisolation (e.g., antibody-coated 

magnetic beads), flow electrophoresis, or fluorescence-activated organelle sorting 

(FAOS).15–18  Intra-organelle concentrations of small molecules, nucleic acids, and proteins 

can then be directly quantified by techniques such as chromatography, spectrophotometry, 

MS, PCR, and western blotting, as appropriate.7 

In the present study, we introduce a hybrid technique that combines the precision 

and ease of FCM with analysis at the single-organelle level while simultaneously bypassing 

the need for organelle purification.  Though FCM is often regarded as a tool for analyzing 

eukaryotic cells, it has also been used to characterize smaller particles, bacteria, 

extracellular vesicles, organelles, and even viruses.15,16,18–27  Unlike other assays involving 

isolated organelles, organelle FCM does not require physical separation to obtain purified 



158 

fractions.  Instead, separation is accomplished during the data analysis stage by use of an 

appropriate subcellular stain.  Despite the extensive utilization of FCM to study 

organellular populations for various applications, to our knowledge, this is the first 

example of organelle FCM applied to drug delivery.7,15,20–22,28  Accordingly, we herein 

present a case study involving intramitochondrial antibody delivery to exemplify the 

potential of organelle FCM in the field of subcellular-targeted therapies. 

After the cytoplasm and nucleus, the mitochondrion is the most frequently-targeted 

subcellular compartment.8,29  Due to their essential roles in energy production and 

programmed cell death, dysfunction of the mitochondria has been implicated in a number 

of diseases ranging from neurological disorders to cancer.30  The mitochondria additionally 

contain their own set of DNA (mtDNA), offering opportunities for gene regulation and 

therapy.31  However, the mitochondrion’s highly hydrophobic double membrane structure 

and negative membrane potential add significant impediments to delivery, particularly the 

delivery of macromolecular cargoes.30,32,33  Recently, Kelley and coworkers have reported 

an extensive library of specialized cell-penetrating peptides (CPPs) which actively 

accumulate in the mitochondria.34  The cationic charge, hydrophobicity, length, and 

sequence of these mitochondria penetrating peptides (MPPs) were comprehensively 

optimized for either transduction or disruption of the mitochondrial membrane, depending 

on the application.35–37  Most notably, (Fxr)3, an alternating hexapeptide of L-

cyclohexylalanine and D-arginine, has been used to covalently deliver a variety of small 

molecule drugs into the mitochondria.38–42  Several other groups have reported structurally-

similar molecules with impressive mitochondrial localization (see Scheme 5.1 in Section 

5.3.1 Non-Covalent Carrier Design).43,44 
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Synthetic CPP mimics (CPPMs) recently developed in our group share strikingly 

similar cationic and hydrophobic constituents with MPPs.  These CPPMs have been 

extensively studied for non-covalent delivery of functional proteins and nucleic acids to 

nuclear and cytosolic targets, though structural optimization for mitochondrial penetration 

has yet to be explored.45–50  In this report, we compare previously developed CPPMs to 

newly synthesized polymers containing quasi-alternating cyclohexyl and guanidine 

groups, in direct mimicry of (Fxr)3.  Given previous confocal observations of CPPM 

distribution throughout many parts of the cell, relatively low mitochondrial specificity was 

expected for most of the CPPMs studied here.51,52  Accordingly, low intramitochondrial 

fluorescence relative to the rest of the cell was expected, making this system an ideal 

candidate for analysis at the single-mitochondrion level after eliminating 

extramitochondrial fluorescence.  In the case study presented here, we seek to understand 

how CPPM structure influences mitochondrial localization of both the carrier and its non-

covalently complexed antibody cargo. 

5.2 Materials and Methods 

5.2.1 Materials 

5.2.1.1 Synthetic Materials 

Chemicals and solvents were obtained as reagent grade from Millipore Sigma, Alfa 

Aesar, Fisher Scientific, Fluka, BDH, or Acros Organics and used as received unless 

otherwise noted.  Grubbs 3rd generation catalyst (Dichloro-di(3-bromopyridino)-N,N’-

Dimesitylenoimidazolino-Ru=CHPh; G3) was synthesized as described previously.53  

Deuterated NMR solvents were obtained from Cambridge Isotope Laboratories.  Polymers 
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were fluorescently labelled using fluorescein-5-thiosemicarbazide (FITC) purchased from 

ThermoFisher Scientific (product number F121).  Polymers were dialyzed using 

Spectra/Por® dialysis membranes with molecular weight cutoffs (MWCOs) ranging from 

0.5-1 kDa. 

5.2.1.2 Biological Materials 

Cross-adsorbed goat anti-rabbit immunoglobulin G, fluorescently labelled with 

Alexa Fluor 647 (herein referred to as “IgG-AF647”), was purchased from ThermoFisher 

Scientific (product number A-21244) and stored in the dark at 4 ⁰C upon receipt, per 

manufacturer recommendations.  Goat Immunoglobin G (IgG) from serum (herein referred 

to as “unlabeled IgG” or simply “IgG”) was purchased from Millipore Sigma (product 

number I5256) and stored at 4 °C upon receipt.  Prior to delivery experiments, a 2 mg/mL 

solution in 1x PBS was prepared and stored at 4 °C. 

CellLight™ Mitochondria-RFP, BacMam 2.0 (“MitoRFP”) was purchased from 

ThermoFisher Scientific (product number C10601) and stored in the dark at 4 °C upon 

receipt, per manufacturer recommendations.  This reagent is a fusion construct of the leader 

sequence of E1 alpha pyruvate dehydrogenase and TagRFP packaged in packaged in a 

baculovirus.  Upon transduction of mammalian cells, red fluorescent protein (RFP) DNA 

is expressed and trafficked to the mitochondria.  Because baculoviruses are unable to 

replicate in mammalian cells, this process only achieves transient labelling.54,55 

The Mitochondria Isolation Kit for Cultured Cells was purchased from 

ThermoFisher Scientific (product number 89874) and stored in the dark at 4 °C upon 

receipt, per manufacturer recommendations. 
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MitoTracker™ Red CMXRos and LysoTracker Red DND-99 were purchased from 

ThermoFisher Scientific (product numbers M7521 and L7528, respectively) and stored in 

the dark at -20 °C upon receipt, per manufacturer recommendations.  Prior to use, reagents 

were reconstituted to in DMSO to 1 mM and aliquoted.  Unused reagent was returned to -

20 °C for storage. 

Carbonylcyanide-3-chlorophenylhydrazone (CCCP) was purchased from 

VWR/Alfa Aesar (product number AAAL06932-MC) and stored at 4 °C upon receipt per 

manufacturer recommendations. 

HeLa cells were cultured in Gibco™ DMEM High Glucose GlutaMAX™ 

Supplement (ThermoFisher Scientific), supplemented with 10% (v/v) EquaFETAL (Atlas 

Biologicals), 1% (v/v) 100 mM Sodium Pyruvate Solution (Lonza) or 100 mM HyClone™ 

Sodium Pyruvate Solution (Fisher Scientific), 1% (v/v) 100x MEM Non-Essential Amino 

Acid Solution (Lonza) or 100x HyClone™ Non-Essential Amino Acids NEAA (Fisher 

Scientific), 1% (v/v) HEPES (1 M) (Thermo Fisher Scientific), and 1% (v/v) Penicillin-

Streptomycin Mixture (10K/10K) (Lonza).  Gibco™ 10X phosphate-buffered saline 

(PBS), pH 7.4 was diluted to 1X prior to use.  Gamma sterilized 0.22 µm poly(ethersulfone) 

Millex-GP syringe filters were purchased from Millipore Sigma (product number 

SLGPR33RS) and used to filter particles from solutions used prior to organelle flow 

cytometry (FCM).  Heparin sodium salt from porcine intestinal mucosa (≥100 IU/mg) (Alfa 

Aesar/VWR) was used to remove extracellular complexes from the cell surfaces.  Zombie 

Violet Fixable Viability Kit (BioLegend) was used to assess cellular viability in FCM 

cytometry experiments. 
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5.2.2 Instrumentation and Software 

1H nuclear magnetic resonance spectra were recorded for all monomers and 

polymers at 500 MHz using a Bruker Ascend Nuclear Magnetic Resonance Spectrometer 

retrofitted with a cryoprobe.  Chemical shifts (δ) are listed in ppm and coupling constants 

(J) in Hz.  Splitting patterns were described as either s, singlet; d, doublet; dd, doublet of 

doublets; t, triplet; tt triplet of triplets; dt, doublet of triplets; q, quartet; or m, multiplet; or 

br, broad.  Analysis of NMR spectra was performed using MestReNova v. 6.1.0-6224 

(Mestrelab Research). 

Mass spectra were obtained at the University of Massachusetts Mass Spectrometry 

Center and recorded using a Bruker MicroTOF-II Mass Spectrometer. 

Gel permeation chromatography (GPC) chromatograms were recorded for all 

polymers using an Agilent Technologies 1260 Infinity series system equipped with 

refractive index (RI) and ultraviolet (UV) detectors, a PL Gel 5 μm guard column, two PL 

Gel 5 μm analytical Mixed-C columns, and a PL Gel 5 μm analytical Mixed-D column.  

These columns were connected in series and incubated at 40 °C.  THF was used as the 

eluent at a flow rate of 1 mL/min.  Toluene was used as the flow marker.  The instrument 

was calibrated with both poly(methyl methacrylate) and polystyrene standards.  All 

samples were prepared at ~3 mg/mL and filtered into Agilent Technologies autosampler 

vials using 0.45 μm PTFE syringe filters prior to injection. 

Confocal images were obtained using a Nikon scanning confocal microscope at the 

University of Massachusetts Amherst Light Microscopy Facility.  HeLa cells were 

transduced in tissue-culture treated 8-well µ-slides purchased from Ibidi (product number 
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80826) and visualized using a 60x objective with immersion oil.  FITC, MitoTracker 

Red/LysoTracker Red, and AF647 were excited with 488 nm, 561 nm, and 640 nm lasers, 

respectively.  Confocal microscopy data was analyzed to obtain fluorophore correlation 

coefficients using the JACoP plugin9 v. 2.1.1 in ImageJ v. 1.53c. 

FCM experiments were conducted using a BD Dual LSRFortessa™ flow cytometer 

and FACSDiva as the acquisition software.  Zombie Violet, FITC, RFP, MitoTracker Red, 

and AF647 were excited with 405 nm, 488 nm, 561 nm, 561 nm, and 640 nm lasers, 

respectively.  Fluorescence emission for the dyes were collected using 450/50, 530/30, 

585/15, 610/20, and 670/30 band pass filters, respectively.  Fluorescence signals of 10,000 

cells or (at minimum) ~2,000 mitochondria were collected for every sample.  Multicolor 

compensation and data analysis were performed using FlowJo v. 10.0.7r2 (Tree Star). 

FITC fluorescence emission curves were collected for all carriers using a BioTek 

Instruments Synergy Mx plate reader and Gen5 1.10 as the acquisition software.  Samples 

were measured at 25 °C in Ultra Cruz 96 well sterile poly(styrene) black tissue culture 

plates with clear flat bottoms purchased from Santa Cruz Biotechnology, Inc. 

5.2.3 Methods  

5.2.3.1 Synthesis 

The following FITC-labelled polymeric carriers were characterized in previous 

reports:  dG10-FITC, PGON20-FITC, MeG10-FITC, and MePh10-b-dG5-FITC.45,51  The 

CyG monomer and its three resulting polymers, CyG5-FITC, CyG10-FITC, and CyG10-

EVE (quenched with ethyl vinyl ether, no fluorescent label) are reported here for the first 

time. 
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5.2.3.1.1 Monomer Synthesis 

In general, the CyG monomer was prepared following previously reported 

procedures.56,57  A brief overview is provided here (Figure 5.1). 

Cy half ester:  One molar equivalent of oxanorbornene anhydride and 0.1 molar 

equivalents of 4-dimethylaminopyridine (DMAP) were added to an oven dried two-neck 

round bottom flask (RBF) under nitrogen gas and dissolved in sufficient freshly distilled 

CH2Cl2 dried over CaH2.  1.2 molar equivalents of cyclohexane methanol were added via 

syringe.  The reaction was stirred overnight under nitrogen at room temperature.  The 

reaction was then concentrated by rotary evaporation to remove CH2Cl2, and the product 

was subsequently recrystallized from a 1:1 (v/v) mixture of chloroform:hexanes.  The pure 

product was then collected by vacuum filtration and dried under vacuum to obtain a white 

solid. 

42% yield 

1H NMR (500 MHz, CDCl3) δ 6.47 (d, J = 26.2 Hz, 1H), 6.47 (d, J = 14.7 Hz, 1H), 5.33 

(s, 1H), 5.25 (s, 1H), 3.99 – 3.83 (m, 2H), 2.90 – 2.81 (m, 2H), 1.68 (comp, 6H), 1.20 

(comp, 3H), 1.02 – 0.90 (m, 2H). 

 
Figure 5.1:  Synthesis of the asymmetric CyG monomer.  (i) Cyclohexane methanol, DMAP, CH2Cl2, room 

temperature, overnight; (ii) 1,3,-di-boc-2-(2-hydroxyethyl)guanidine, DMAP, EDC, CH2Cl2, 0 °C to room 

temperature, overnight. 
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CyG monomer:  One molar equivalent of the Cy half ester, 0.1 molar equivalents of 

DMAP, and 1.2 molar equivalents of 1,3,-di-boc-2-(2-hydroxyethyl)guanidine were added 

to an oven dried two-neck RBF under nitrogen gas and dissolved in sufficient freshly 

distilled CH2Cl2 dried over CaH2.  The solution was then cooled down to 0 °C in an ice 

bath and 1.2 molar equivalents of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

were added.  The solution was allowed to stir overnight under nitrogen and gradually return 

to room temperature.  The diester product was isolated by normal phase flash 

chromatography with silica using a 90/10 (v/v) mixture of CH2Cl2/ethyl acetate (EtOAc) 

as the eluent.  Pure fractions were combined and concentrated using rotary evaporation.  

The sample was dried under vacuum overnight at room temperature to obtain a white solid. 

68% yield 

1H NMR (500 MHz, CDCl3) δ 11.48 (s, 1H), 8.62 – 8.49 (m, 1H), 6.50 – 6.42 (m, 2H), 

5.29 (s, 1H), 5.27 (s, 1H), 4.32 – 4.17 (m, 2H), 3.98 – 3.81 (m, 2H), 3.80 – 3.62 (m, 2H), 

2.86 – 2.79 (m, 2H), 1.68 (comp, 6H), 1.56 (s, 9H), 1.50 (s, 9H), 1.19 (comp, 3H), 0.95 

(comp, 2H). 

HR-MS (FAB) m/z [M+H]+:  566.3078 (calc.), 566.4246 (found) 

 
Figure 5.2:  Synthesis of the activated ester ROMP chain terminator.  (i) Succinic anhydride, DMAP, THF, 

72 °C, reflux, overnight; (ii) pentafluorophenol, DMAP, EDC, CH2Cl2, 0 °C to room temperature, overnight. 
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5.2.3.1.2 Activated Ester Synthesis 

The activated ester ROMP chain terminating agent (AE) was synthesized according 

to previously reported procedures.45,51,58  The process is briefly outlined below (Figure 5.2). 

Diacid intermediate:  2.1 molar equivalents of succinic anhydride were added to an oven-

dried two-neck RBF and dissolved in sufficient tetrahydrofuran (THF) distilled from 

sodium/benzophenone under nitrogen.  To this solution, 1 molar equivalent of cis-1,4-

butenediol and 0.025 equivalents of DMAP were added.  The reaction was run overnight 

at 72 °C under reflux.  THF was then removed by rotary evaporation and the product was 

recrystallized from a mixture of 19:1 (v/v) diethyl ether:acetone.  The pure product was 

then collected by vacuum filtration and dried overnight under vacuum to obtain a white 

solid. 

63% yield 

1H NMR (500 MHz, CD3CN) δ 5.72 (t, J = 4.3 Hz, 2H), 4.66 (d, J = 4.3 Hz, 4H), 2.55 (s, 

8H). 

Activated ester ROMP chain terminator:  1 molar equivalent of the diacid, 2.5 molar 

equivalents of pentafluorophenol, and 0.25 molar equivalents of DMAP were added to an 

oven-dried two-neck RBF and dissolved in sufficient freshly distilled CH2Cl2 dried over 

CaH2.  The solution was then cooled down to 0 °C in an ice bath and 2.5 molar equivalents 

of EDC were added.  The solution was allowed to stir overnight under nitrogen and 

gradually return to room temperature.  The reaction mixture was then sequentially washed 

with a 10 wt. % KHSO4 solution, a saturated NaHCO3 solution, and a saturated NaCl 

solution (brine).  The product was then dried using anhydrous Na2SO4, filtered by gravity 
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filtration, and concentrated by rotary evaporation to remove most of the CH2Cl2.  The 

concentrated solution was passed through a small neutral alumina column, using CH2Cl2 

as the solvent, to remove impurities and concentrated once again by rotary evaporation to 

remove the CH2Cl2.  The resulting pure product was dried under vacuum to obtain a white 

solid. 

54% yield 

1H NMR (500 MHz, CD3CN) δ 5.73 (t, J = 4.1 Hz, 2H), 4.70 (d, J = 4.9 Hz, 4H), 2.98 (t, 

J = 6.5 Hz, 4H), 2.73 (t, J = 6.5 Hz, 4H). 

5.2.3.1.3 Polymer Synthesis 

All polymers were prepared according to previously reported procedures (Figure 

5.3).51,56,58 

In brief, 1 molar equivalent of G3 and 5 or 10 molar equivalents the CyG monomer 

(depending on the targeted degree of polymerization) were each dissolved in separate oven-

dried Schlenk flasks using freshly distilled CH2Cl2 dried over CaH2.  The contents of both 

Schlenk flasks were put through a minimum of 3 freeze, pump, thaw (FPT) cycles to 

rigorously degas the monomer and catalyst solutions.  After the final FPT cycle, the 

 
Figure 5.3:  Synthesis of Boc-protected polymers used in Chapter 5, terminated with ethyl vinyl ether or an 

activated ester.  (i) G3, CH2Cl2, room temperature, 90 min; (ii) ethyl vinyl ether or activated ester ROMP 

chain terminator, room temperature, overnight. 
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contents of the flask containing the monomer were cannulated into the flask containing the 

stirring G3 solution.  This monomer was allowed to polymerize for about 90 minutes.  

Upon completion, ~20 molar equivalents of AE dissolved in minimal CH2Cl2 were injected 

into the Schlenk flask to terminate the polymerization.  In the case of CyG10, half of the 

reaction volume was terminated with AE, while the other half was terminated with ~3 mL 

of ethyl vinyl ether (EVE).  This unlabeled analog of the polymer, CyG10-EVE, was used 

as a control polymer to investigate the effect of the fluorescent label on delivery outcomes.  

Upon addition of AE or EVE, a crude aliquot was taken and dried using compressed air for 

analysis by 1H NMR and THF GPC.  This NMR spectrum was used to confirm complete 

consumption of the monomer.  The GPC chromatogram was used to confirm the estimated 

target molecular weight and narrow dispersity.  After stirring overnight with AE or EVE, 

the crude reaction mixture was concentrated to a solid using rotary evaporation.  At this 

point, each polymer was dissolved in minimal CH2Cl2 and loaded onto a small (~15 mL) 

silica plug column.  First, ~25 column volumes of 100% CH2Cl2 were eluted and discarded, 

to remove excess AE (Rf ~ 0.5-0.7).  Next, the solvent was switched to 100% EtOAc and 

~10 column volumes were eluted to collect the polymer (Rf = 1).  The product was then 

collected by rotary evaporation to remove EtOAc and dried under vacuum overnight to 

obtain a brown solid.  At this point, the polymers were again characterized by 1H NMR 

and THF GPC to confirm purity, molecular weight, and dispersity of each sample (Table 

5.1). 

The 1H NMR chemical shifts for each precipitated, Boc-protected polymer are 

below.  The three GPC chromatograms (CyG5-AE, CyG10-AE, and CyG10-EVE) can be 

found in Figure 5.4. 
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CyG5-AE:  1H NMR (500 MHz, CD2Cl2) δ 11.50 (s, 5H), 8.49 (br, 5H), 7.33 (comp, 5H), 

5.90 (trans) and 5.72 (cis) (br, 12H total), 5.13 (cis) and 4.68 (trans) (br, 12H total), 4.24 

(br, 10H), 3.88 (br, 10H), 3.64 (br, 10H), 3.25 (br, 10H), 2.99 (br, 2H), 2.77 (br, 2H), 1.63 

(br, 30H), 1.48 (s, 45H), 1.45 (s, 45H), 1.20 (br, 15H), 0.87 (br, 10H). 

CyG10-AE:  1H NMR (500 MHz, CD3CN) δ 11.55 (br, 10H), 8.37 (br, 10H), 7.33 (comp, 

5H), 5.85 (trans) and 5.66 (cis) (br, 22H total), 5.03 (cis) and 4.66 (trans) (br, 22H total), 

4.14 (br, 20H), 3.84 (br, 20H), 3.61 (br, 20H), 3.24 (br, 20H), 2.99 (br, 2H), 2.74 (br, 2H), 

1.61 (br, 60H), 1.47 (s, 90H), 1.42 (s, 90H), 1.19 (br, 30H), 0.92 (br, 20H). 

CyG10-EVE:  1H NMR (500 MHz, CD3CN) δ 11.53 (br, 10H), 8.37 (br, 10H), 7.33 (comp, 

5H), 5.87 (trans) and 5.65 (cis) (br, 23H total), 5.03 (cis) and 4.72 (trans) (br, 20H total), 

Table 5.1:  Characterization summary for CPPMs used in Chapter 5 based on THF GPC analysis. 

Polymer 

Theoretical 

MW (g/mol)a Mp (g/mol)b Mn (g/mol)b Mw (g/mol)b Đb 

CyG5-AE 2,817.86 3,028 2,784 3,051 1.1 

CyG10-AE 5,235.42 6,305 5,749 6,189 1.1 

CyG10-EVE 4,939.27 5,465 4,834 5,234 1.1 
aTheoretical molecular weight based on polymer structure shown in Figure 5.3.  bCalculated by GPC in THF, 

40⁰C, flow rate 1 mL/min with polystyrene standards and toluene as the flow marker. 

 
Figure 5.4:  GPC traces comparing the molecular weight distributions of the activated ester-terminated, Boc-

protected polymers, CyG5-AE and CyG10-AE, and the ethyl vinyl ether-terminated, Boc-protected control 

polymer, CyG10-EVE. 
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4.18 (br, 20H), 3.83 (br, 20H), 3.55 (br, 20H), 3.24 (br, 20H), 1.59 (br, 60H), 1.47 (s, 90H), 

1.42 (s, 90H), 1.20 (br, 30H), 0.93 (br, 20H). 

5.2.3.1.4 Polymer Fluorescent Labelling 

Fluorescent labelling of AE-terminated polymers was performed according to 

previously published procedures (Figure 5.5).45,51  All steps were performed in the dark to 

minimize FITC photobleaching. 

In general, 1 molar equivalent of AE-terminated polymer and 2 molar equivalents 

of FITC were dissolved in sufficient amine-free dimethylformamide (DMF).  The reaction 

was allowed to stir at room temperature for three days.  Reaction progress was monitored 

by 1H NMR, as FITC conjugation could be observed by reductions in peak intensity at both 

~9.39 ppm and ~8.85 ppm (in DMF-d7).  At this time, the reaction mixture was 

concentrated by rotary evaporation to remove DMF and then loaded onto a small silica 

plug column in 100% EtOAc.  The first two column volumes were collected as the pure 

product, while excess FITC remained on the column.  Removal of unreacted FITC was 

confirmed by the complete disappearance of the 1H NMR peaks at ~9.39 and ~8.85 ppm.  

The product was then concentrated by rotary evaporation to remove EtOAc and dried under 

vacuum to obtain an orange solid.  The 1H NMR chemical shifts for both FITC-labelled, 

Boc-protected polymers are below. 

 
Figure 5.5:  Synthesis of Boc-protected FITC-labelled CPPMs from activated ester-functionalized 

precursors.  (i) Fluorescein-5-thiosemicarbazide, DMF, room temperature, 3 days, dark. 
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CyG5-FITC:  1H NMR (500 MHz, DMF) δ 11.65 (br, 5H), 8.57 (br, 5H), 7.37 (comp, 6H), 

6.71 (comp, 6H), 5.95 (trans) and 5.76 (cis) (br, 12H total), 5.12 (cis) and 4.73 (trans) (br, 

22H total), 4.24 (br, 10H), 3.89 (br, 10H), 3.68 (br, 10H), 3.32 (br, 10H), 3.16 (br, 2H), 

2.86 (br, 2H), 1.63 (br, 30H), 1.53 (s, 45H), 1.45 (s, 45H), 1.23 (br, 15H), 0.90 (br, 10H). 

CyG10-FITC:  1H NMR (500 MHz, DMF) δ 11.66 (br, 10H), 8.55 (br, 10H), 7.44 (comp, 

6H), 6.74 (comp, 6H), 5.95 (trans) and 5.77 (cis) (br, 22H total), 5.13 (cis) and 4.74 (trans) 

(br, 22H total), 4.25 (br, 20H), 3.89 (br, 20H), 3.65 (br, 20H), 3.32 (br, 20H), 3.17 (br, 2H), 

2.89 (br, 2H), 1.67 (br, 60H), 1.55 (s, 90H), 1.46 (s, 90H), 1.20 (br, 30H), 0.93 (br, 20H). 

5.2.3.1.5 Polymer Deprotection 

The entire deprotection and purification process was done in the dark for each 

fluorescently-labelled sample.  To remove the Boc protecting groups, each polymer was 

dissolved in a 4 mL solution of 1:1 CH2Cl2:trifluoroacetic acid (TFA) and stirred in a 

scintillation vial overnight (Figure 5.6).  Removal of the Boc groups was confirmed by the 

disappearance of the two corresponding 1H NMR peaks.  The scintillation vials were then 

filled to halfway with methanol and concentrated using rotary evaporation.  This process 

was repeated up to 7 times to remove traces of TFA by azeotropic distillation.  The 

deprotected polymers were then dissolved in a minimal volume of methanol, diluted in 

 
Figure 5.6:  Deprotection of Boc-protected polymers used in Chapter 5 to yield cationic guanidinium groups.  

(i) TFA/CH2Cl2 (1:1), room temperature, overnight, dark. 
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approximately 10 mL of reverse osmosis (RO) water, and loaded into hydrated dialysis 

membrane tubing (MWCO = 500-1000 Da).  All polymers were dialyzed against RO water 

until the conductivity of the solution outside the bag reached 0.3 µS or lower.  Once dialysis 

was completed, polymer solutions were flash frozen in plastic cups by submerging them in 

liquid nitrogen.  Frozen water was then removed by lyophilization in vacuo over the course 

of 3-5 days. 

5.2.3.2 Characterization of Carrier-FITC Brightness 

All fluorescent carriers were characterized for their relative FITC emission 

intensities in order to accurately compare their uptake into cells based on fluorescence.  For 

example, a polymer with half the brightness of another would need to be corrected by a 

factor of 2 to fairly compare the amount of internalization in delivery experiments.  Carriers 

were stored as 1 mM stock solutions in pure DMSO (R9-FITC, dG10-FITC, PGON20-

FITC, CyG5-FITC, MePh10-b-dG5-FITC, and CyG10-EVE) or DMSO with 1% (v/v) 

acetic acid (AcOH), if not readily soluble in pure DMSO (MeG10-FITC and CyG10-

FITC).  The stock solutions were stored in the dark at -20 °C or -80 °C (to minimize the 

risk of acid-catalyzed hydrolysis of the polymer ester bonds), respectively.  All fluorescent 

carriers were diluted in H2O (carriers stored in DMSO + AcOH) or H2O spiked with AcOH 

(carriers stored in 100% DMSO) such that all carriers reached a final concentration of 2 

µM in H2O + 20 ppm AcOH (v/v).  This was done to ensure equal pH among all samples, 

given the well-documented pH sensitivity of FITC emission.59  200 µL of each diluted 

polymer were pipetted into a 96-well plate and emission spectra were collected from 515-
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545 nm (the range of the bandpass filter used for FCM) while exciting FITC at 488 nm.  

The overlaid spectra can be found in Figure 5.7. 

Each emission curve was integrated to determine the total intensity over the 

measured range, and normalized to the brightest sample (R9-FITC) to obtain the correction 

factors which account for differences in brightness at equal concentration.  These 

correction factors are summarized in Table 5.2. 

5.2.3.3 CPPM and CPPM:IgG Internalization 

5.2.3.3.1 CPPM Subcellular Localization by Confocal Microscopy 

All carriers were evaluated for colocalization with mitochondria using MitoTracker 

Red following their internalization into HeLa cells without cargo.  In general, cells were 

 
Figure 5.7:  Emission spectra from 515 nm to 545 nm (range of flow cytometry FITC bandpass filter) for 2 

µM solutions of all FITC-labelled carriers in PBS excited with 488 nm light. 

Table 5.2:  Relative brightness for all FITC-labelled carriers and correction factors used in normalization of 

flow cytometry median fluorescence intensity (MFI) values. 

Carrier 

Total FITC Intensity 

(a.u.)a 

Brightness Correction 

Factorb 

R9-FITC 2,282,884 1.00 

dG10-FITC 825,360 2.77 

PGON20-FITC 462,345 4.94 

MeG10-FITC 208, 921 10.93 

MePh10-b-dG5-FITC 87,430 26.11 

CyG5-FITC 94,194 24.24 

CyG10-FITC 310,442 7.35 
aIntegration of emission spectrum between 515 nm and 545 nm (range of flow cytometry FITC bandpass 

filter) for a 2 µM solution in PBS of each FITC-labelled carrier.  bCalculated by dividing total FITC intensity 

for each carrier by the total FITC intensity of the brightest carrier (R9-FITC). 
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seeded 24 hours prior to delivery at a density of 8,000 cells/well in 8-well microscopy 

slides.  On the day of the experiment, the medium was aspirated from each well and 

replaced with 200 µL fresh DMEM.  1 mM peptide and polymer stock solutions were 

diluted appropriately in sterile Milli-Q H2O to achieve final volumes of 50 µL with 

concentrations of 10 µM R9-FITC, 500 nM dG10-FITC, 1000 nM PGON20-FITC, 500 

nM MeG10-FITC, 250 nM MePh10-b-dG5-FITC, 1500 nM CyG5-FITC, and 375 nM 

CyG10-FITC.  Importantly, these dilutions were spiked with appropriate volumes of 

DMSO and AcOH, such that all wells contained equivalent final concentrations of DMSO 

(0.2% v/v, dictated by the well with the highest DMSO concentration, CyG5-FITC) and 

AcOH (1 ppm v/v, dictated by the well with the highest AcOH concentration, MeG10-

FITC) following addition to cell medium.  The 50 µL polymer dilutions were then added 

dropwise to the wells containing cells to achieve final delivery volumes of 250 µL and 

carrier concentrations of 2 µM, 100 nM, 200 nM, 100 nM, 50 nM, 300 nM, and 75 nM, 

respectively.  These concentrations were selected based on earlier optimization 

experiments in which FCM was used to determine conditions which led to roughly 

equivalent levels of uptake (i.e., intracellular FITC fluorescence) across all carriers (data 

not shown).  The cells were incubated with the polymers in the dark for ~24 h at 37 °C in 

5% CO2, to allow sufficient time for both polymer internalization and any subsequent 

subcellular trafficking to occur.  Following delivery, the medium was aspirated from each 

well and each sample was washed three times to remove extracellular polymer by 

incubating for 5 min each time with 250 µL heparin solution (20U/mL in PBS).  After the 

final wash, each sample was incubated with 250 µL of 25 nM MitoTracker Red (diluted in 

DMEM) in the dark for 15 min at 37 °C and 5% CO2.  Following this incubation, the 
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staining solution was replaced with fresh medium and the cells were immediately imaged 

by the confocal microscopy. 

CyG10-FITC was also evaluated for colocalization with endo/lysosomes using 

LysoTracker Red.  This experiment was carried out in an identical manner to the 

mitochondrial colocalization experiment, with the following major differences.  Cells were 

seeded at a density of 12,000/well.  On the day of the experiment, the medium was aspirated 

from each well and replaced with 400 µL fresh DMEM.  CyG10-FITC was diluted to 400 

nM in H2O to reach a volume of 100 µL and then added to cells.  The final concentrations 

of DMSO and AcOH were 0.01 % (v/v) and 0.8 ppm (v/v), respectively, following addition 

to cell medium.  The 100 µL polymer dilutions were then added dropwise to the wells 

containing cells to achieve final delivery volumes of 500 µL and a CyG10-FITC 

concentration of 80 nM.  Cells were incubated with the polymer for 16 h, after which they 

were immediately washed, stained (using 250 µL of 50 nM LysoTracker Red, diluted in 

DMEM), and imaged. 

ImageJ was used to calculate the Pearson’s Correlation Coefficient (PCC) and 

Manders’s Coefficients (M1 and M2).  Importantly, these coefficients were calculated 

following exclusion of background noise using thresholding tools in order to avoid 

artificially positive correlations which are known to otherwise arise.9,10  The two 

micrographs to be compared (one from each fluorophore channel of interest) were imported 

into the software.  The Pearson’s coefficient, M1 & M2 coefficients, and Costes’ automatic 

threshold analyses were then performed using the JACoP plugin.9  During analysis of the 

first sample in each experimental set, the threshold value for each channel was manually 

increased from zero until all background noise was excluded from analysis.  For 
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consistency, these same manual threshold values were applied during each subsequent 

analysis of images from the same experiment, (i.e., identical threshold values were set for 

all micrographs acquired with the same fluorophore and microscope settings).  The 

calculated Pearson’s Coefficient (using the Costes’ automatic threshold) and Manders’s 

Coefficients (using the manually-set threshold values) are reported in this chapter. 

5.2.3.3.2 CPPM:IgG Subcellular Localization by Confocal Microscopy 

To evaluate whether complexation with cargo altered mitochondrial localization of 

CyG10-FITC, the CPPM was used to deliver IgG-AF647 into HeLa cells, which were 

subsequently imaged by confocal microscopy.  This experiment was carried out in an 

identical manner to the CPPM-FITC mitochondrial colocalization experiments, with the 

following major differences.  Cells were seeded at a density of 8,000/well 48 h in advance.  

Stock IgG-AF647 (2 mg/mL) was diluted 1:16 in H2O to create a working solution.  CyG10-

FITC stock solution was diluted 1:40 in H2O to create a 25 µM working solution.  

Complexes were prepared by combining appropriate volumes of H2O, IgG-AF647, and 

CyG10-FITC (in that order) to make a 50 µL solution of 10 µM CyG10-FITC and 250 nM 

IgG-AF647.  The solution was vortexed briefly to mix and incubated 30 min in the dark at 

RT.  The 50 µL solution was then added dropwise to a well containing cells and 200 µL 

DMEM to achieve a final delivery volume of 250 µL and concentrations of 2 µM CyG10-

FITC and 50 nM IgG-AF647 (1:40 ratio).  The final concentrations of DMSO and AcOH 

were 0.2 % (v/v) and 20 ppm (v/v), respectively.  Cells were incubated with the complexes 

for 4 h, after which they were immediately washed, stained, and imaged as described 

previously.  Fluorophore colocalization coefficients (PCC, M1, and M2) were calculated 

for these experiments as described in the previous section. 
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5.2.3.3.3 CPPM:IgG Cellular Internalization by Flow Cytometry 

To assess the ability of each carrier to internalize protein through the plasma 

membrane, IgG-AF647 delivery experiments were performed in HeLa cells and intact cells 

were analyzed by FCM.  The impact of delivery on mitochondrial polarization was 

simultaneously assessed by staining samples with MitoTracker Red, whose fluorescence 

intensity is dependent on mitochondrial membrane potential.28,60–63  HeLa cells were 

seeded in 12-well plates 24 hours prior to the start of the experiment at a density of 30,000 

cells per well in 1 mL DMEM.  On the day of the experiment, the medium was aspirated 

from each well and replaced with 0.8 mL fresh DMEM.  Stock IgG-AF647 (2 mg/mL) was 

diluted 1:20 in H2O to create a working solution.  1 mM carrier stock solutions were diluted 

1:10 in H2O to achieve 100 µM working solutions.  Complexes were prepared by 

combining appropriate volumes of H2O, IgG-AF647, and CPP(M)-FITC (in that order) to 

make a 200 µL solution of 10 µM CPP(M)-FITC and 250 nM IgG-AF647.  The solutions 

were vortexed briefly to mix and incubated 30 min in the dark at RT.  The 200 µL solutions 

were then added dropwise to wells containing cells in 0.8 mL DMEM to achieve final 

delivery volumes of 1 mL and concentrations of 2 µM CPP(M)-FITC and 50 nM IgG-

AF647 (1:40 ratio).  The final concentrations of DMSO and AcOH were 0.2 % (v/v) and 

20 ppm (v/v), respectively.  The cells were incubated with the complexes in the dark for 4 

h at 37 °C in 5% CO2.  After the incubation period, the medium was aspirated from each 

well, and the cells were rinsed with PBS.  The cells were then incubated with 500 μL of 25 

nM MitoTracker Red solution (diluted in DMEM) in the dark for 15 min at 37 °C in 5% 

CO2.  Following this incubation, the medium was once again aspirated, the cells were again 

rinsed with PBS, and 200 μL 0.25% trypsin-EDTA solution was added to lift the cells from 
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the wells.  After incubating with trypsin for 5 min, 1 mL DMEM was added to dilute and 

quench the trypsin and the cells were transferred to microcentrifuge tubes and collected by 

centrifugation at 400 x g.  The samples were then washed 3 times with 800 μL of heparin 

(20 U/mL in PBS) to remove any extracellular or surface-bound complexes, in accordance 

with previously published procedures.64  The cells were then resuspended in 100 μL 

Zombie Violet (diluted 1:1000 in PBS) and incubated in the dark for 15 minutes at room 

temperature.  Following this incubation, 100 μL PBS was added to each sample dilute the 

dye, and the samples were centrifuged for 5 min at 400 x g.  Finally, the samples were 

resuspended in 200 μL FACS buffer (0.2% by weight BSA in PBS) and analyzed by FCM, 

in which data for 10,000 cells were collected. 

Fluorescence compensation between Zombie Violet, FITC, MitoTracker Red, and 

AF647 was performed using appropriate unstained and single stain (SS) samples.  Gating 

was performed using untreated and fluorescence minus one (FMO) controls, in which all 

but one fluorophore were present.  A summary of all controls and their treatment conditions 

is presented in Table 5.3.  Samples were prepared as described above with the substitutions 

or omissions noted in the table.  Cells in the Zombie SS (Dead) control were processed 

Table 5.3:  Treatment combinations of HeLa cells to achieve appropriate controls, including single stain (SS) 

and fluorescence minus one (FMO) controls for compensation and gating in whole-cell flow cytometry 

experiments. 

Control Sample CPPM Cargo 

Mito 

Labelling Viability 

Unstained -- -- -- -- 

Untreated -- -- MitoTracker Zombie 

Zombie SS (Live) -- -- -- Zombie 

Zombie SS (Dead) -- -- -- Zombie (+Heat Shock) 

FITC SS CyG10-FITC IgG -- -- 

MitoTracker Red SS -- -- MitoTracker -- 

FITC FMO CyG10-EVE IgG-AF647 MitoTracker Zombie 

AF647 FMO CyG10-FITC IgG MitoTracker Zombie 
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with an added heat shock step (2 min at 65 °C) immediately prior to staining with Zombie 

Violet. 

The sensitivity of MitoTracker Red staining to mitochondrial membrane potential 

was tested in a separate control experiment in which cells were treated with 10 or 50 µM 

CCCP, a common mitochondrial uncoupling reagent, prior to staining with MitoTracker 

Red.26,60,62,63,65–70  In this experiment, HeLa cells were seeded 24 h in advance in a 12-well 

plate at a density of 60,000 per well.  CCCP was dissolved in PBS to make a 50 µM stock 

solution with pH = 7.5.  On the day of the experiment, the medium was aspirated from each 

well and replaced with 1 mL of DMEM, 50 µM CCCP, or 10 µM CCCP (diluted in 

DMEM), depending on the condition to be tested.  Cells were incubated with these 

solutions for 15 min at 4 °C, at which point the solution was aspirated and replaced with a 

1 mL solution of 25 nM MitoTracker Red (diluted in DMEM).  Cells were incubated with 

MitoTracker Red for 15 min at 4 °C, at which point they were rinsed with PBS and lifted 

by incubating 5 min with 200 µL of 0.25% trypsin-EDTA.  At the end of the incubation, 1 

mL DMEM was added to dilute and quench the trypsin and the cells were transferred to 

microcentrifuge tubes and collected by centrifugation at 400 x g.  Pellets were resuspended 

in 200 µL FACS buffer and analyzed by FCM, in which data for 10,000 cells were 

collected. 

5.2.3.3.4 CPPM:IgG Mitochondrial Internalization by Organelle Flow Cytometry 

(Freeze/Thaw Method) 

To assess the ability of each carrier to transport cargo through the mitochondrial 

membrane following cellular internalization, IgG-AF647 delivery experiments were 

performed in HeLa cells and lysed cells were analyzed by organelle FCM.  By transfecting 
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the cells with MitoRFP prior to performing the experiment, individual mitochondria could 

be distinguished from other organelles during FCM.  IgG-AF647 delivery for 

mitochondrial internalization was performed in much the same way as IgG-AF647 delivery 

for cellular internalization, with the following exceptions. 

HeLa cells were seeded in 24-well plates 48 hours prior to the start of the 

experiment at a density of 25,000 cells per well in 1 mL DMEM.  24 h later, the medium 

was aspirated and replaced with 200 µL fresh DMEM containing 6 µL of MitoRFP (~20 

viral particles per cell).  Wells were gently mixed by tilting the plate back and forth.  The 

plate was returned to the incubator to allow the baculovirus to transduce the cells, causing 

them to express and traffic RFP to the mitochondria.  After 24 h, the medium was aspirated 

from each well and replaced with 0.4 mL fresh DMEM.  Complexes were prepared in 100 

µL volumes in the manner described previously and added dropwise to cells to achieve 

final delivery volumes of 0.5 mL.  After the 4 h incubation period, the medium was 

aspirated from each well, and the cells were rinsed with PBS (filtered through 0.22 μm PES 

membranes to reduce the risk of introducing small particles and improve visualization of 

organelles by FCM).  The cells were then incubated with 100 μL filtered 0.25% trypsin-

EDTA solution to lift the cells from the wells.  After incubating with trypsin for 5 min, 0.5 

mL filtered DMEM was added to dilute and quench the trypsin and the cells were 

transferred to microcentrifuge tubes and collected by centrifugation at 400 x g.  The 

samples were then washed 3 times with 400 μL of heparin (20 U/mL in filtered PBS) to 

remove any extracellular or surface-bound complexes, in accordance with previously 

published procedures.64  The cells were then resuspended in 500 μL filtered mitochondria 

isolation buffer (MIB, 250 mM sucrose, 1 mM EDTA, and 10 mM HEPES in H2O, pH = 
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7.5) and transferred to cryotubes.  The cryotubes were then subjected to three freeze/thaw 

cycles in liquid nitrogen (1 cycle = 1 min in liquid nitrogen followed by 1 min in RT water) 

to rupture the plasma membranes, releasing free subcellular components into solution, 

including intact mitochondria.17,71,72  After the final freeze cycle, the cell solutions were 

allowed to fully thaw.  From this point, all steps leading up to FCM were performed on ice 

(with the exception of centrifugation, which was done at 4 °C).  The thawed cell lysates 

were transferred to microcentrifuge tubes and centrifuged 10 min at 700 x g to pellet any 

remaining intact cells and nuclei.73,74  After centrifugation, the supernatants were 

transferred to FACS tubes and analyzed by FCM, in which data for a minimum of ~2,000 

mitochondria were collected. 

Fluorescence compensation between FITC, RFP, and AF647 was performed using 

appropriate unstained and single stain (SS) samples.  Gating was performed using untreated 

and fluorescence minus one (FMO) controls, in which all but one fluorophore were present.  

A summary of all controls and their treatment conditions is presented in Table 5.4.  Samples 

were prepared as described above with the substitutions or omissions noted in the table. 

Table 5.4:  Treatment combinations of HeLa cells to achieve appropriate controls, including single stain (SS) 

and fluorescence minus one (FMO) controls for compensation and gating in organelle flow cytometry 

experiments. 

Control Sample Mito Labelling CPPM Cargo 

Unstained -- -- -- 

FITC SS -- CyG10-FITC IgG 

RFP SS (Untreated) MitoRFP -- -- 

AF647 SS -- CyG10-EVE IgG-AF647 

FITC FMO MitoRFP CyG10-EVE IgG-AF647 

RFP FMO -- CyG10-FITC IgG-AF647 

AF647 FMO MitoRFP CyG10-FITC IgG 

 



182 

5.2.3.3.5 CPPM:IgG Mitochondrial Internalization by Organelle Flow Cytometry 

(Reagent-Based Method). 

To validate the mitochondrial internalization results from the previous experiment, 

IgG-AF647 delivery was repeated for the three most successful carriers (MePh10-b-dG5-

FITC, CyG5-FITC, and CyG10-FITC) using a reagent-based cell lysis followed by 

differential centrifugation to obtain a purer population of mitochondria prior to organelle 

FCM.  This experiment was performed in an identical manner to the previous 

mitochondrial internalization experiment with the following exceptions.  48 h prior to the 

experiment, cells were seeded in a 12-well plate at a density of 30,000/well in 1 mL 

DMEM.  24 h later, the medium was replaced with 500 µL DMEM containing 12 µL 

MitoRFP (~20 viral particles/cell).  Another 24 h later, then medium was replaced once 

again with 0.8 mL fresh DMEM.  Complexes were prepared in volumes of 200 µL and 

added to the 0.8 mL for final delivery volumes of 1 mL.  Following the 4 h incubation, 

cells were rinsed with filtered PBS, lifted with 200 µL filtered trypsin, and washed 3 times 

with 800 µL filtered heparin solution.  At this point, the Mitochondria Isolation Kit for 

Cultured Cells (ThermoFisher Scientific) was used following the reagent-based method.  

Briefly, pellets were resuspended in 200 µL filtered Reagent A and vortexed at medium 

speed for 5 s, followed by incubation on ice for 2 min.  After the incubation, 2.5 µL Reagent 

B was added to each sample.  The tubes were then incubated on ice for 5 min total, 

vortexing at maximum speed for 5 s every 1 min.  Following this incubation, 200 µL 

filtered Reagent C was added to each sample and the tubes were inverted several times to 

mix.  Next, the cells were centrifuged 10 min at 700 x g and 4 °C to pellet any remaining 

intact cells and nuclei.  The supernatants were transferred to fresh microcentrifuge tubes 

and centrifuged 15 min at 3,000 x g and 4 °C to pellet a fraction of purified heavy 
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mitochondria (3,000 x g was used in lieu of 12,000 x g, which would pellet both heavy and 

light mitochondria but contain more lysosomal and peroxisomal contaminants74).  The 

supernatants were discarded and the mitochondrial pellets were washed by resuspending 

with 200 µL filtered Reagent C and centrifuging again for 15 min at 3,000 x g and 4 °C.  

The pellets were resuspended in 400 µL filtered Reagent C, transferred to FACS tubes on 

ice, and immediately analyzed by organelle FCM, in which data for a minimum of ~2,000 

mitochondria were collected.  Fluorescence compensation between FITC, RFP, and AF647 

was performed as described in the previous section using the same controls summarized in 

Table 5.4. 

5.2.3.4 Gating Strategy for Organelle Flow Cytometry 

The gating strategy used for quantifying intramitochondrial delivery by organelle 

FCM is illustrated in Figure 5.8.  In brief, samples were first gated on a log-log side scatter 

(SSC) vs. forward scatter (FSC) plot to distinguish smaller organelles from nuclei and 

remaining intact cells.  This was done by comparing an untreated sample to another 

untreated sample in which the 700 x g centrifugation step was omitted, such that the nuclei 

could be easily located and gated out.  The RFP fluorescence minus one (FMO) control 

(containing all fluorophores except RFP) was then used to isolate mitochondria by 

subgating the subcellular, non-nuclear population on a SSC vs. compensated RFP 

fluorescence plot.  Single mitochondria were differentiated from doublets by further 

subgating this mitochondrial population on a FSC-height vs. FSC-area plot.75  Finally, 

mitochondria positive for polymer and cargo were identified by subgating the 

mitochondrial singlet population on both FITC and AF647 fluorescence histograms.  In 

both cases, gating was performed using the appropriate FMO control samples. 
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5.3 Results and Discussion 

5.3.1 Non-Covalent Carrier Design 

A series of CPPM-fluorescein-5-thiosemicarbazide (CPPM-FITC) conjugates, 

including several previously reported CPP-inspired carriers (dG10-FITC, PGON20-FITC, 

MeG10-FITC, and MePh10-b-dG5-FITC) and two new MPP-inspired carriers (CyG5-

FITC and CyG10-FITC), were synthesized to contain systematic variations in length, 

cationic charge density, and hydrophobicity (Scheme 5.1).  Details regarding the synthesis, 

labelling, and characterization of the two new cyclohexyl-guanidine carriers can be found 

 
Figure 5.8:  Flow cytometry gating strategy for evaluation of intramitochondrial delivery by organelle flow 

cytometry.  (A) Discrimination of organelles smaller in size than nuclei based on the forward and side scatter 

of centrifuged and uncentrifuged samples.  (B) Discrimination of mitochondria from other non-nuclear 

organelles based on side scatter and compensated RFP fluorescence of untreated and MitoRFP-transfected 

samples.  (C) Discrimination of single mitochondria from doublets based on forward scatter signal area to 

height ratio.  (D)  Gating of CPP(M)+ mitochondria based on compensated FITC fluorescence of the FITC 

FMO and a delivery sample.  (D)  Gating of IgG+ mitochondria based on compensated AF647 fluorescence 

of the AF647 FMO and delivery sample. 

 



185 

in Section 1.2 Materials and Methods.  A common fluorescently-labelled CPP (R9-FITC) 

and a CPPM with no fluorophore (CyG10-EVE) were also included as control carriers. 

5.3.2 Cellular Internalization of CPPM:IgG Complexes  

For any given carrier, intramitochondrial concentration is intrinsically linked to 

cytoplasmic concentration; thus, assessing cellular uptake is a critical prerequisite to 

understanding subcellular delivery.  That is, disparities in mitochondrial delivery might be 

due to differences in ability to translocate the plasma membrane, the mitochondrial double 

membrane, or a combination of both.  CPPM-FITC conjugates were incubated with 

 
Scheme 5.1:  Chemical structures of (A) several successful mitochondria penetrating peptides (MPPs) and 

(B) CPPMs selected for use in Chapter 5.  The MPPs depicted here served as the direct inspiration for the 

cyclohexyl-guanidine (CyGn) CPPMs used in this study.34,43,44 
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Figure 5.9:  Uptake of CPPM-FITC:IgG-AF647 complexes into HeLa cells.  Blue and green data represent 

delivery using CPPMs lacking and containing hydrophobic side-chains, respectively.   Hatched green data 

indicate polymers with a pseudo-alternating side-chain arrangement (as opposed to a block architecture, 

indicated by solid green).  Data are presented as:  the percentage of live cells positive for FITC-conjugated 

CPPM or AlexaFluor (AF)647-conjugated IgG (A and B, respectively), the median FITC or AF647 

fluorescence intensity (MFI) of the entire live-cell population, proportional to the quantity of carrier or cargo 

internalized (C and D, respectively), and the composite FITC and AF647 data, comparing cellular uptake of 

the carrier and cargo by percent positive or MFI (E and F, respectively).  Relative carrier/cargo uptake 

provide important information regarding the carrier’s ability to remain associated with its cargo, critical for 

its transport across the plasma membrane.  Importantly, FITC MFI values have been corrected to account for 

differences in fluorophore brightness resulting from different degrees of polymer end-labeling efficiency (see 

Section 5.2.3.2 Characterization of Carrier-FITC Brightness for details).  Additional IgG delivery with an 

unlabeled polymer (CyG10-EVE) has been included for evaluation of the impact of the fluorescent FITC end 

group on polymer performance (B, D).  Data are displayed as the mean ± the standard error of the mean for 

three independent replicates of 10,000 cells each.  Statistics indicate significance in comparison with the 

Untreated control (unless otherwise noted): * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no 

significance, as determined by one-way ANOVA followed by a Tukey post-test. 

 



187 

AlexaFluor 647-labelled IgG (IgG-AF647) for 30 minutes to form dual-labelled non-

covalent complexes.  HeLa cells were then incubated with the complexes for 4 hours at a 

concentration of 50 nM IgG and 2 µM CPPM (1:40 ratio).  Following delivery, 

uninternalized complexes were washed from the cell surface and cells were assessed for 

both carrier and cargo internalization by flow cytometry (Figure 5.9).  Delivery was 

quantified as percentage of positive cells and median fluorescence intensity (MFI) of the 

cellular population for each chromophore. 

All carriers were able to permeate the plasma membrane at a high rate, with CPPM 

detected in > 60% of cells within each sample (Figure 5.9A).  The concentration of 

successfully internalized carrier, proportional to the FITC MFI, however, was more 

dependent on carrier structure (Figure 5.9C).  All of the hydrophobic carriers (MePh10-b-

dG5-FITC, CyG5-FITC, and CyG10-FITC) were all internalized in significant quantities.  

R9-FITC and MeG10-FITC performed just as well as the hydrophobic carriers.  While the 

former is well-documented to internalize within cells,76 the latter’s outperformance of 

dG10-FITC and PGON20-FITC is most likely due to the slight boost in hydrophobicity 

provided by its methyl substituent.77,78 

Effective carrier internalization did not always translate to successful cargo 

delivery (Figure 5.9B and Figure 5.9D).  For example, R9-FITC was entirely incapable of 

delivering IgG-AF647.  This is likely due to insufficient hydrophobicity for protein binding 

(see Chapter 3) and is consistent with its frequent use as a covalently-conjugated CPP.79,80  

The remainder of the carriers, which were all more hydrophobic than R9-FITC due to both 

backbone and pendant group contributions, facilitated higher levels of IgG-AF647 

internalization.  The discrepancies between carrier and cargo internalization are highlighted 
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in the two-dimensional internalization plots (Figure 5.9E-F).  It is important to note that, 

while data positioned high on the y-axis can appear impressive, increases along the x-axis 

are ultimately the more relevant outcome in non-covalent delivery. 

In all fluorescence-based assays, it is important to understand the biological impact 

of the chromophore itself on the experiment.  A common concern when using 

fluorescently-labelled probes is the influence of the label itself on the structure, properties, 

and localization of the probe, particularly when it comprises a significant fraction of the 

overall molecular weight.7,81  To address this, IgG-AF647 was additionally delivered with 

an unlabeled analog of CyG10-FITC (CyG10-EVE).  In this case, the unlabeled polymer 

delivered significantly more cargo, suggesting that FITC actually hindered CPPM 

internalization.  

Lastly, high concentrations of cationic carriers can have negative effects on lipid 

membranes, inducing cellular toxicity or mitochondrial membrane depolarization.35  Thus, 

samples were screened for cellular viability and mitochondrial membrane potential using 

 
Figure 5.10:  Analysis of (A) cellular viability and (B-C) mitochondrial membrane potential following (A-

B) IgG delivery or (C) treatment with CCCP, a positive control for mitochondrial depolarization.  Cationic 

homopolymers (blue), block copolymers (green), and cationic/hydrophobic homopolymers (hatched green) 

are shown alongside appropriate controls (grey).  Data in (A-B) are displayed as the mean ± the standard 

error of the mean for one (C) or three (A-B) independent replicates consisting of 10,000 cells each.  No 

samples treated with CPPM:IgG complexes were found to be statistically different (p < 0.05) from the 

untreated controls, as determined by one-way ANOVA followed by a Tukey post-test. 
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Zombie Violet and MitoTracker Red, a common mitochondrial stain whose fluorescence 

intensity is dependent on mitochondrial membrane potential,28,60–63 respectively (Figure 

5.10).  These assays indicated that none of the carriers negatively impacted cellular or 

mitochondrial health. 

5.3.3 Subcellular Localization of CPPMs by Confocal Microscopy 

As previously stated, confocal microscopy is the dominant method for 

characterizing subcellular localization in the field of drug delivery.  Success is typically 

associated with increased colocalization between the carrier (or cargo) being studied and 

its target organelle.  Colocalization can be mathematically defined using a calculated 

coefficient, the most popular choices being the Pearson’s Correlation Coefficient (PCC) 

and the Manders’s Colocalization Coefficients (MCCs; M1 and M2).  Importantly, these 

coefficients each utilize fundamentally different criteria to quantify colocalization.  While 

the PCC seeks to describe the correlation of the two fluorophores, the MCCs quantify their 

co-occurrence.  That is, the PCC probes whether a linear relationship (correlation) exists 

between the intensities of the two fluorophores, while the MCCs simply measure the spatial 

overlap between fluorophores, regardless of intensity.  PCC values range from -1 (perfect 

negative correlation) to +1 (perfect positive correlation), with 0 representing complete 

absence of a relationship.  M1 values range from 0 (none of the pixels containing 

fluorophore 1 also containing fluorophore 2) to 1 (100% of the pixels containing 

fluorophore 1 also containing fluorophore 2).  Likewise, M2 is defined as proportion of 

fluorophore 2 pixels positive for fluorophore 1.  Importantly, completely uncorrelated 

datasets (PCC ~ 0) could simultaneously exhibit high overlap (M1 or M2 ~ 1).  Similarly, 
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no inherent relationship exists between the two MCC values; high M1 overlap does not 

necessitate high M2 overlap.9,10 

In practicality, the PCC and MCCs are both useful in distinct biological contexts, 

depending on the question being asked, and attention must be paid to interpreting the results 

of each coefficient.  In a mitochondrial delivery experiment containing carrier (fluorophore 

1) and organelle (fluorophore 2) stains, for example, carriers which actively and selectively 

target the mitochondrion would be expected to exhibit PCC values near +1, making it a 

convenient metric.  Conversely, carriers which distribute more broadly throughout cell 

would likely yield PCC and M1 values closer to 0, but M2 values near 1, since carrier would 

be present in virtually all mitochondria (albeit at low concentrations), but mitochondrial 

fluorescence would not be present in all pixels containing carrier.  Therefore, for 

subcellular delivery with non-selective carriers, the MCCs will likely provide more 

resolution regarding differences in colocalization. 

In a preliminary effort to quantify the ability of CPPMs to access the mitochondria, 

HeLa cells were treated with FITC-labelled carriers.  The following carrier concentrations 

were selected in order to achieve roughly equal intracellular concentrations of FITC, since 

carriers were internalized with inequal efficiencies (data from optimization experiments 

not shown):  2 µM R9-FITC, 100 nM dG10-FITC, 200 nM PGON20-FITC, 100 nM 

MeG10-FITC, 50 nM MePh10-b-dG5-FITC, 300 nM CyG5-FITC, 75 nM CyG10-FITC.  

Cells were incubated with the polymers for 24 hours to allow sufficient time for 

intracellular trafficking, stained with MitoTracker Red, and visualized by confocal 

microscopy (Figure 5.11). 
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Both the PCC and MCC values were calculated, definitively revealing that, while 

some CPPMs appeared to overlap more with the mitochondria (M1 > 0.5 for PGON20-

FITC, MeG10-FITC, and MePh10-b-dG5-FITC), none of the carriers appeared to wholly 

and selectively target the organelle (PCC ~ 0 for all carriers) in the way that their MPP 

counterparts have been reported to (Table 5.5).  The lack of colocalization observed 

coupled with the punctate pattern of FITC fluorescence implied that the CPPMs may be 

trapped endosomes and lysosomes.  To test this hypothesis, CyG10-FITC and LysoTracker 

Red colocalization were assessed in a follow-up experiment (Figure 5.12).  Bright, punctate 

FITC fluorescence patterns in confocal images were confirmed to largely represent 

endosomal/lysosomal polymer (PCC ~ 0.7) (Table 5.5). 

 
Figure 5.12:  Representative confocal micrographs for HeLa cells treated with 80 nM CyG10-FITC and 

LysoTracker Red for evaluation of endo/lysosomal colocalization.  Scale bar represents 10 µm. 

Table 5.5:  Colocalization of FITC-labelled carriers with mitochondria and endo/lysosomes as determined 

by confocal microscopy following a 24-hour incubation of HeLa cells with carriers (no cargo).  Data 

represent analysis of either one representative micrograph (LysoTracker Red samples) or the average ± the 

standard deviation of two representative micrographs (MitoTracker Red samples) from a single biological 

replicate. 

Fluorophore 1 Fluorophore 2 PCCa M1
b M2

b 

R9-FITC MitoTracker Red -0.011 ± 0.038 0.321 ± 0.083 0.355 ± 0.226 

dG10-FITC MitoTracker Red 0.045 ± 0.070 0.230 ± 0.120 0.268 ± 0.061 

PGON20-FITC MitoTracker Red 0.094 ± 0.019 0.821 ± 0.070 0.042 ± 0.012 

MeG10-FITC MitoTracker Red 0.007 ± 0.001 0.574 ± 0.055 0.020 ± 0.004 

MePh10-b-dG5-FITC MitoTracker Red -0.061 ± 0.009 0.698 ± 0.077 0.042 ± 0.007 

CyG5-FITC MitoTracker Red -0.014 ± 0.052 0.459 ± 0.095 0.006 ± 0.002 

CyG10-FITC MitoTracker Red 0.015 ± 0.039 0.410 ± 0.005 0.009 ± 0.004 

CyG10-FITC LysoTracker Red 0.693 0.477 0.819 
aPearson’s Correlation Coefficient.  bManders’s Colocalization Coefficients:  M1 = proportion of fluorophore 

1 pixels also containing fluorophore 2, M2 = proportion of fluorophore 2 pixels also containing fluorophore 

1. 
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5.3.4 Subcellular Localization of Complexes by Confocal Microscopy 

It was hypothesized that a polymer:protein complex may exhibit different 

localization than free polymer in solution.  To investigate this, HeLa cells were incubated 

with CyG10-FITC:IgG-AF647 complexes for 4 hours, stained with MitoTracker Red, and 

visualized by confocal microscopy (Figure 5.13).  This time, PCC and MCC values were 

calculated for all three combinations of FITC, MitoTracker Red, and AF647 (Table 5.6).  

CyG10-FITC and IgG-AF647 were found to be well-colocalized (PCC, M1, and M2 > 0.5), 

indicating that complexes do remain associated once inside cell, which is an important 

 
Figure 5.13:  Representative confocal micrographs for HeLa cells treated with CyG10-FITC:IgG-AF647 

complexes and MitoTracker Red for evaluation of intramitochondrial localization.  Scale bar represents 10 

µm. 

 

Table 5.6:  Colocalization of FITC-labelled carriers, IgG-AF467 cargo, and mitochondria as determined by 

confocal microscopy immediately following incubation of HeLa cells with carrier:cargo complexes for 4 

hours.  Data represent the average ± the standard deviation for analysis of three representative micrographs 

in a single biological replicate. 

Fluorophore 1 Fluorophore 2 PCCa M1
b M2

b 

CyG10-FITC IgG-AF647 0.609 ± 0.042 0.859 ± 0.038 0.607 ± 0.093 

CyG10-FITC MitoTracker Red -0.091 ± 0.007 0.637 ± 0.071 0.078 ± 0.027 

IgG-AF647 MitoTracker Red -0.162 ± 0.034 0.617 ± 0.054  0.125 ± 0.030 
aPearson’s Correlation Coefficient.  bManders’s Colocalization Coefficients:  M1 = proportion of fluorophore 

1 pixels also containing fluorophore 2, M2 = proportion of fluorophore 2 pixels also containing fluorophore 

1. 
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prerequisite for subcellular delivery to any organelle.  Furthermore, CyG10-FITC:IgG-

AF647 complexes were marginally more colocalized with mitochondria than CyG10-FITC 

alone (M1 ~ 0.6 vs. ~ 0.4).  While complexes may have exhibited slight variations in 

internalization and trafficking in comparison with polymers alone, fundamentally different 

localization patterns were not observed. 

Due to background noise, pixel values in each channel of an image are rarely equal 

to zero.  Because MCCs consider any pixel with a nonzero value to be positive for the 

given fluorophore, setting accurate threshold values to exclude any background noise is 

critical to avoiding falsely high coefficients.  This is particularly challenging when the 

signal in the region of interest is weak relative to the rest of the image, leaving even less 

margin for error between background and true signal.9,10  Thus, despite our best efforts to 

fairly and accurately analyze mitochondrial uptake from confocal data, we hypothesized 

that the issue could be entirely circumvented by analyzing isolated mitochondria in 

statistically-relevant numbers using flow cytometry.  By removing the overwhelming 

extramitochondrial (largely endosomal/lysosomal) fluorescence, more resolution and thus 

differentiation from the background noise could be obtained, enabling more robust 

conclusions to be drawn. 

5.3.5 Mitochondrial Internalization by Organelle Flow Cytometry 

The CellLight™ Mitochondria-RFP, BacMam 2.0 reagent (“MitoRFP”) from 

ThermoFisher Scientific was selected to label mitochondria for organelle FCM.  This 

reagent is a fusion construct of the leader sequence of E1 alpha pyruvate dehydrogenase 

and TagRFP packaged in a baculovirus.  Upon transduction of mammalian cells, red 
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fluorescent protein (RFP) DNA is expressed and trafficked to the mitochondria.  Because 

baculoviruses are unable to replicate in mammalian cells, this process only achieves 

transient labelling.54,55  Since fluorescent protein is already contained within the 

mitochondria prior to cell lysis, this staining method is not dependent on the organelles 

retaining their activity and physical properties, which might be altered in this step.  For this 

assay, cells were treated with MitoRFP 24 hours prior to incubation with CPPM-FITC:IgG-

AF647 complexes. 

Following delivery, cells were subjected to three freeze-thaw cycles in liquid 

nitrogen to accomplish lysis of the cellular membrane via ice crystal formation while 

leaving the mitochondrial membrane intact.  This cell disruption method was selected for 

its speed and simplicity, given that no specialized equipment or reagents are required.17,71,72  

Finally, while a purified organellular fraction is not required for FCM, incomplete lysis or 

large aggregates of subcellular compartments could lead to detection of false positives, 

given that a particle could easily contain both RFP and FITC (or AF647) staining without 

being truly colocalized.  For this reason, crude cell lysates were centrifuged for 10 min at 

700 x g, pelleting intact cells, nuclei, and cellular debris which were subsequently 

discarded.73,74  FCM data were also gated to include only particles smaller than nuclei based 

on centrifuged and non-centrifuged lysate controls.  Finally, doublet discrimination was 

performed to ensure only single mitochondria were included in the analysis.  That is, data 

resulting from two (or more) organelles passing through the lasers simultaneously in an 

aggregate have the potential to produce false positives, for example, in the case of a 

mitochondrion stuck to an endosome.75  Further details regarding sample preparation, flow 
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Figure 5.14:  Workflow for evaluation of intramitochondrial carrier and cargo localization using organelle 

flow cytometry.  FITC-labelled CPPMs (yellow) are incubated with an AF647-labelled antibody (red) for 30 

min to form non-covalent complexes (orange).  HeLa cells, treated with MitoRFP 24 hours in advance to 

yield RFP-stained mitochondria, are then incubated with the CPPM-FITC:IgG-AF647 complexes for 4 hours 

to allow for internalization and subcellular trafficking.  Following delivery, cells are washed to remove 

extracellular complexes, lysed, and analyzed by organelle flow cytometry. 
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cytometry gating strategy, and data analysis can be found in Section 5.2.3.4 Gating Strategy 

for Organelle Flow Cytometry (Figure 5.8).  The delivery workflow is illustrated in Figure 

5.14. 

HeLa cells treated with MitoRFP and CPPM-FITC:IgG-AF647 complexes were 

analyzed by organelle FCM to quantify carrier and cargo internalization (Figure 5.15).  

Despite the ability of all carriers to transduce the plasma membrane with ease (Figure 5.9), 

the most effective CPPMs for mitochondria penetration were only detected in half of the 

population.  Interestingly, both cationic and hydrophobic polymers performed at similar 

levels for mitochondrial internalization, though, similar to cellular-level delivery, efficient 

carrier uptake did not necessitate robust cargo delivery.  In particular, the two carriers with 

the most hydrophobic content (MePh10-b-dG5-FITC and CyG10-FITC) were significantly 

more effective at facilitating intramitochondrial antibody transport.  CyG5-FITC was 

likely less effective simply because it wasn’t able to deliver as much antibody 

intracellularly (Figure 5.9D).  This may in turn be explained the presence of fewer 

hydrophobic groups per polymer, resulting in diminished polymer-protein and polymer-

membrane intereactions.77,82  As was done for cellular internalization, the effect of FITC 

on mitochondrial localization was assessed by delivering IgG-AF647 with the unlabeled 

CPPM CyG10-EVE.  Whereas the fluorophore had hampered cellular uptake of the 

antibody, there was no difference between mitochondrial delivery of the antibody with 

CyG10-FITC and CyG10-EVE. 

In an effort to validate the protocol used to obtain mitochondrial delivery results, 

organelle FCM repeated following delivery with each of the three hydrophobic carriers, 

cell lysis by a reagent-based method, and purification of the heavy mitochondrial fraction 
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Figure 5.15:  Uptake of CPPM-FITC:IgG-AF647 complexes into individual mitochondria, as determined by 

organelle flow cytometry after delivery to intact HeLa cells and subsequent cell lysis.  Data are presented as:  

the percentage of mitochondria positive for FITC-conjugated CPPM or AF647-conjugated IgG (A and B, 

respectively), the FITC or AF647 MFI of the entire mitochondrial population, proportional to the quantity of 

carrier or cargo internalized (C and D, respectively), and the composite FITC and AF647 data, comparing 

mitochondrial uptake of the carrier and cargo by percent positive or MFI (E and F, respectively).  Relative 

carrier/cargo uptake provide important information regarding the carrier’s ability to remain associated with 

its cargo intracellularly, necessary for mitochondrial internalization of the cargo.  Importantly, FITC MFI 

values have been corrected to account for differences in fluorophore brightness resulting from different 

degrees of polymer end-labeling efficiency (see Section 5.2.3.2 Characterization of Carrier-FITC Brightness 

for details).  Additional IgG delivery with an unlabeled polymer (CyG10-EVE) has been included for 

evaluation of the impact of the fluorescent FITC end group on polymer performance (B, D).  Data are 

displayed as the mean ± the standard error of the mean for three independent replicates of at least 3,000 

mitochondria each.  Statistics indicate significance in comparison with the Untreated control (unless 

otherwise noted): * = p < 0.05, ** = p < 0.01, *** = p < 0.001, no symbol = no significance, as determined 

by one-way ANOVA followed by a Tukey post-test. 
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Figure 5.16:  Uptake of CPPM-FITC:IgG-AF647 complexes into individual mitochondria, as determined by 

organelle flow cytometry after delivery to intact HeLa cells and subsequent processing via the reagent-based 

method in the Mitochondria Isolation Kit for Cultured Cells from ThermoFisher Scientific.  Data are 

presented as:  the percentage of mitochondria positive for FITC-conjugated CPPM or AF647-conjugated IgG 

(A and B, respectively), the FITC or AF647 MFI of the entire mitochondrial population, proportional to the 

quantity of carrier or cargo internalized (C and D, respectively), and the composite FITC and AF647 data, 

comparing mitochondrial uptake of the carrier and cargo by percent positive or MFI (E and F, respectively).  

Relative carrier/cargo uptake provide important information regarding the carrier’s ability to remain 

associated with its cargo intracellularly, necessary for mitochondrial internalization of the cargo.  

Importantly, FITC MFI values have been corrected to account for differences in fluorophore brightness 

resulting from different degrees of polymer end-labeling efficiency.  Additional IgG delivery with an 

unlabeled polymer (CyG10-EVE) has been included for evaluation of the impact of the fluorescent FITC end 

group on polymer performance (B, D).  Data are displayed as the mean ± the standard error of the mean for 

three independent replicates of at least 3,000 mitochondria each.  Statistics indicate significance in 

comparison with the Untreated control (unless otherwise noted): * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

no symbol = no significance, as determined by one-way ANOVA followed by a Tukey post-test. 
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by a more rigorous differential centrifugation process (Figure 5.16).  Light mitochondria 

were specifically excluded during purification in favor of the higher-purity heavy 

mitochondrial fraction, as light mitochondria are more likely to contain lysosomal and 

peroxisomal contaminants.74  While there were minor differences between the data 

obtained using different methods (most notably, lower apparent delivery when assessed via 

the reagent-based method), the overall trend in mitochondrial IgG localization remained 

the same:  CyG10-FITC > MePh10-b-dG5-FITC > CyG5-FITC.  Subtle differences in the 

absolute values by each method may be related to the inclusion of light mitochondria by 

the former method. 

Two notable conclusions regarding CPPM behavior can be drawn from these 

studies.  First, despite efforts to design CPPMs which structurally resemble MPPs, no 

carriers tested selectively accumulated in the mitochondria in the way that MPPs have been 

reported to.  This suggests that the precise functional groups employed (i.e., alternating 

cyclohexyl and guanidine) are less important than the overall macromolecular properties 

of the carrier, such as hydrophobicity, charge, or three-dimensional structure.  This is 

consistent with previous findings that protein delivery by CPPs and CPPMs was correlated 

with net hydrophobicity, rather than side-chain or backbone identity (see Chapter 3).  

Finally, detection of both carrier and cargo in the mitochondrion suggests that CPPMs, 

especially those incorporating more hydrophobicity, are capable of remaining non-

covalently bound to proteins within the intracellular environment.  While these complexes 

certainly remain intact long enough to traffic subcellularly, the kinetics of intracellular 

carrier-cargo dissociation remain an understudied, yet significant, subject for such non-

covalent carriers. 



201 

5.4 Conclusions 

Despite the prominence of flow cytometry in the field of intracellular delivery, 

colocalization by confocal microscopy remains the ubiquitous choice for evaluation of 

subcellar delivery.  While the visual advantages of microscopy are unparalleled, analysis 

of individual organelles can nevertheless provide complementary information or offer 

compelling advantages depending on the circumstances.  Microscopy can occasionally be 

insufficient or inaccurate, particularly when fluorescence is considerably dimmer in the 

region of interest than in other parts of the cell.  Endosomal accumulation, a notorious issue 

in the delivery field, is a classic example of such a situation.1,83–85  Meaningful 

colocalization data can likewise be difficult to accurately obtain for carriers which broadly 

permeate many regions of the cell rather than selectively accumulate in one organelle.9,10  

In this report, we have proposed the use of organelle flow cytometry as a simple, high-

throughput, and statistically powerful method for single-organelle analysis.  FCM provides 

data for up to thousands of particles per second, simultaneously increasing sample size and 

eliminating subjectivity associated with imaging.14  Furthermore, the ever-growing array 

of organelle labeling probes, such as the CellLight™ reagents from ThermoFisher 

Scientific, enables significant flexibility in experimental design.  Importantly, the ability 

to selectively label cellular structures such as mitochondria eliminates the need for time-

intensive purification steps or specialized equipment to perform those separations.17 

Organelle FCM was demonstrated by assessing mitochondrial localization of 

CPPM:IgG complexes.  Despite their lack of selectivity for the mitochondria (yielding 

poorly resolved microscopy data), substantial differences in the activity of these carriers 

were nonetheless easily detected by this technique.  Specifically, several polymers 
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delivered significantly more cargo into the mitochondria, quantities which may be 

biologically relevant.  Although all carriers were able to access the mitochondria to similar 

extents, the longer and more hydrophobic carriers were superior in terms of cargo transport.  

This heavily implies that the binding interactions afforded by these CPPMs are necessary 

and sufficient to maintain complex integrity long enough for subcellular cargo trafficking.  

Finally, it is worth nothing that, while small molecule drugs are frequently targeted to the 

mitochondria, examples of macromolecular cargo delivery are surprisingly absent, despite 

the therapeutic opportunities this would present.31,32  Future studies will be required to 

characterize the kinetics of intracellular cargo transport and release, as well as to determine 

whether CPPMs can deliver biologically-relevant quantities of functional cargo into the 

mitochondrion. 
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CHAPTER 6 

 

6 PERSPECTIVES AND FUTURE DIRECTIONS 

6.1 Summary 

This dissertation has considered four distinct examples in which polymer structure 

profoundly influenced various aspects of the protein delivery process.  In Chapter 2, 

performance of a variety of non-covalent carriers was observed to be cell line- and serum-

dependent, though MePh10-b-dG5 facilitated significant payload internalization in even the 

most challenging situations.  Importantly, this CPPM was able to deliver both EGFP and 

IgG into neurons, a cell type for which effective carriers are greatly needed.1 

Chapter 3 aimed to translate the success of CPPMs back to CPPs, that is, to reverse-

engineer novel block copolypeptides capable of non-covalent protein delivery.  While 

CPP(M) structures containing the same pendant group configurations did not perform 

similarly, this was attributed to the added hydrophobicity afforded by the ROMP backbone.  

When taken into account, it was revealed that overall carrier hydrophobicity was a much 

better predictor cargo internalization, activity, and intracellular availability (IA). 

CPPM length was explored in relation to protein delivery for the first time in 

Chapter 4.  Cargo internalization and function exhibited an unintuitive and competing 

relationship, with longer carriers facilitating significantly activity despite reduced uptake.   

Increased carrier molecular weight was also linked to smaller nanoparticle size, and 

potentially formation mechanism, hinting at mechanistic explanations for differences in 

cargo IA. 
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Finally, in Chapter 5, relationships between CPPM structure and mitochondrial 

localization were studied.  Attempts to quantify mitochondrial uptake by confocal 

microscopy were impeded by bright endosomal fluorescence, a notoriously common issue 

in intracellular delivery.2  For this reason, mitochondria were analyzed in isolation, 

necessitating the development of a new organelle flow cytometry method which can be 

easily and broadly applied to a variety of intra-organellular drug delivery studies in the 

future.  These experiments revealed increased hydrophobicity to correlate with increased 

intramitochondrial cargo transport.  However, it is worth noting that none of these carriers 

displayed the same level of mitochondrial selectivity characteristic of molecularly-similar 

mitochondria-penetrating peptides.3 

Perhaps the most significant finding from the work presented here is that, even 

within the same synthetic delivery platform, minor changes in polymer structure can have 

complex consequences on resultant cargo intracellular availability.  That is, cargo activity 

is not straightforwardly related to internalization, and the two can even be inversely related.  

Furthermore, dramatic differences in complex size, likely driven by changes in formation 

mechanism, were reported. 

6.2 Functional Delivery Applications 

Although the results from intraneuronal delivery were incredibly promising, 

delivery of functional proteins should next be confirmed in order to position this 

technology as a useful tool for basic neuroscience research.  Additionally, it remains to be 

seen whether the quantities of antibody delivered to the mitochondria are biologically 

relevant. 
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6.3 CPPM Self-Assembly and Complex Structure 

MePh10-b-dG5 has been extensively characterized for potential self-assembly in 

solution, producing no evidence of this phenomenon.4  However, the remarkably small size 

and stability exhibited by MePh80-b-dG40:IgG complexes, even upon increase of 

polymer:protein ratio, suggests that these complexes may be formed by a fundamentally 

different mechanism than MePh10-b-dG5:IgG complexes.  Additionally, preliminary 

transmission electron microscopy (TEM) and dynamic light scattering (DLS) data of these 

longer CPPMs alone have indicated that the longer block copolymers tested in Chapter 4 

may self-assemble (data not shown).  Assuming this is true, these self-assembled structures 

should be thoroughly characterized to determine whether they from polymeric micelles or 

some other ordered structure.  If there is a critical micelle concentration above which these 

carriers perform more effectively, that would be good to know too.  Complexes should be 

characterized by TEM to determine where protein is located in these assembled structures 

(e.g., adsorbed on the surface or contained within the core).  Contrast between the polymer 

and protein material might be achieved by complexation with a metalloprotein, such as 

hemoglobin (containing iron), which could circumvent the need for complicated staining 

or labelling procedures. 

6.4 Cargo Denaturation 

The increased IA of Cre recombinase when delivered with MePh80-b-dG40 

suggests that stronger, more surfactant-like amphiphiles do not denature proteins, at least 

not to a higher degree than shorter CPPMs.  A preliminary circular dichroism (CD) 

spectroscopy experiment indicated no difference in BSA or IgG secondary structure before 

and after complexation with MePh10-b-dG5 (data not shown).  Given that CD spectroscopy 
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appears to be a viable tool for quantifying integrity of complexed proteins, measurements 

should be taken for a broader range of carriers, cargoes, and binding strengths to determine 

whether denaturation is a concern for this delivery platform. 

6.5 Endosomal Escape 

Given the relatively high degree of endo/lysosomal colocalization for 

CPPM:antibody complexes found in Chapter 5, quantifying and improving upon complex 

endosomal escape efficiency seems to be a fruitful path forward.  This could be studied in 

both simple cell-free assays as well as with in vitro delivery experiments.  Leakage from 

dye-loaded vesicles, a standard assay in our group, could be employed to model polymer-

membrane disruption.  In vitro, the split GFP-complementation assay could be employed, 

in which a fragment of GFP is delivered and must successfully enter the cytoplasm to fuse 

with its complement (expressed by the cell line) to become fluorescent.  Alternatively, 

complexes could be dual-labelled with a pH-sensitive fluorophore on the carrier and a pH-

insensitive fluorophore on the cargo (or vice-versa).5  In this way, the ratio of fluorophore 

brightness would correlate with the pH experienced by the nanoparticles, indirectly 

providing information regarding endo/lysosomal localization or escape. 

6.6 Cargo Release Kinetics 

Organelle flow cytometry data in Chapter 5 demonstrated that both polymer and 

protein are able to enter the mitochondrion, provided that the polymer contains adequate 

hydrophobicity.  This lack of complex dissociation prior to mitochondrial entry is 

intriguing, indicating that cargo release may be slow or even nonexistent, and proteins may 

remain active while complexed.  Moreover, cargo release kinetics and activity in the 
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complexed state may be highly dependent on both polymer and protein identity.  

Elucidation of such relationships might provide significant insights into IA discrepancies, 

enabling educated design of better CPPMs. 

Cargo release remains an understudied aspect of CPPM-mediated delivery.  

Ongoing competition assays, in which complexes are challenged with serum proteins, 

appear to indicate that at least some level of unbinding can be achieved at very high 

competitor concentrations (data not shown).  Such high concentrations attempt to mimic 

the highly crowded intracellular environment and suggest that protein release via this 

mechanism is a reasonable assumption.  These assays should be continued with various 

polymer-protein binding pairs and competitors. 

Initial attempts to establish a Förster resonance energy transfer (FRET)-based 

reporter system to evaluate intracellular carrier-cargo association degree were unsuccessful 

(data not shown).  FRET is a non-radiative energy transfer process sensitive to distance 

between the donor and acceptor molecules.  In close proximity, FRET pairing occurs, and 

acceptor fluorescence is observed when the donor is excited.  At distances greater than ~10 

nm, no FRET pairing occurs, resulting in the observation of donor fluorescence.  FRET is 

utilized extensively to characterize intracellular protein-protein interactions,6–8 and was 

expected to be useful in both cell-free and in vitro delivery assays to probe degree carrier-

cargo association over time.  Fluorescent proteins (blue fluorescent protein [BFP] and IgG-

AF405) were utilized as the donors while labelled CPPM (MePh10-b-dG5-FITC) was 

chosen to be the acceptor (Figure 6.1).  In these preliminary experiments, no FRET pairing 

was observed upon cargo binding—only quenching of protein fluorescence, as is typically 

observed in standard binding assays.  While it is unclear why this is the case, there may be 
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alternative strategies to achieve a FRET-based (or non-FRET-based) reporter system to 

study cargo release. 

It will be equally important to understand whether CPPM-protein complex 

dissociation is required for protein function.  Cell-free colorimetric assays involving 

enzymes with small molecule substrates would be an excellent preliminary study to address 

these questions.  In these experiments, a model enzyme such as β-galactosidase (β-gal) 

could be straightforwardly utilized.  β-gal can enzymatically cleave the small molecule X-

gal to produce a bright blue compound, providing a simple readout for activity.9  β-gal’s 

low isoelectric point (similar to that of BSA) suggests it would be tightly bound by CPPMs.  

Enzymatic activity could be monitored along the binding curve by increasing 

CPPM:protein ratio, while effects of binding strength could be probed by modifications in 

CPPM architecture.10  Furthermore, these assays could be coupled with competition assays 

in order to model the intracellular environment and probe the proposed model of cargo 

release by protein displacement.  Results from this cell-free activity assay could be directly 

replicated in delivery experiments, since X-gal (but not β-gal) is readily cell-permeable.  If 

β-gal is inactive when complexed with CPPM, any intracellular activity would be 

indicative of at least minimal protein release.  Provided that release is sufficiently slow, 

 
Figure 6.1:  FRET-based carrier-cargo reporter system, in which blue fluorescent protein (BFP) and CPPM-

FITC function as the donor and acceptor fluorophores, respectively.  Upon excitation with 405 nm light, 

FITC emission indicates bound cargo, whereas BFP emission indicates released cargo. 
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kinetics of cargo release, assumed to correlate with protein activity, could perhaps be 

extracted from these assays as well. 

The ability of complexed proteins to interact with macromolecular substrates 

should likewise be investigated.  In these experiments, the ability of enzymes to degrade 

biopolymers might be investigated, with readouts in molecular weight reductions 

quantified using GPC or mass spectrometry.  Alternatively, the ability of antibody cargoes 

to bind their antigens could be studied using an ELISA-like flow cytometry assay (Figure 

6.2).  CPPMs could be complexed with antibodies immobilized on beads, followed by 

sequential exposure to the antigen and a dye-labeled secondary antibody.  Beads would 

then be analyzed by flow cytometry, in which differences in binding ability would manifest 

as variations in fluorescence intensity.  Since on-target delivery of functional antibodies 

has already been demonstrated in our group, impaired activity in these assays would 

suggest that complexes dissociate upon delivery. 

6.7 Subcellular Delivery 

Carrier-cargo association within the cell, at least long enough to traffic 

intracellularly, validates the strategy of modifying CPPM structure to influence cargo 

localization (as an alternative to engineering protein cargoes to contain appropriate 

 
Figure 6.2:  Proposed workflow for evaluating antibody function while complexed using a bead-based flow 

cytometry assay.  (1) Complex formation between polymers and antibodies immobilized on flow cytometry 

beads.  (2)  Beads are incubated with antigen to probe antibody activity.  (3)  Beads are incubated with a 

fluorescently-tagged secondary antibody to enable detection of bound antigen prior to flow cytomery. 
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localization signals).  If future delivery to specific subcellular compartments (e.g., the 

nucleus) is desired, it may be more straightforward and effective to conjugate peptide 

localization sequences to the end of ROMP polymers, in the same manner that CPPMs 

were fluorescently labelled in Chapter 5.  In this way, highly the selective subcellular 

targeting characteristic of these peptide sequences could potentially be achieved without 

compromising CPPM structure, binding, or internalization activity. 

6.8 Outlook 

The future of CPPM development for functional protein delivery lies in better 

understanding the mechanisms underlying enhanced intracellular availability.  In 

particular, characterization and optimization of polymer-protein interactions, self-

assembled structures, endosomal escape, subcellular targeting, and ultimate cargo release 

provide exciting opportunities for improvement of these uniquely effective non-covalent 

delivery vehicles. 
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