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ABSTRACT OF THE DISSERTATION 

MODIFIED GUANIDINE-CONTAINING POLYMERS FOR INTRACELLULAR 

PROTEIN DELIVERY 

by 

Alfonso Barrios 

Florida International University, 2022 

Miami, Florida 

Professor Joong Ho Moon, Major Professor 

Protein-based therapeutics have gained significant attention for treating or curing 

various diseases, especially those untreatable by small molecule-drugs.  Despite their 

widespread success and adoption, the cellular membrane remains a major obstacle for 

proteins to reach the inner compartments of the cell and have had limited applicability 

spanning only extracellular targets. Consequently, the efficient intracellular delivery of 

proteins offers tremendous potential to reach new, unexplored, and otherwise 

“undruggable” targets. Acknowledging the therapeutic need, research efforts aimed at 

facilitating the delivery of proteins using polymer-based nanoparticles have emerged.  

Guanidine-containing polymers provide a promising platform to address the 

common hurdles associated with protein delivery. Specifically, this work focuses on the 

design, synthesis, and development of polymeric carriers featuring a rational guanidine 

modification. A new class of carbamoylated guanidine-containing polymers were 

characterized, optimized, and evaluated for their efficacy in protein delivery. The 

developed functional group aided the biophysical properties of complexes, resulting in a 

dramatic increase in protein delivery compared to commercially available carriers. The 
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planarity and rigidity of the developed side chains aided complexation with cargo, stability 

in the harsh physiological environment, and subsequent cellular entry.  Additionally, 

therapeutically relevant proteins were intracellularly delivered and assayed for their 

retained function, revealing the potential these carriers have for translational applications. 

Key insights into the fundamental identity of the carbamoylated guanidine functional group 

revealed novel design features that can be incorporated into delivery systems moving 

forward, expanding the field of protein delivery. 
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1.1. Introduction 

Protein-based drugs are one of the fastest growing class of therapeutics.1,2 The 

protein therapeutics market size was valued at $280 Billion in 2020 and is projected to 

reach over $560 Billion by 2030, indicating the significant and continued growth in the 

space. Their significant advantages over conventional small-molecule drug therapy has 

revolutionized the pharmaceutical industry. Owing to the highly specific action of proteins, 

the off-target effects encountered in therapy is limited.3 Additionally, the endogenous 

nature of proteins means they are generally well tolerated and less likely to elicit immune 

responses.1 These factors contribute to the faster clinical development and regulatory 

approval timeline for protein-based drugs, increasing their attractiveness in the field.1  

Currently used protein-based therapeutics can be broadly classified into two 

categories: proteins with enzymatic or regulatory activity and proteins with special 

targeting activity.1 Proteins with enzymatic or regulatory activity are generally used by 

replacing a protein that is deficient or abnormal or by augmenting biological pathways 

linked to disease states. Proteins with special targeting activity are designed to interfere 

with a known molecule by binding and blocking their function or stimulating a signaling 

pathway.1,2,4 Nevertheless, proteins have the therapeutic potential to address issues in 

cancer therapy, metabolic diseases, and vaccine development.1,3 Despite this, all currently 

used protein-based drugs were developed for targeting extracellular targets, such as cell 

membrane associated proteins and secretory proteins.5 This restraint is caused by the 

membrane impermeability of proteins and limited cellular entry. The physical properties 

of proteins, such as size and hydrophilicity make proteins generally incapable of diffusion 

across cellular membranes and therefore lack the ability to reach intracellular sites. It is 
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estimated only 30% of genome-encoded proteins are extracellularly available to proteins, 

leaving a plethora of “undruggable” intracellular targets.6,7 To address these issues, a wide 

array of intracellular delivery methods have been developed for therapeutic proteins.   

For successful protein delivery, the carrier must efficiently complex the protein 

cargo, maintain the complex stability in the harsh extracellular environment, internalize the 

complex intracellularly, and finally, release the cargo in the cell.8 Factors regarding the 

inter-macromolecular interactions between the carrier and cargo, mechanism of cellular 

entry, and temporal release of the therapeutic protein cargo dictate the success of a 

developed system.  

1.2. Delivery Methods 

Intracellular protein delivery has gained significant attention in recent times and 

many of the concepts stem from the field of nucleic acid delivery.  The field began with 

the use of physical delivery methods such as electroporation but quickly shifted toward the 

use of lipids, peptides, and polymeric systems to facilitate the transport of proteins to the 

intracellular space in cells. A description of each of these methods is discussed, with a 

specific focus on the key structural and chemical identities of these.  

1.2.1. Peptide-based Delivery 

Cell penetrating peptides (CPPs) are short amino acid sequences (10-30 residues), 

primarily composed of cationic and hydrophobic residues.9 These peptide sequences have 

been shown to translocate across the cell membrane using various mechanisms, including 

both endocytotic and non-endocytotic, energy-independent pathways. The mechanism of 

uptake is highly dependent on the type of cargo delivered with the CPP, yet most 
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applications show entry via endocytosis mechanisms such as clathrin mediated and 

macropinocytosis pathways.10,11  

Intracellular delivery using CPPs has mainly been achieved via the direct 

conjugation of CPP sequences to the cargo, requiring modification of the protein itself.4,11 

Few examples of CPPs being used to delivery proteins non-covalently are reported in the 

literature, attempting to circumvent the protein modification steps required with covalent 

conjugation. Nevertheless, the discovery of HIV-1 Tat led to the entire field of CPPs for 

delivery9,12,13, and various methods are discussed here. 

 

Figure 1.1. Chemical structure of HIV-1 Tat Peptide. 

Both naturally occurring CPPs and their synthetic mimics have been explored for 

delivery. Transportan, a 27 amino acid-long CPP was shown to deliver large proteins, such 

as antibodies (150 kDa) either by covalent attachment or non-covalent complexation.14 The 

transportan carriers were initially biotinylated in order to improve carrier-protein 

interactions and intracellular delivery. In a similar approach, a peptide carrier, Pep-1, was 

developed for the non-covalent delivery of proteins.15  Pep-1 is a 21-residue peptide, 

consisting of three domains: a hydrophobic tryptophan-rich sequence, a hydrophilic lysine 

rich motif, and a flexible proline segment. Green fluorescent protein (GFP) was delivered 

to greater than 80% of the cell population using this non-covalent approach. In both 
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examples, the need of a hydrophobic segment or specific binding motif was needed to 

complex the cargo protein effectively. 

The use of CPPs has proven to be an effective tool for the delivery of proteins, but 

challenges remain for their widespread use. For those using covalent modification of 

proteins, problems arising from the altered protein structure and loss of activity are 

persistent.4,7,11 Additionally, the mechanism of entry is variable depending on the cargo 

delivered and endosomal entrapment is a hurdle to be addressed. Taken together, the 

naturally occurring CPPs and their synthetic mimics are highly biocompatible and a 

promising platform for the delivery of proteins to the intracellular compartment of cells.  

1.2.2. Lipid-based Delivery 

Lipid-based carriers, such as liposomes, have traditionally been used as 

nanocarriers for the delivery of various macromolecules including proteins, antibodies, 

peptides, and nucleic acids. Liposomes are generally composed of phospholipids forming 

a spherical vesicle with at least one lipid bilayer. The liposomal bilayer forms a hydrophilic 

core that encapsulates and stabilizes cargo and facilitates internalization typically via 

electrostatic interactions by the addition of cationic charges on the lipid membrane.16–18 

The high compatibility and biodegradability of liposomes have made them attractive 

carriers for delivery applications. 

Significant efforts have been made to develop liposomes with stimuli 

responsiveness (pH19, redox20, light21, temperature22), improved circulation life (via 

PEGylation23), and specific cell targeting.24 Additionally, the desirable aspects of 

liposome-based platforms have led to several commercially available lipids for protein 

delivery.4 
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Figure 1.2. Schematic representation of lipid-based structures and lipid nanoparticles. 

Adapted from Dahlman et. al.25 

 

An example of a commercially available solution for protein delivery mediated by 

a cationic lipid is PULSin (Polyplus-transfection (France)). PULSin has been widely used 

to deliver fluorescent proteins, antibodies, and enzymes to a wide array of cell types. Other 

type of cationic liposomes, Pierce (ThermoFisher Scientific, USA) and BioPORTER (Gene 

Therapy Systems, USA) have also demonstrated ability to delivery functional proteins to 

cells.4  

In general, complimentary electrostatic and hydrophobic interactions have been 

leveraged to assist in lipid-protein assembly and subsequent internalization into cells. 

Cationic lipids containing ammonium and guanidiniums groups have been used 

extensively and balanced with helper co-lipids.26 Similarly, the incorporation of cell 

penetrating peptides in liposomal delivery systems has been reported in the literature.27 

Although with some success, the use of cell penetrating peptides in these formulations has 

been associated with significant endosomal entrapment, hindering its efficacy. 

Formulations with specific targeting has also been explored. In one example, an anti-CD44 

antibody was decorated on liposomal formulations, and demonstrated efficient targeting 

and functional antibody delivery.28  
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The success of liposomes as protein carriers stems from their tunable composition 

and ease of use. The ability to add surface functionality and encapsulate differing cargo 

has made them an attractive platform. Additionally, the previous clinical use of liposomal 

systems offer a competitive advantage. Despite this, various hurdles limit their use. In 

addition to endosomal entrapment, common liposome preparation protocols require the use 

of organic solvents, sonication, and detergents, that can cause problems of protein 

denaturation. Low protein loading efficiency and the stability of liposomal preparations is 

another area needing significant improvement. Disruption of liposome vesicles by serum 

proteins leads to poor serum-stability and delivery efficacy. Many protocols for lipid 

carriers require serum-free conditions leading to high cellular toxicity and making them 

unfavorable carriers for sensitive cell lines such as primary cells. Nonetheless, lipid-based 

carriers remain widely used as carriers for the delivery of proteins. 

1.2.3. Polymeric Nanocarriers 

Polymer-based nanoparticles offer great tunability in molecular weight, particle 

size, and functional groups, making them attractive candidates for protein delivery systems. 

Hurdles associated with protein carriers have been continuously addressed with novel 

structure and polymer designs. Enhancement of circulation time29,30, complex stability31,32, 

and tissue-specific targeting33 have aided the in vivo translation of this technology.  

Generally, non-covalent complexation approaches have gained significant attention 

due to the ease of preparation and the lack of protein modification steps involved with 

covalent conjugation. Inter-macromolecular interactions such as electrostatic, 

hydrophobic, and hydrogen bonding interactions have dictated the self-assembly of 
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polymer-protein complexes. A variety of classes of polymers and architectures have been 

explored and reviewed extensively. Here, representative examples are discussed. 

 

Figure 1.3. Schematic representation of polymeric nanoparticle (a) and dendrimer (b) 

structure. PEI: polyethyleneimine, PLGA: poly(lactic-co-glycolic acid), PBAE: poly(beta-

amino ester), PLL: polylysine, PAMAM: polyamidoamine. Adapted from Dahlman et. al.25 

 

Various biodegradable polymers commonly used for gene delivery have been 

modified and repurposed for protein delivery purposes. Poly(lactic-co-glycolic acid) 

(PLGA) is a copolymer used in various FDA-approved formulations recently shown to 

non-covalently deliver anti-annexinA2 (AnxA2) antibody.34 Release kinetics demonstrated 

the slow degrading features of the formulation had sustained antibody release and 

maintained functionality   Given the lack of hydrophobic segment in this carrier, 

encapsulation efficacy of only about 20% was achieved. Another commonly used 

biodegradable polymer, polyethyleneimine (PEI) was modified for protein delivery.35 PEI 

was grafted with fluoroalkanes to varying degrees via amine-isocyanate reactions. The high 

complexation ability and subsequent delivery of fluorinated carriers was shown, indicating 

the importance of hydrophobicity in the assembly. Similarly, other PEI36, 

poly(amidoamine)s (PAAs)37, and other biodegradable polymers and their derivatives have 

been studied for protein delivery. Another class of polymers, hyperbranched poly(-amino 
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ester)s (PBAEs) have gained significant attention for gene delivery.8 In one approach, 

PBAEs were modified with hydrophobic, cationic, and anionic segments in order to 

encapsulate proteins with simple mixing. The robust platform was able to complex proteins 

of varying sizes and enable functional protein delivery.  

Dendrimers are a type of highly ordered branched polymers. In general, dendrimers 

are symmetric around their central core and have a three-dimensional morphology. Surface 

groups of dendrimers are modified with various functional groups to alter their surface 

properties and ultimately tailor their biological properties. Similar to some biodegradable 

polymers previously discussed, the field of gene delivery has advanced with the use of 

dendrimer carriers and recently been applied for protein delivery. Cheng et. al. has 

designed various dendrimers with surface functionalities and stimuli responsiveness for the 

delivery of peptides and proteins. In one example, the hydrophilic surface amines of a 

generation 5 poly(amidoamine) (PAMAM) dendrimer were reacted with guanidinobenzoic 

acid to increase hydrophobicity via the aromatic pendant and protein complexation with 

the inclusion of the guanidinium group.38 Various antibodies, enzymes, and peptides were 

successfully delivered in vitro and in vivo. Mice bearing PC-9 tumors showed tumor 

growth reduction when the dendrimer delivered an apoptosis-inducing protein compared 

to controls. Despite these positive results, administration was done with intratumoral 

injections, indicating the challenges associated with systemic administration. In another 

example, the serum stability of dendrimer-protein complexes was improved by engineering 

a pH-responsive assembly-disassembly process.31 The surface modification of dendrimer 

with motifs having varying solubility at the physiological pH range allowed complexes to 
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maintain stability in the presence of serum and allowed dissociation of the cargo from 

carrier at the endosomal pH.  

Synthetic polymers can readily be designed to mimic the key structural features of 

naturally occurring macromolecules. Specifically, features of CPPs have been incorporated 

into synthetic protein carriers by various groups. Short sequences within proteins or 

peptides termed protein transduction domains (PTDs) have been extensively studied to 

determine their role in cellular entry. Cationic residues such as lysine and arginine, together 

with hydrophobic residues such as tryptophan, compose the structure of various CPPs, such 

as Pep-1 previously discussed. Polymers with side chains resembling these amino acid side 

chains have been used for protein delivery. In one example, Tew et. al. developed ring 

opening metathesis polymerization (ROMP)-based polymers mimicking PTD.39 These 

PTD mimics (PTDMs) demonstrated delivery of various fluorescent and functional 

proteins. PTMDs with arginine-like, guanidinium moieties performed better than those 

with primary amines, consistent with what is observed in CPPs. The architecture of PTDMs 

has also been explored.40 Polymers with random- or block-copolymer architecture were 

studied for their efficacy in protein delivery. PTDMs with isolated hydrophobic and 

hydrophilic segments performed significantly when EGFP was delivered to Jurkat T cells.  

An important characteristic to understand regarding polymeric carriers is the 

strength of interaction between the two macromolecules. The interaction between these 

two macromolecular entities can dictate stability, cellular entry, and finally, the release of 

the cargo inside the cell. Using fluorescence-based assays, the binding interaction and 

strength for polymers has been extensively studied.41,42 Although binding strength was not 

directly correlated to delivery efficacy, the intracellular function of the functional protein 
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was dictated by the unbinding of protein from the carrier. Overall, the understanding of 

interactions at the interface of the carrier and cargo is vital to enable more effective 

methods for protein delivery. 

Polymer-based nanocarriers are one of the most attractive methods for protein 

delivery due to their facile synthesis and endless modification strategies. The ability to 

synthesize and formulate varying polymer designs allows researchers to tackle the hurdles 

of poor complex stability and cellular entry, biodegradability, and biocompatibility. An 

improved understanding of the structure-activity relationship of polymer design and 

protein delivery is critical for the continued expansion of the field.  

1.3. Functional Group Design for Protein Carriers 

1.3.1. Guanidine and Guanidinium 

Guanidine-containing compounds are highly valued in many biological 

applications. Lessons learned from the field of CPPs and their mimics have demonstrated 

the importance of guanidinium groups and their interaction with biological membranes and 

macromolecular entities. Among CPPs, arginine-rich sequences have been shown to be 

highly efficient in cellular entry and have therefore been exploited for protein delivery. 

Various studies have demonstrated that guanidinium headgroups are primarily responsible 

for the uptake into cells.12 When other cationic residues, such as lysine, are replaced with 

guanidine-containing arginine, cellular uptake is enhanced. Various differing mechanisms 

can explain their importance on cellular entry, given both energy dependent and 

independent pathways lead to entry. A passive diffusion across the nonpolar cellular 

membrane is difficult to explain given the polarity of charged arginine residues. However, 

it is believed the polarity of the guanidinium groups is decreased through association with  
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surface associated oxyanionic groups, such as carboxylate and phosphate ions.12,43 These 

less polar ion pair complexes are capable of diffusing through the membrane. Methylation 

of guanidinium-rich oligomers demonstrate they are less efficient in cellular entry. Despite 

this, as mentioned previously, depending on the cargo carried across the membrane, the 

mechanism of entry may vary. Additionally, when association constants (Kassoc) are 

measured between anions and guanidinium/ammonium-containing compounds, it is 

revealed the  Kassoc is significantly stronger for guanidinium, indicating the strong bidentate 

interactions present.43 The high pKa (~13) of guanidinium provides a delocalized positive 

charge that can lead to efficient electrostatic interactions. The hydrogen bonding (HB) 

interactions present are also enhanced due to the strong ionic interaction, thus both 

interactions work dependently on one another.44  

 

Figure 1.4. Association constants (Kassoc) of interaction of ammonium and guanidinium 

ions with carboxylate (a) and phosphate (b) ions. Adapted from Aida et. al.43 

 

To date, various classes of carriers rich in guanidine have been developed to 

transport biological macromolecules, such as proteins, across the cell membrane. The 

attractive properties of guanidinium have led researchers to incorporate this distinctive and 

unique functional group into the carrier design.  
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1.3.2. Guanidine Derivatives  

As previously discussed, guanidine-containing compounds are highly valued for 

many biological applications. Despite the beneficial properties of guanidine-rich carriers, 

such as their cellular entry, this functional group has also been associated with various 

hurdles holding back protein carriers. Their cationic nature is in part responsible for poor 

stability in serum and high toxicity seen in various applications.  Naturally, this had led 

many researchers to design and develop guanidine-based derivatives with improved and 

tailored biological properties.  

The strong ionic, and bidentate hydrogen bonding interactions possible with 

guanidine-rich compounds have been significantly studied and are the main driving forces 

behind guanidine’s attractiveness. In many regards, a derivative that tailors these forces are 

possible through many approaches.  

In one example discussed briefly earlier, guanidine octamers were momo- or 

dimethylated and their cellular entry was studied.12 The alkylated guanidiniums had an 

attenuated ability to form strong HBs and therefore their cellular entry suffered. A 

reduction of 80 and 95% cellular entry, for mono- and dimethylated octamers, respectively, 

was observed. These results indicate how modification that restricts hydrogen bonds may 

negatively impact cellular entry and subsequently, delivery.  

A common derivative of guanidine commonly used, especially in medicinal 

chemistry, are acylguanidine’s. Acylguanidines have shown improved pharmacokinetic 

properties compared to those of the parent guanidine.45 The pKa of acylguanidine is 

lowered from ~13 down to ~8, significantly decreasing the basicity.46 The increased acidity 

of the acylguanidinium NH proton results in improved interactions and stronger binding to 
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carboxylates compared to guanidine. Given the prevalence of carboxylated on cellular 

membranes, acylguandine’s seem like an attractive derivative for delivery purposes.  

In another regard, some groups have attempted to enhance HBs by increasing the 

number of HB donors and acceptors available via guanidine-derivates. Namely, a 

guanidiniocarbonyl pyrrole (GCP) moiety was developed by Carsten Schmuck, et al., and 

used for the delivery of various macromolecules.47–49 A novel, zwitterionic moiety was 

designed by the acylation of guanidine and addition of a carboxyl pyrrole group. Initially, 

self-assembly binding behavior or GCP dimers was studied, revealing how complementary 

electrostatic interactions, extended HB sites, and hydrophobic interactions would aid in 

binding.47,49 This GCP moiety was grafted on various polymeric carriers and shown to 

condense nucleic acids efficiently, adding to the field of gene delivery. Overall, tailoring 

the features of guanidine, such as their electrostatic potential and HB ability, has led to 

various derivatives with enhanced properties. 

1.4. Dissertation Overview 

The aim of the following dissertation was to design, develop, and test polymer-

based carriers for the delivery of functional proteins. The work presented here aims to 

overcome the hurdles typically associated with protein delivery systems and aid the 

advancement of this new era of protein-based therapeutics.  

Specifically, Chapter 2 focuses on the design of a novel functional group and its 

structure-activity relationship for the delivery of various model system proteins and 

functional proteins. While commonly used approaches performed well in the absence of 

serum, the newly designed functional group demonstrated excellent stability and delivery 
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efficacy a serum-containing medium. This added stability provides significant promise to 

the development of functional materials with possible translational applications. 

Chapter 3 dives deeper into understanding how a key structural component in 

responsible for high efficacy in protein delivery. A series of polymeric carriers with tuned 

planarity, rigidity, and flexibility were used to delivery various proteins. The results 

indicated that while the rigidity and planarity did not influence the inter-macromolecular 

interactions between the carrier and the protein, the cellular entry was severely affected. 

Specifically, the planar conformation along the polymer side chain group led to the best 

delivery efficacy. 

Finally, the closing remarks briefly describe the translational applications for 

therapeutic protein delivery are currently ongoing. Direct uses that go a step-further than 

in vivo experiments show promise and provide insight on how this research is expected to 

move forward. 
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2.1. Abstract 

 Despite the high potential of controlling cellular processes and treating various 

diseases by intracellularly delivered proteins, current delivery systems exhibit poor 

efficiency due to poor serum stability, cellular entry, and cytosolic availability of proteins. 

Here, we report a novel functional group, phenyl carbamoylated guanidine (Ph-CG), that 

greatly enhances the delivery efficiency to various types of cells. Owing to the substantially 

lowered pKa, the hydrophobic Ph-CG offers optimized inter-macromolecular interactions 

via enhanced hydrogen bonding and hydrophobic interactions. The coplanarity of Ph-CG 

also leads to the better intracellular entry of protein complexes. Intracellularly delivered 

apoptosis-inducing enzymes and antibodies significantly induce cell viability inhibitions 

in a serum-containing medium. The newly developed Ph-CG can be introduced to various 

existing carriers, leading to the realization of future therapeutic protein delivery.      

2.2. Introduction 

 Abnormalities in the structure or inadequate concentrations of functional proteins 

are closely tied to numerous disorders such as diabetes,1 cancers,2 and inflammatory 

diseases.3 The cytosolic delivery of functional proteins could lead to efficient and specific 

control of cellular processes for various disease treatments.4 Despite the success and 

promise of the first protein-based drugs, current protein-based therapeutics are mainly 

designed to target the extracellular receptors or secretory proteins due to the cell membrane 

impermeability of most proteins.5 Therefore, the lack of effective approaches to delivering 

proteins to otherwise “undruggable” intracellular targets has sparked significant interest in 

developing versatile delivery systems.  
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While covalent coupling of cell membrane translocating moieties to proteins can 

be used, various non-covalent methods using lipids, peptides, and polymers have gained 

much attention due to the facile complex formation, without the risk of altered native 

function.6–8 The synergistic and balanced inter-macromolecular ionic, hydrophobic, and 

hydrogen bond (HB) interactions are essential to achieve complex stability, interactions 

with the cell membranes, and protein release to the cytosol.9,10 As the active functional 

group of cell-penetrating peptides,11,12 protein transduction domains,13,14 and numerous 

synthetic mimics,15–17 the guanidine group has played a pivotal role in translocating 

numerous biologically active substances across cellular membranes. The unique 

delocalized positive charge on a trigonal planar structure creates strong positive charges in 

a unique hydrophobic core, leading to efficient ionic and hydrophobic interactions with 

biomacromolecules.18 The charge-assisted bidentate HB interaction also offers additional 

binding strength, especially when multiple guanidine units collectively interact with 

biomacromolecules in a relatively hydrophobic environment.19,20 Despite the advantages, 

the same positive charge is often responsible for non-specific binding with serum proteins, 

resulting in destabilization of protein/carrier complexes, alternation of cellular entry 

pathways, and diminishing overall intracellular entry efficiency.21,22 The HB interactions 

in aqueous environments are also dramatically weakened as a large excess of water 

molecules strongly interacts with guanidine.23 Therefore, most guanidine-based protein 

delivery systems perform poorly in serum-containing media.24–27 To address the serum 

stability issue, protein delivery carriers have been modified with fluorous ligands,28 

zwitterionic moieties,29 and decreased positive charge density.26  
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Herein, we report a rational guanidine modification approach that greatly enhances 

the efficiency of protein delivery in serum-containing media. We hypothesized that a direct 

conjugation of planar carbamoyl (Cbm) group to guanidine (G) (i.e., CG) (Figure 2.1) will 

decrease pKa of guanidine, leading to decreased positive charge density in physiological 

environments.30,31 This reduced charge density is expected to increase the local 

hydrophobicity, which significantly enhances the efficiency of HB interactions in 

combination with the increased number (i.e., tridentate) of HB sites of CG.32 Recently, 

Cheng et al. reported that the nature (i.e., aliphatic versus aromatic) of local hydrophobicity 

at guanidine plays a significant role in enhancing complex stability and cellular delivery.33 

Several CG-functionalized model polymers were synthesized and tested for delivery of 

various proteins to various types of cells. Our results indicate that the coplanar phenyl 

group connected CG (i.e., Ph-CG) exhibits efficient delivery of proteins with various sizes 

and isoelectric points. The Ph-CG successfully delivers apoptosis-inducing proteins even 

in a serum-containing medium, as compared with most protein delivery systems showing 

a sharp efficiency decrease in the presence of serum.24,27 

2.3. Results and Discussion 

 Polynorbornenes (PNs) were selected as a model polymeric system to test the CG 

hypothesis because their physical properties (i.e., molecular weights and narrow molecular 

weight distributions) are well defined and several PN-based random and block copolymers 

containing both guanidine and hydrophobic units have been used for protein 

delivery.14,27,34,35 After synthesizing a guanidine-containing poly(oxanorbornene imide) 

(G, Figure 2.1), phenyl isocyanate was reacted with guanidine to synthesize the Ph-CG  
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Figure 2.1. Chemical structures of PNs containing various functional groups. CG: 

Carbamoylated (Cbm) Guanidine (G); Ph: Phenyl; Bz: Benzyl; PhPr: Phenylpropyl; and 

PhBu: Phenylbutyl. 

 

containing PN. Synthesis of Bz, PhPr, and PhBu was done via the reaction of the respective 

primary amines and the N,N’-di-boc-guanidine containing PN.36 Random and block 

copolymers with repeating units bearing both guanidine and aromatic benzyl side chains 

(random-Bz-G and block-Bz-G) were also synthesized as control PNs (Scheme 2.1 and 

2.2). 

Before complexation, PNs dissolved in DMSO were diluted with water to make 

aqueous PN stock solutions. Complexation was achieved by mixing the corresponding PN 

and protein in an aqueous solution. Nanoparticle tracking analysis (NTA) and zeta potential  
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Table 2.1. Summary of molecular weights (Mn and Mw, kDa) and acidity constant (pKa) 

of polymers and the hydrodynamic diameters (HD, nm), zeta potentials (), and 

dissociation constants (Kd, M) of PN/BSA complexes. 

PNs Mn Mw HD[a] [a] Kd
[b] pKa

[c] 

G 4.8 5.4 NA NA NA NA 

Ph-CG 5.5 5.9 200  55 -14.3 3.7  0.8 6.1 

Bz-CG 5.7 6.1 179  31 -15.3 3.8  0.6 6.1 

PhPr-CG 5.7 6.1 168  44 -11.6 3.1  04 6.3 

PhBu-CG 5.7 6.1 175  36 -13.4 5.7  1.2 6.1 

random-Bz-G 

(5k) 
5.0 5.6 230  50 -8.9 3.3  0.6 NA 

block-Bz-G 

(5k) 
4.5 5.1 178  45 -6.1 5.3  1.3 NA 

random-Bz-G 10.3 11.4 208  54 -11.9 - NA 

block-Bz-G 8.9 10.3 209  48 -14.5 - NA 

[a] Concentrations of polymer and BSA in the complexes were 10 M and 100 nM, 

respectively. Values represent mean  standard deviation of the arithmetic values 

calculated for all nanoparticles recorded by the NTA software. [b] Dissociation constants 

were calculated using rhodamine labelled BSA. [c] Effective pKa was determined by pH 

titration. NA: Not able to determine under the titration condition. 

 

measurements indicate that all PNs form relatively uniform nanometer size complexes with 

slightly negative zeta potentials (Table 2.1, Figure 2.2), despite the excess amounts of PNs 

used in the complex. Considering the negatively charged bovine serum albumin (BSA) in 

neutral pH,37 the negative zeta potentials of PN/BSA complexes suggest the possible 

neutral (or slightly positive) charge of PNs, especially for Ph-CG. It is reported that the 

acylation on guanidine results in a sharp pKa decrease from 12-13 to ~8.38 The pKa values 

of CG derivatives were measured as ~6.1 using the pH titration method (Figure 2.3);26,39 

therefore, Ph-CG exists as neutral in the physiological environment. Nevertheless, 

fluorescence quenching assays using rhodamine-labeled BSA (Rho-BSA) confirm the high 

protein affinity of Ph-CG. The fluorescence intensity of Rho-BSA will be decreased as the  



 27 

 

 

 

 

 



 28 

 

 

 

Figure 2.2. HD plots for PNs (left) and PN/BSA complexes (right), demonstrating 

formation off relatively monodisperse nanoparticles after complexation. 

 

Rho-BSA concentration increases in the complex due to self-quenching. By monitoring the 

fluorescence quenching of Rho-BSA as a function of PN concentrations, the dissociation 

constants (Kd) of PN/BSA complexes were determined as ~3-5 µM (Figure 2.4 and 2.5).34 

The protein loading efficiency was also determined by measuring the amount of red algae-

phycoerythrin (R-PE) in the supernatant after centrifugation of PN/R-PE complexes.5 Most 

CbmG derivatives and control random-Bz-G complex ~90% of R-PE (Figure 2.6). Despite 

similar Kd values and R-PE loading ratios, the complex stability in phosphate-buffered 

saline (PBS) containing 10% fetal bovine serum (FBS) is significantly different depending 
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Figure 2.3. (a) pH titration curves of PNs with KOH from pH 3 to 11. (b-c) Method for 

pKa determination of Ph-CG (b) and random-Bz-G (c). No value was determined using 

this method for random-Bz-G as there is only maximum pH. 

 

 

Figure 2.4. Relative fluorescent quenching of Rho-BSA complexed with various PNs. 

Data represents the average of 3 independent experiments. Errors bars were omitted for 

clarity of data. 
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on the functional group. The amounts of free R-PE released from complexes (i.e., in the 

supernatant after centrifugation) over time were monitored via fluorescence 

measurements.5,40 Both Ph-CG and random-Bz-G exhibit full complexation of R-PE over 

the incubation time in a serum-free medium, although the block-Bz-G only exhibits ~60% 

complexation efficiency (Figure 2.7a). In the presence of serum, the Ph-CG/complex 

exhibits minimal loss of R-PE over the incubation time, indicating the complex stability 

was not compromised by the serum proteins (Figure 2.7b). Meanwhile, both random and 

block-Bz-G complexes had a sharp loss of complexed R-PE after 30 min, suggesting 

substantial complex dissociation.  

 

 

Figure 2.5. Fractional saturation and fitting curves of PNs with Rho-BSA. 
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Figure 2.6. Loading ratio of R-PE by PNs. Data represents mean of three independent 

experiments +/- standard deviation. 

 

Another CbmG derivative, Bz-CG, also exhibits excellent serum stability similarly to Ph-

CG (Figure 2.8). Complex stability was also studied using Rho-BSA and fluorescence 

quenching experiments, demonstrating similar results (Figure 2.9).24,41 Considering the 

similar physical properties of the PN/protein complexes, this substantial serum stability 

difference between CbmG- and conventional guanidine-containing PNs is due to enhanced 

HB interactions of CbmG from low pKa value and attached hydrophobicity.23 
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Figure 2.7. Stability of R-PE complexes of Ph-CG, random-Bz-G, and block-Bz-G in PBS 

(a) and PBS with 10% FBS (b). While all complexes show a relatively good stability in 

PBS, the complex stability in the serum-containing medium is substantially different. Ph-

CG/protein complex exhibits high serum stability over the extended incubation time. 

 

 

Figure 2.8. Stability of Bz-CG/R-PE complexes in PBS containing 10% FBS. Data 

represents mean of three independent experiments +/- standard deviation. 
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Figure 2.9. Stability of Ph-CG (a), Bz-CG (b), and random-Bz-G (c) complexes with Rho-

BSA in PBS or in PBS containing 10% FBS. All PN/Rho-BSA complexes exhibits similar 

fluorescence intensity to that of the initial complex over time. In the presence of serum 

(right), the Ph-CG and Bz-CG/complex exhibits no fluorescence changes over the 

incubation time, indicating the complex stability was not compromised by the serum 

proteins. Meanwhile, the fluorescence intensity of random-Bz-G/protein complex was 

sharply increased within 10 min of incubation, suggesting complex dissociation. 

 

All PNs exhibited no noticeable cell viability inhibition up to 40  M, except the 

guanidine-containing PN (G) that showed a slight viability inhibition (~15%) at that 

concentration (Figure 2.10). Using flow cytometry, the cellular protein delivery 

efficiencies of PNs were evaluated by measuring the median fluorescent intensity (MFI) of 

HeLa cells incubated with PNs/R-PE complexes in a serum-containing medium overnight.  
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Figure 2.10. Cell viability inhibition of PNs at various concentrations. 

 

As shown in Figure 2.11, Ph-CG with molecular weight (MW) of ~5,000 g/mol exhibits 

about 5- and 300-fold higher MFI than the control random-Bz-G and the commercially 

available PULSin reagent, respectively, despite all PN/R-PE treated cells being R-PE 

positive. Structurally, the hydrophobic phenyl group is directly introduced to guanidine via 

the Cbm extension in Ph-CG, whereas the charges and hydrophobic groups in the control 

PNs are segregated in either random or block backbone structures, similarly to other PN- 

based protein delivery systems.35 The control PNs with doubled MWs, in which the PNs 

have the same numbers of guanidine and hydrophobic unit per repeating unit as those of 

Ph-CG, exhibit no improved delivery efficiency. Unlike previously reported systems,35 the 

block copolymer exhibited poorer R-PE delivery than the random copolymer, likely due to 

their low efficiency in R-PE loading (Figure 2.6). Control polymers containing Ph side 

chains (i.e., random and block-Ph-G; Figure 2.12a) were also synthesized and tested for an 

appropriate comparison to Ph-CG. Because there was no efficiency difference observed  
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Figure 2.11. Median fluorescence intensity of HeLa cells treated with PN/R-PE complexes 

for 18 h. The percent R-PE positive cells are presented on the right axis. The concentration 

of polymer and R-PE was 10 M and 15 nM, respectively. R-PE only was used as a 

negative control. PULSin was used as a positive control according to the suggested 

guidelines by the manufacturer. Data shown is the mean of three independent experiments 

 standard deviation. 

 

between Bz- and Ph-containing control polymers (Figure 2.12b), we selected random- and 

block-Bz-G as controls for subsequent experiments given their structural similarity to 

benzyl ester-containing polymers used in previous studies.14 Most importantly, it is 

interesting to observe that the R-PE delivery efficiency decreases exponentially as the 

chain length between Ph and CG increases (Figure 2.11). The separation of the phenyl ring 

by 1 carbon unit (i.e., Bz-CG) decreases the protein uptake efficiency by ~75% and a 

further increase in the distance (i.e., PhPr and PhBu) eventually leads to minimal delivery. 
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Figure 2.12. (a) Chemical structure of control polymers random- and block-Ph-G. (b) 

Median fluorescence intensity of HeLa cells treated with PN/R-PE complexes for 18 h. 

The concentration of polymer and R-PE were 10 µM and 15 nM, respectively. Data shown 

is the mean of three independent experiments +/- standard deviation. 

 

Considering very similar pKa, complex serum stability, and amount of complexed R-PE 

among the CG derivatives, we believe that the coplanarity of Ph-CG contributes to better 

cellular entry through better interactions with the membranes, resulting in high protein 

delivery efficiency. While the Ph group maintains the coplanarity with CG in Ph-CG and 

thus the rigidity of the active group is maintained, no coplanarity is present when the phenyl 

group is connected to Cbm through methylene spacers due to the free rotation of the 

methylene group. It has been reported that the rigidity of delivery materials plays a crucial 

role in cellular entry due to enhanced membrane interactions.42,43 

The robust design concept of Ph-CG for universal protein delivery was examined 

by treating primary human mesenchymal stem cells (MSC) and CD4+ T cells, respectively, 

with Ph-CG/fluorescent proteins (FPs) in serum-containing media. As shown in Figure 

2.13, Ph-CG efficiently delivers various FPs with different sizes and surface properties to  
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Figure 2.13. Flow cytometry histograms of Ph-CG mediated delivery of EGFP, Rho-BSA, 

and R-PE into HeLa, Mesenchymal Stem Cells (MSC), and T cells. Almost complete cell 

populations show signals from R-PE within 3 h of treatment. The concentrations of 

polymer, R-PE, EGFP, and Rho-BSA were 10 µM, 15 nM, 60 nM, and 100 nM, 

respectively. 

 

hard-to-transfect cells with greater than 80% of the FP positive cell populations.    

Interestingly, Rho-BSA delivery efficiency was generally lower than that of the intrinsic 

FPs. We speculate that the altered surface functionalities from chemical conjugations of 

Rho to BSA could be responsible for the relatively low delivery efficiency. For those non-

FPs with smaller size (e.g., 13.7 kDa RNase A) and positively charged surfaces [i.e., RNase 

(pI 8.6) and Saporin (pI 9.3)], functional assays were used to validate Ph-CG-mediated 

delivery in a serum-containing medium (see below). Cellular entry pathway studies 
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indicate that the internalization of the Ph-CG/R-PE complex primarily occurs via energy-

dependent pathway (Figure 2.14). Ph-CG/R-PE entry was decreased under the pretreatment 

of various pharmacological endocytosis inhibitors, implying that those relatively well-

studied endocytosis pathways (i.e., clathrin-mediated endocytosis and macropinocytosis) 

are also involved in Ph-CG/FPs entry to HeLa cells. 

 

Figure 2.14. Relative median fluorescence intensity of HeLa cells in energy-independent 

conditions (ATP depletion and 4 ℃) or pre-treated with various pharmacological 

endocytosis inhibitors followed by incubation with Ph-CG/R-PE complex for 1 h. The 

concentration of polymer and R-PE were 10 µM and 15 nM, respectively. Data shown is 

the mean of three independent experiments +/- standard deviation. 
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Figure 2.15. Viability of HeLa cells treated with Ph-CG/Saporin (a) and Ph-CG/Anti-pAkt 

(b) at various protein concentrations in a serum-containing medium. The concentration of 

polymer was kept constant at 10 µM. Data represents the mean of three independent 

experiments ± standard deviation. 

 

We further tested the ability of Ph-CG for functional protein delivery. Saporin is a 

ribosome-inactivating protein that irreversibly blocks the synthesis of proteins in cells.44 

RNase A is an enzyme capable of degrading RNA chains and thus exhibiting toxic 

effects.45 While both cell membrane-impermeable proteins show no toxicity on HeLa cells, 

an exponential cell viability inhibition was observed when Saporin (32.8 kDa) was  
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Figure 2.16. Viability of HeLa cells treated with saporin only and saporin complexes at 

various concentrations in a serum-free medium. The concentration of PNs was kept 

constant at 10 µM. Data represents the mean of 3 independent experiments +/- standard 

deviation. 

 

delivered by Ph-CG at less than 0.03 g/mL (Figure 2.15a). It is noteworthy that this 

functional protein delivery was conducted in a serum-containing medium and the 

efficiency is very similar regardless of the serum (Figure 2.16). The positive controls 

exhibit poor activities in the presence of serum, similarly to most of the reported systems.24 

Delivered RNase by Ph-CG also shows concentration-dependent exponential cell viability 

decrease (Figure 2.17). However, RNase delivery was more efficient in a serum-free 

medium, indicating that Ph-CG works better with larger proteins than RNase. Compared 

to Ph-CG/Saporin, NTA analysis indicates significantly larger HD for Ph-CG/RNase 

(Figure 2.18), suggesting potential loose complex formation that may be susceptible to 

serum proteins. Previously, a comparable PN-based system also reported poor complex 

formation with small proteins. Nevertheless, this viability inhibition result indicates that 

internalized proteins escape from endosomes and/or use different pathways (e.g., via leaky 

macropinosomes in macropinocytosis) to reach the cytosolic targets. We further sought to  
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Figure 2.17. Viability of HeLa cells treated with RNase only and Ph-CG/RNase A 

complexes at various RNase concentrations in a serum-free (a) and a serum-containing 

medium (b). The concentration of polymer was kept constant at 10 µM. Data represents 

the mean of 3 independent experiments +/- standard deviation. 

 

 

 
Figure 2.18. HD plots for saporin (left) and RNase A (right) complexes. 

 

test the ability of Ph-CG in delivering a functional antibody. The phosphorylation of 

protein kinase B (i.e., pAkt) is closely tied to promoting growth factor-mediated cell 

growth and proliferation. Therefore, blocking the pathway could result in increased 

apoptosis.46,47 Anti-pAkt was successfully delivered by Ph-CG by showing a dose-

dependent cell viability decrease (Figure 2.15b). This antibody delivery result strongly 

supports that the internalized antibody retains its activity and reaches the epitope in the 

cytosol. 
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Figure 2.19. Confocal images of HeLa cells treated with Ph-CG/FITC-BSA (a: 1 h and b: 

18h) and random-Bz-G/FITC-BSA (c: 1h and d: 18h). Blue: nucleus, green: FITC-BSA, 

red: Lysotracker. PCC scores are indicated in the lower right corner. Scale bar: 20  m. 

 

Confocal microscopic images of HeLa cells treated with Ph-CG/fluorescein isothiocyanate 

(FITC) labeled-BSA show a diffused but intense cytosolic staining pattern that is quite 

different from the characteristic puncta (Figure 2.19 and Figure 2.20 for other FPs). To 

determine whether FITC-BSA delivered by Ph-CG and random-Bz-G, respectively, are 

localized in acidic endosome/lysosome, we counter-stained cells with Lysotracker Red, 

and used the Pearson’s correlation coefficient (PCC) method to quantitatively analyze the 

levels of overlap between green and red colors. Low PCC scores of 0.17 and 0.25 were 

calculated from cells treated for 1 h with Ph-CG and random-Bz-G, respectively, indicating 

FITC-BSAs are not in acidic organelles. When the treatment time increased to 18h, the 

PCC score from the control random-Bz-G treated cells increased substantially (i.e., 0.68), 
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indicating high FITC-BSAs localization in the endosome/lysosome. Meanwhile, the low 

PCC score (0.32) of 18 h Ph-CG/FITC-BSA treated cells indicates that the location of 

FITC-BSA is not in acidic organelles. From the unique imaging pattern and colocalization 

result, we assume that Ph-CG could use other entry pathways that are not heavily related 

to conventional well-studied endocytoses, although further mechanistic studies are 

required. 
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Figure 2.20. Confocal microscope images of HeLa cells incubated with PN and PULSin 

complexes of R-PE (a), FITC-BSA (b), and EGFP (c). Concentrations of PN, R-PE, FITC-

BSA and EGFP were 10 µM, 15 nM, 100 nM and 100 nM, respectively. 
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2.4. Conclusion 

In summary, we introduced a rational design concept of guanidine modification to 

substantially improve functional protein delivery efficiency. The decreased pKa of planar 

CG increases local hydrophobicity and HB interactions, allowing the formation of stable 

protein complexes with improved complex stability in a serum-containing medium. We 

also found that the coplanarity of the Ph group directly introduced to CG plays a significant 

role in the cellular entry. A PN containing Ph-CG efficiently delivers various proteins with 

different sizes and surface charges to multiple cells including hard-to-transfect cells in 

serum-containing media. The developed functional group can be introduced to many 

existing biologic delivery platforms, and our discovery can provide new insights to tackle 

the issues associated with therapeutic protein delivery. 

2.5. Experimental and Supporting Information 

2.5.1. Physical Characterization of PNs and PN/BSA Complexes 

Molecular Weight Determination -   Aliquots of polymer solutions in tetrahydrofuran 

(THF) or dichloromethane (DCM) were diluted in 1 mL of HPLC-grade THF and filtered 

through a 0.45 m polytetrafluoroethylene (PTFE) syringe filter prior to injection. 

Measurement of Hydrodynamic Diameters and Zeta Potential - Nanoparticle tracking 

analysis (NTA) was used to determine the hydrodynamic diameter (HD) of PN/protein 

complexes. Briefly, PN stock solutions were prepared by dissolving dried PN powders in 

DMSO and diluting to final concentrations of 1 mM in DMSO. Adequate volumes of PN 

stock solutions were diluted in water (20% v/v) and mixed with equal volumes of BSA 

solution for a final complex volume of 100 L. Complexes were incubated for 30 min at 

room temperature before a ten-fold dilution in PBS to a final volume of 1 mL (final 
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PN/BSA concentration was 10 M and 100 nM, respectively). 1 mL of this solution was 

then injected into the NTA chamber and videos of the scattering particles was recorded for 

30 seconds. The software identified each individual particle and tracked its motion, relating 

the particle displacement as a function of Brownian motion, which relates to the particle 

size through the Stokes-Einstein equation. The concentrations of samples were chosen to 

meet the manufacturers’ recommendation of 20-100 particles per frame and a concentration 

of 107-109 particles/mL. All measurements were performed in triplicate at 25 C. HD plots 

are listed below for PNs (10 M)  and PN/BSA complexes (10 M/100 nM), demonstrating 

the formation of monodisperse nanoparticles upon addition of BSA. Values given is the 

mean HD of three readings +/- mean standard deviation (SD). In this study, SD is defined 

as the arithmetic value calculated with the sizes of all of the particles analyzed by the 

software.  Zeta Potential was acquired by preparing samples in the same way as for NTA 

prior to analysis. 

2.5.2. pKa Determination 

pKa was determined for the different PNs by preparing a 2 mM polymer solution in 1 mL 

of acidified (pH ~3) 100 mM NaCl solution and titrating from pH ~3 to 11 with 5 µL 

increments of a 25 mM KOH solution. For the titration, the pH was determined using a 

Mettler Toledo InLab Ultra-Micro pH Probe. pKa value for each polymer was determined 

by plotting the pH/volume of KOH and identifying the largest pH. For polymers with 

two maxima, the volume of the median point between the two maxima was chosen as the 

point where pH = pKa. For random-Bz-G and block-Bz-G, no deprotonation of the cationic 

moiety occurs and therefore titration curves are only representative of the change in pH of 

solution. 
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2.5.3. Fluorescent Quenching Titration 

The complexation between the PNs and protein was studied by monitoring the fluorescence 

emission intensity (Ex: 540 nm; Em: 576 nm) of rhodamine-labelled bovine serum albumin 

(Rho-BSA) as a functional of increasing concentrations of PNs. Rhodamine quenching was 

indicative of protein binding. PN stock solutions were prepared by dissolving dried PN 

powders in DMSO and diluting to final concentrations of 3.2 mM in DMSO. Polymer 

solutions were serially diluted (1:1) in DMSO (from 3.2 to 0.5 mM) and further diluted in 

H2O (20% v/v). Emission of Rho-BSA solutions was taken before and after the addition 

of adequate volumes of polymer solutions, and the relative emission intensity as a function 

of polymer concentration was plotted. Final concentration of Rho-BSA was 100 nM and 

of polymers ranged from 32-0.5 M. 

 

2.5.4. Dissociation Constant Determination 

The dissociation constant was determined by converting the relative fluorescence 

quenching plots to fractional saturation plots using equation 1 below: 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (𝑦) =
𝐹𝑃−𝐹0

𝐹𝑠𝑎𝑡−𝐹0
  (1) 

where F0, FP, and Fsat were the relative emission intensities of Rho-BSA only, 

polymer/Rho-BSA complexes at the various concentrations tested, and polymer/Rho-BSA 

at saturation. The dissociation constant was determined by equation 2 below: 

𝑦 =
(𝑃+𝑐+𝐾𝑑)−√(𝑃+𝑐+𝐾𝑑)2−4𝑃𝑐

4𝑐
   (2) 

where y is the fractional saturation plot obtained with equation 1, P is the polymer 

concentration (x-axis) and c is the constant Rho-BSA concentration (100 nM). Kd was 

determined using the non-linear curve fitting module of Origin 8.5 and equation 2. 
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2.5.5. Protein Loading Ratio 

The loading ratio of R-PE was determined by measuring the fluorescence of non-

complexed R-PE in centrifuged complexes. PN stock solutions were prepared by 

dissolving dried PN powders in DMSO and diluting to final concentrations of 1 mM in 

DMSO. Adequate volumes of PN stock solutions were diluted in water (20% v/v) and 

mixed with equal volumes of R-PE solution for a final complex volume of 50 L. 

Complexes were incubated for 30 min at room temperature before a ten-fold dilution in 

PBS to a final volume of 500 L (final PN/R-PE concentration was 10 M and 15 nM, 

respectively). The solutions were centrifuged at 22,000 x g for 10 min. The supernatant 

was collected in a cuvette and the fluorescence intensity of R-PE in the supernatant was 

measured at 574 nm. The amount of R-PE in supernatant was calculated according to the 

standard curve of R-PE in the same solvent composition. 

 

2.5.6. Serum Stability Assay 

R-PE release assay - The stability of complexes was studied by monitoring the fluorescence 

of the R-PE released from complexes. PN stock solutions were prepared by dissolving 

dried PN powders in DMSO and diluting to final concentrations of 1 mM in DMSO. 

Adequate volumes of PN stock solutions were diluted in water (20% v/v) and mixed with 

equal volumes of R-PE solution for a final complex volume of 50 L. Complexes were 

incubated for 30 min at room temperature before a ten-fold dilution in PBS with 10% FBS 

to a final volume of 500 L (final PN/R-PE concentration was 10 M and 15 nM, 

respectively). The solutions were incubated at room temperature for the respective amounts 

of time before being centrifuged at 22,000 x g for 10 min. The supernatant was collected 

in a cuvette and the fluorescence intensity of R-PE in the supernatant was measured at 574 
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nm. The amount of R-PE in supernatant was calculated according to the standard curve of 

R-PE in same solvent composition.   

Rho-BSA Quenching Assay - The stability of complexes in the presence of 10% fetal 

bovine serum (FBS) was studied by monitoring the fluorescence of PN/Rho-BSA 

complexes over 2 hours. Briefly, 40 L of complexes were prepared by mixing equal 

volumes of polymer and Rho-BSA solutions and allowing them to complex for 30 min. 

These complexes were then diluted into 360 L of either PBS or PBS with 10% FBS and 

the emission spectra was recorded immediately. Final concentration of PN and Rho-BSA 

was 10 M and 100 nM, respectively. The complexes were allowed to sit at room 

temperature between readings. 

2.5.7. Cell Culture 

HeLa cells were cultured in Gibco DMEM High Glucose medium supplemented with 10% 

(v/v) FBS and 1% (v/v) Penicillin-Streptomycin mixture. Mesenchymal stem cell (MSC) 

and T cell were cultured and treated with PN/R-PE at Prof. Sackstein’s laboratory at Florida 

International University with technical assistant. MSC were isolated from patient adipose 

samples and cultured in Gibco DMEM High Glucose medium supplemented with 10% 

FBS. T cells were isolated from a PMCB suspension and cultured in RPMI supplemented 

with 10% FBS. 

2.5.8. PN Toxicity Assay 

HeLa cells were seeded in a 96-well plate (~10,000/well) in 200 L of complete medium 

and allowed to attach for one day at 37 C under a humidified atmosphere of 5% CO2 prior 

to sample treatment. Final concentrations of 40, 20, 10, and 5  M were added into the 

complete media by dilution of the polymer stock solutions. After addition of the samples, 
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cells were incubated for 18 h prior to treatment with 10 L of methylthiazole tetrazolium 

(MTT) (5 mg/mL in PBS) and incubated for 4 h at 37 C. After incubation, 200 L of 

medium was gently removed and 100 L of biological grade DMSO was added to 

solubilize the purple formazan crystals. Absorbance was measured by microwell plate 

reader. Cell viability was determined as a function of absorbance of each sample relative 

to control wells. All measurements represent the average of three independent 

measurements +/- standard deviation.   

2.5.9. Flow Cytometry Analysis 

Hela cells and MSCs were seeded into 12 or 6-well plates (~100,000/well or ~60,000/well, 

respectively) in complete media and allowed to attach for one day at 37 C under a 

humidified atmosphere of 5% CO2 prior to sample treatment. In contrast, T-cells were 

counted plated in 12-well plates (~400,000/well) in complete RPMI media and treated right 

away. R-PE, EGFP, FITC-BSA, and Rho-BSA stock solutions were diluted to working 

concentrations with 1X PBS. Polymer stock solutions were prepared at 1 mM in DMSO. 

40 L of polymer/protein complexes were prepared by mixing appropriate volumes of 

polymer and protein substock solutions and incubating for 30 min at room temperature in 

the dark. Complexes were added dropwise to each well to the cells in complete media and 

incubated for varying periods of time, depending on the experiment. After the incubation 

periods required, adherent cells were rinsed three times with full volumes of PBS, followed 

by washing with 1 M  heparan sulfate solution to remove any extracellular surface-bound 

complexes. The cells were harvested with TrypLE, transferred to centrifuge tubes, rinsed 

an additional three times with PBS before being finally resuspended in 300 L of PBS. In 

the case of suspension cells, cells were transferred to centrifuge tubes, centrifuged, and 
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resuspended in PBS three times. Cells were analyzed by flow cytometry, in which data for 

10,000 events were collected. Analysis for primary cells were performed with supervision 

and technical assistance of Dr. Sackstein group. 

2.5.10. R-PE Uptake of Control Polymers 

In order to study the R-PE uptake, HeLa cells were treated with PN/R-PE complexes (final 

concentration of PN and R-PE were 10 µM and 15 nM, respectively) before analyzed by 

flow cytometry analysis as described previously. 

2.5.11. Cellular Entry Pathway 

In order to study the mechanism of uptake, HeLa cells were treated with Ph-CG/R-PE 

complexes (10 µM/15 nM) for 1 h under energy-independent conditions or under pre-

treatment with various pharmacological inhibitors. Briefly, HeLa cells seeded the day prior 

to sample treatment in 12-well plates (100,000/well). The day of experiment, cells were 

equilibrated for 30 minutes under 4 C, ATP depletion conditions (NaN3: 10 mM & 2-

deoxyglucose: 50 mM), chlorpromazine (28 µM), LYS 294003 (3 µM), Cytochalastin D 

(10 µM), methyl-B-cyclodextrin (1 mM) and genistein (200 µM) or normal culture 

conditions. Complexes were added dropwise, and cells were incubated for 1 h prior to 

analysis via flow cytometry as described previously. 

2.5.12. Functional Protein Delivery 

MTT assay was performed with PN/protein complexes are described previously. In short, 

serial dilutions of saporin, RNase, or anti-pAkt were prepared and complexes with various 

PNs. For serum-containing media, complexes were added to HeLa cells and incubated 

overnight prior to MTT treatment. For serum-free experiments, complexes were added in 
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DMEM for 4 h and the media was replaced with complete media overnight prior to MTT 

treatment. 

2.5.13. Confocal Imaging 

Hela cells were seeded on 12-well plates (~60,000/well) containing glass coverslips one 

day before sample treatment. Complexes were prepared as described previously. After 

incubation for varying periods of time using same culture conditions discussed earlier, the 

medium was removed, and cells were washed three times with PBS and once with heparan 

sulfate. Cells were fixed with 4% PFA for 10 minutes and rinsed once with PBS. Nuclei 

were stained with Hoechst 33342 at final concentration of   1 µg/mL for 7 minutes. For 

cells with Lysotracker Red staining, the manufacturers protocol was followed. The 

coverslips were mounted on microscope slides using 1:1 glycerol/PBS mounting medium. 

2.5.14. Synthesis 

 

 

Scheme 2.1. Synthesis of monomer 5 and 6. 

Monomer Synthesis - Monomers 5 and 6 were used for polymerization and synthesized 

following previously reported procedures. Briefly, synthesis of monomer 5 began with the 
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N-Boc protection of ethylenediamine with the addition of 0.1 equivalents of di-tert-butyl 

decarbonate dropwise overnight. N-Boc protected ethylenediamine was refluxed with 

compound 1 and was precipitated after reaction was complete, yielding compound 3. This 

compound was deprotected using TFA (compound 4) and the free amine was converted to 

Boc-protected guanidine (compound 5). Compound 6 was synthesized by refluxing 

compound 1 with benzylamine. 

2: Yield: 83%. 1H NMR (400 MHz, CDCl3):  5.44 (br s, 1H), 2.96 (s, 2H), 2.59 (t, 2H), 

1.25 (s, 9H), 1.04 (s, 2H). 

 
 

 

3: Yield: 50%. 1H NMR (400 MHz, CDCl3):  6.51 (s, 2H), 5.25 (s, 2H), 4.79 (s, 1H), 3.62 

(t, 2H), 3.30 (t, 2H), 2.84 (s, 2H), 1.41 (s, 9H). 
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4: Yield: 85%. 1H NMR (400 MHz, DMSO-d6):  7.98 (s, 3H), 6.56 (s, 2H), 5.14 (s, 2H), 

3.62 (t, 2H), 2.94 (m, 4H). 

 
 

5: Yield: 68%. 1H NMR (400 MHz, CDCl3):  11.40 (s, 1H), 8.39 (s, 1H), 6.48 (s, 2H), 

5.23 (s, 2H), 3.67 (t, 2H), 3.60 (t, 2H), 2.84 (s, 2H), 1.44 (m, 18H). 
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6: Yield: 70%. 1H NMR (400 MHz, CDCl3):  7.30 (m, 5H), 6.52 (s, 2H), 5.29 (s, 2H), 

4.64 (s, 2H), 2.86 (s, 2H). 

 
 

 

Scheme 2.2. Synthesis of polymers (G, Ph-CG, Bz-CG, PhPr-CG, PhBu-CG, random-Bz-

G, block-Bz-G). 

 

Synthesis of G. Monomer 5 was dissolved in DCM. Grubbs 3rd generation catalyst was 

dissolved in DCM and added to the stirring monomer solution. After 60 min, the living 

polymer was end-capped with 1 mL of ethyl vinyl ether. The polymer solution was 
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precipitated into stirring diethyl ether (3x) and dried. The dried solid was dissolved in a 

DCM/TFA mixture (1:1, v/v) and deprotected overnight. The reaction mixture was 

precipitated (3x) and collected via centrifugation. 

G protected: 1H NMR (400 MHz, CDCl3):  11.45 (br, 1H), 8.46 (br, 1H), 6.06 (br, 1H), 

5.73 (br, 1H), 4.98 (br, 1H), 4.48 (br, 1H), 3.65 (br, 4H), 3.35 (br, 2H), 1.47 (d, 18H). 

 

 
 

G: 1H NMR (400 MHz, DMSO-d6):  7.97 (br, 1H), 7.42 (br, 4H), 5.97 (br, 1H), 5.76 (br, 

1H), 4.94 (br, 1H), 4.45 (br, 1H), 3.51 (br, 2H), 3.34 (br, 4H). 

 
 

 

Synthesis of Ph-CG. G polymer was dissolved in dry DMF. 5 equivalents of phenyl 

isocyanate were added. The mixture was sealed in a vial and allowed to react overnight at 
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75 C. The reaction mixture was precipitated into diethyl ether (3x) and the polymer was 

collected via centrifugation. 

 

Ph-CG: 1H NMR (400 MHz, DMSO-d6):  11.70 (br, 1H), 9.59 (br, 1H), 9.15 (br, 2H), 

7.91 (br, 2H), 7.69 (br, 1H), 7.55 (br, 2H), 5.75 (br, 2H), 4.91 (br, 1H), 4.41 (br, 1H), 3.60 

(br, 4H), 3.24 (br, 2H). 

 
 

 

Synthesis of Bz, PhPr, PhBu-CG. Protected G polymer was dissolved in THF to which 2.5 

equivalents of benzylamine, 3-Phenylpropylamine or 4-Phenylbutylamine were added. The 

mixture was sealed in a vial and allowed to react overnight at 75 C. The reaction mixture 

was precipitated into diethyl ether (3x) and then deprotected in DCM/TFA mixture (1:1, 

v/v). Deprotected polymer solution was precipitated into diethyl ether (3x) and polymer 

collected via centrifugation. 
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Bz-CG protected: 1H NMR (400 MHz, CDCl3):  12.04 (br, 1H), 8.14 (br, 1H), 7.20 (br, 

5H), 5.97 (br, 1H), 5.67 (br, 1H), 4.97 (br, 1H), 4.33 (br, 3H), 3.56 (br, 4H), 3.17 (br, 2H), 

1.44 (s, 9H). 

 
 

Bz-CG: 1H NMR (400 MHz, DMSO-d6):  9.15 (br, 1H), 8.61 (br, 2H), 7.99 (br, 1H), 7.27 

(br, 5H), 5.92 (br, 1H), 5.71 (br, 2H), 4.94 (br, 1H), 4.41 (br, 1H), 4.25 (br, 4H), 3.75 (br, 

4H). 
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PhPr-CG protected: 1H NMR (400 MHz, CDCl3):  12.10 (br, 1H), 8.13 (br, 1H), 7.27 

(br, 2H), 7.21 (br, 3H), 5.98 (br, 1H), 5.68 (br, 1H), 4.99 (br, 1H), 4.34 (br, 1H), 3.63 (br, 

2H), 3.16 (br, 4H), 2.60 (br, 2H), 1.77 (br, 2H), 1.40 (s, 9H). 

 
 

PhPr-CG: 1H NMR (400 MHz, DMSO-d6):  8.73 (br, 1H), 7.88 (br, 1H), 7.17 (br, 5H), 

6.12 (br, 1H), 5.80 (br, 1H), 4.85 (br, 1H), 4.29 (br, 1H), 3.25 (br, 4H), 2.94 (br, 6H),1.58 

(br, 2H). 
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PhBu-CG protected: 1H NMR (400 MHz, CDCl3):  12.08 (br, 1H), 8.08 (br, 1H), 7.27 

(br, 2H), 7.10 (br, 3H), 6.02 (br, 1H), 5.71 (br, 1H), 5.06 (br, 1H), 4.34 (br, 1H), 3.66 (br, 

2H), 3.14 (br, 4H), 2.59 (br, 2H), 1.60 (br, 4H), 1.40 (s, 9H). 

 
 

PhBu-CG: 1H NMR (400 MHz, DMSO-d6):  9.11 (br, 1H), 8.08 (br, 2H), 7.90 (br, 1H), 

7.16 (br, 5H), 6.05 (br, 1H), 5.74 (br, 1H), 4.85 (br, 1H), 4.42 (br, 1H), 3.66 (br, 2H), 3.13 

(br, 4H), 2.62 (br, 2H), 1.60 (br, 4H). 

 

Synthesis of random-Bz-G. Molar equivalents of monomer 5 and 6 were dissolved in 

DCM. Grubbs 3rd generation catalyst was dissolved in DCM and added to the stirring 

monomer solution. After 60 min, the living polymer was end-capped with 1 mL of ethyl 

vinyl ether. The polymer solution was precipitated into stirring diethyl ether (3x) and dried. 

The dried solid was dissolved in a DCM/TFA mixture (1:1, v/v) and deprotected overnight. 

The reaction mixture was precipitated (3x) and collected via centrifugation. 
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random-Bz-G protected: 1H NMR (400 MHz, CDCl3):  11.43 (br, 0.5H), 8.46 (br, 0.5H), 

7.27 (br, 2.5H), 6.04 (br, 1H), 5.75 (br, 1H), 4.99 (br, 1H), 4.64 (br, 1H), 4.47 (br, 1H), 

3.65 (br, 2H), 3.32 (br, 2H), 1.44 (s, 9H). 

 
 

random-PN-Bz-G: 1H NMR (400 MHz, DMSO-d6):  7.73 (br, 1H), 7.26 (br, 4H), 5.96 

(br, 1H), 5.71 (br, 1H), 4.88 (br, 1H), 4.55 (br, 1H), 4.41 (br, 1H), 3.47 (br, 2H), 3.33 (br, 

2H). 

 
 

 

Synthesis of block-Bz-G. Monomer 5 was dissolved in DCM. Grubbs 3rd generation 

catalyst was dissolved in DCM and added to the stirring monomer solution. After 15 mins, 

monomer 6 solution was added to the stirring polymerization solution and allowed to stir 

for additional 45 mins. Afterwards, the living polymer was end-capped with 1 mL of ethyl 

vinyl ether. The polymer solution was precipitated into stirring diethyl ether (3x) and dried. 
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The dried solid was dissolved in a DCM/TFA mixture (1:1, v/v) and deprotected overnight. 

The reaction mixture was precipitated (3x) and collected via centrifugation. 

block-Bz-G protected: 1H NMR (400 MHz, CDCl3):  11.41 (br, 0.5H), 8.47 (br, 0.5H), 

7.30 (br, 2.5H), 6.00 (br, 1H), 5.68 (br, 1H), 5.04 (br, 1H), 4.56 (br, 1H), 4.42 (br, 1H), 

3.68 (br, 2H), 3.28 (br, 2H), 1.46 (s, 9H). 

 
block-Bz-G: 1H NMR (400 MHz, DMSO-d6):  7.91 (br, 0.5H), 7.44 (br, 2H), 7.23 (br, 

2.5H), 5.96 (br, 1H), 5.72 (br, 1H), 4.94 (br, 1H), 4.51 (br, 1H), 4.45 (br, 1H), 3.46 (br, 

2H), 3.35 (br, 2H). 
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3.1. Abstract 

  We present the importance of functional group isomerism on intracellular protein 

delivery using polymers containing different isomeric side chains. While the physical 

properties of polymer/protein complexes are relatively similar, different planarity of the 

isomers greatly influences the cellular entry efficiency. 

3.2. Introduction 

 Protein-based therapeutics have gained much recent attention for treating or curing 

various diseases. Their therapeutic success is due to high specificity, low side effects, less 

immunogenicity, and relatively short regulatory approval time than small molecular drugs.1 

Despite their advantages, the cell impermeability of most proteins has limited their 

applications to extracellular targets.2 As more than 60% of intracellular protein signaling 

pathways control cellular functions, the intervention of disease-causing or -related 

signaling pathways would contribute to treating various diseases, including traditionally 

uncurable diseases using molecular drugs.1,3–5 Therefore, there have been extensive efforts 

to develop efficient intracellular protein delivery systems. 

 Polymer-based non-covalent protein delivery systems have gained significant 

attention owing to the versatile tunability of the functional groups, compositions, and 

architectures.6–8 Numerous structural (i.e., backbones) and functional groups (i.e., 

sidechains) for ionic, hydrogen bonding (HB), and hydrophobic interactions have been 

developed for facile protein complexation, cellular entry, and cytosolic release of 

functional proteins. The efficient protein delivery critically relies on optimized and 

balanced inter-macromolecular interactions. Without sufficient protein binding affinity, a 

premature dissociation of the complex occurs in the presence of excess serum proteins and 
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upon interaction with the cellular membranes.9,10 With excessively high affinity, structural 

deformations and retarded desorption of polymers from the protein surface result in 

decreased concentrations of active proteins in the cytosol.11  

 Both structural and functional groups collectively influence the interactions with 

lipid membranes and entry pathways during cellular entry. While differences in cellular 

uptakes arising from tailored polymer backbone architecture have been reported,12–14 little 

is known about the effects of subtle differences in the functional groups’ conformation, 

isomerism, rigidity, and planarity. Most recently, Johnson et al. reported polymers with 

enantiomeric side chains displaying changed cellular uptakes and pharmacokinetic 

properties due to their different chiral recognition.15 Our group also observed significant 

changes in the protein delivery efficiency from modified guanidine groups. Using various 

carbamoylated guanidine (CG) derivatives, we demonstrated the importance of the newly 

developed functional group for complex serum stability, cellular entry, and cytosolic 

availability of proteins.16 While CG derivatives benefited from enhanced serum stability, 

the direct attachment of the phenyl group to CG contributed most to efficient protein 

delivery, presumably due to its planar structure. CG derivatives lacking planarity due to 

free rotating benzyl groups exhibited poor protein delivery, prompting us to explore how 

these subtle changes govern biological functions. 

3.3. Results and Discussion 

 Herein, we report the effects of the constitutional isomerism of the Ph-CG group 

on functional protein delivery (Figure 3.1). From the backbone of polynorbornene (PN), 

the order of connectivity in phenyl-CG (Ph-CG) was altered to make an isomeric Ph-CG’. 

An isomer (Bn-CG’) of benzyl-CG (Bn-CG) was also tested to expand the concept of the  
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isomer effect. Molecular dynamics simulations reveal that the isomeric functional group 

(i.e., Ph-CG’) has a non-planar structure with less rotational freedom along the bond 

between nitrogen and sp2 carbon in the phenyl group, while Ph-CG exhibits the planarity. 

Strikingly, while the complex sizes, protein loading, and serum stability are not 

significantly affected by the different planarity of the isomers, the cellular entry of the 

resulting complex and intracellular protein activities were significantly influenced by the 

connectivity. This approach demonstrates the importance of a key structural component of 

polymeric carriers required for highly efficient functional intracellular protein delivery.  

Figure 3.1. Chemical structure of polymers. Ph: Phenyl, Bn: Benzyl, CG: Carbamoylated 

Guanidine. Isomers are denoted with a prime (i.e., ’) for simplicity. 

 

 Previously reported polynorbornes (PNs)-containing Ph-CG and Bn-CG, 

respectively, were used to study the effects of the functional group isomerism. In the case 

of Ph-CG’ and Bn-CG’, the respective monomers were prepared and polymerized (Scheme 

3.1), leading to the pairs of constitutional isomers (Figure 3.1).  
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Scheme 3.1. General synthesis of carbamoylated polymers (Ph-CG, Bn-CG, Ph-CG’, Bn-

CG’). 

 

Molecular dynamics simulations were performed to investigate the flexibility and 

planarity of the isomeric functional groups in the side chains. The dihedral angles  and , 

as defined in Figure 3.2, were calculated. The dynamics of the bonds are given by the 

fluctuations in the measured dihedral angles as a function of the simulation time. As shown 

in Figure 3.3, Ph-CG shows high rotational flexibility along the sp2 C-N bond, whereas the 

dihedrals of Ph-CG’ are much more restricted and show less rotational flexibility. Although 

there is fast rotation, the Ph group in Ph-CG is mostly populated in conformations at the 

combinations of  and  in the range of (0, 180) and (180, 180), indicating higher 

planarity of Ph-CG. In contrast, the combinations of  and  for Ph-CG’ are close to 90 
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and 90, respectively, indicating the phenyl group is perpendicular (i.e., bent) to guanidine. 

It has been reported that the steric hindrance arising between the aryl and amine protons in 

Ph-CG’ leads to a non-planar conformation.17  

Figure 3.2. Conformational flexibility of polymer isomers. Structures of the compounds 

Ph-CG and Ph-CG’ showing the dihedral angles ( and ) and 2D histograms of the 

dihedral angles  and  of the compounds. The color bar shows the frequency (%) of 

structures that occur during the simulation. 

 

 
Figure 3.3. Fluctuations in dihedral angles  and  as a function of simulation time. 

 

 

 Complexation with cargo proteins was achieved by mixing a PN solution in water 

containing a low percentage of dimethylsulfoxide (DMSO) and corresponding protein with 

different sizes and isoelectric points (pIs) in phosphate-buffered saline (PBS). Despite the 

broad size differences in proteins, all polymer-protein complexes exhibit similar 

hydrodynamic diameters (HDs) and zeta potentials (), except Bn-CG showing relatively  

small HD (Table 3.1, Table 3.2, and Figure 3.4).  
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Table 3.1. Summary of physical characterization of PNs and PN/R-PE complexes. 

Table 3.2. Summary of hydrodynamic diameters (HD) for PN/protein complexes analyzed 

by NTA.  
Hydrodynamic diameter HD (nm) 

BSA IgG R-PE -Gal 

Ph-CG 215 ± 65 214 ± 60 194 ± 49 198 ± 43 

Bn-CG 164 ± 49 238 ± 72 159 ± 55 173 ± 47 

Ph-CG’ 212 ± 80 223 ± 57 212 ± 55 169 ± 40 

Bn-CG’ 176 ± 40 260 ± 73 210 ± 46 291 ± 93 
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Figure 3.4. HD plots for PN/protein complexes for BSA (a), IgG (b), R-PE (c), and -

Gal (d), demonstrating the formation of relatively monodisperse nanoparticles after 

complexation. 

 

Similarly, the pKa values of the isomeric functional groups were measured to be between 

5.4 and 6.1. Notably, Ph-CG’ exhibited a lower pKa of 5.4, presumably due to the resonance 

contribution of the adjacent phenyl ring next to the protonatable group. Acylation in 

guanidine has been reported and used to tune the pKa of guanidine-containing small 

molecules.18,19 Through conjugation of the electron-withdrawing acyl group, the pKa of 

acyl guanidine was reported to be ~8.19 Previously, we also reported that the 

carbamoylation of guanidine led to a sharp pKa decrease in guanidine.16 All CG-containing 

PNs exhibit a charge-neutral state in the physiological environment. Despite the lack of 

positive charge, synergistic HB and hydrophobic interactions have been reported as the 

major driving forces for non-ionic protein complexation.10,20–22 With the increased number 

of HB donors, the hydrophobic aromatic group introduced at the close vicinity of CG is 
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believed to favorably contribute to stable complex formation. Calculation of Kd for 

PN/protein complexes indicates that the binding affinity of PNs to fluorescent proteins 

(FPs) with different sizes is in a nanomolar concentration range (Table 3.1, Figure 3.5, and 

Table 3.3).  

Table 3.3. Summary of dissociation constants (Kd) for PN/protein complexes  
Dissociation Constant Kd (nM) 

BSA IgG R-PE 

Ph-CG 276 ± 51 352 ± 52 219 ± 42 

Bn-CG 417 ± 44 733 ± 81 234 ± 37 

Ph-CG’ 695 ± 104 312 ± 55 341 ± 51 

Bn-CG’ 801 ± 106 454 ± 71 143 ± 27 

 

 

 
Figure 3.5. Representative example of relative fluorescence of free R-PE (a) and fractional 

saturation (b) at various concentrations of Ph-CG. Data shown represents the mean of three 

independent experiments  standard deviation. 

 

The protein loading efficiency in the complex was estimated by measuring the amounts of 

free FPs in the supernatant after centrifugation of complexes. Regardless of the protein 

sizes, all PNs show similar high protein loading efficiency at the concentration used for 

cellular delivery (i.e., above 2.5 mM) (Figure 3.6). Lastly, the complex stability in PBS 

containing 10% fetal bovine serum (FBS) was also very similar among the isomers (Figure 
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3.7). Overall, all the HDs, , protein loading efficiency, Kd, and complex serum stability 

data indicate that the protein complexation behaviors of CG-containing PNs, regardless of 

the isomerism and planarity, are similar due to the CG group enhancing the inter-

macromolecular interactions. All PNs exhibit no cell viability inhibition on HeLa cells at 

the concentrations tested (Figure 3.8). 

 
Figure 3.6. Complexation ratio of FITC-BSA (a), FITC-IgG (b), and R-PE (c) at various 

concentrations of PNs. Data shown represents the mean of three independent experiments 

 standard deviation. 

 

 
Figure 3.7. Stability of PN/R-PE complexes in PBS (a) and PBS containing 10% FBS 

(b). Data represents the mean of three independent experiments +/- standard deviation. 
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Figure 3.8. Cell viability assay of PNs. Data represents mean of three independent 

experiments   standard deviation. 

 

 While the physical properties of the complexes are similar, the cellular protein 

delivery efficiency of PNs, measured by flow cytometry, is quite different. The mean 

fluorescent intensity (MFI) of HeLa cells treated with PN/R-PE complex formed at various 

PN to R-PE ratios was monitored to study the optimum formulation yielding the highest 

intracellular R-PE concentration (Figure 3.9). R-PE is a red fluorescent protein isolated 

from red algae and used as a model protein for cellular delivery. The membrane adsorbed 

R-PE fluorescence signals were quenched by treating with trypan blue (TB) (see below 

discussion without TB treatment). As shown in Figure 3.10, Ph-CG has a higher MFI (i.e., 

four folds) and percent R-PE positive cells than Ph-CG’, its constitutional isomer. 

Considering the similar complex size, serum stability, and loading efficiency, the 

differences observed can be attributed to different cellular entry abilities of the complex,  
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Figure 3.9. Median fluorescence intensity (a) and percent R-PE positive (b) of HeLa cells 

treated with PN/R-PE complexes for 18 h at various concentration of PNs. The 

concentration of R-PE was fixed at 0.5  g/mL. Extracellular fluorescence was quenched 

with the addition of TB. Data shown is the mean of three independent experiments   

standard deviation. 

Figure 3.10. MFI and percent positive cells of HeLa cells treated with PN/R-PE complexes 

for 18 h. The concentrations of polymer and R-PE were 2.5 M and 0.5  g/mL, 

respectively. Membrane adsorbed R-PE signal was quenched with TB. Data shown are the 

mean of three independent experiments  standard deviation. ** p<0.01. 

 

presumably due to the planarity of Ph-CG. The non-planar and bent conformation of Ph-

CG’ could be tied with the decreased cellular interactions and/or internalization, resulting 

in low protein delivery ability. A similar trend was also observed between Bn-CG and Bn-
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CG’, in which Bn-CG shows a 2-fold higher MFI than Bn-CG’. From the different cellular 

delivery efficiencies between Bn-CG and Bn-CG’, in which both functional groups have 

no coplanarity with the Bn group due to the free-rotating methylene spacers, the isomeric 

relationship of Bn-CG and Bn-CG’ also influences cellular delivery. The concentrations of 

internalized proteins were gradually increased as the incubation time increased (Figure 

3.11), and similar delivery efficiency of R-PE to different cell types was also observed 

(Figure 3.12).   

 
Figure 3.11. Median fluorescence intensity (a) and percent R-PE positive (b) of HeLa cells 

treated with PN/R-PE complexes for various time frames. The concentration of PNs and 

R-PE were 5.0 M and 0.5  g/mL, respectively. Extracellular fluorescence was quenched 

with the addition of TB. Data shown is the mean of three independent experiments   

standard deviation. 
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Figure 3.12. Flow cytometry histograms of Ph-CG and Ph-CG’ mediated delivery of R-

PE to bEnd.3 and Caco-2 cells after overnight incubation. The concentration of polymer 

and R-PE were 5.0 M and 0.5 g/mL, respectively. 

 

Considering the similar physical properties of complex, the substantial differences in the 

R-PE internalization efficacy are pretty interesting. To examine the degree of internalized 

protein and protein adsorbed on the membranes, the MFI of HeLa cells with and without 

TB treatment was measured.20 Before the TB treatment, the complex-treated cells were 

thoroughly rinsed with PBS (three times) and a heparin sulfate solution. As shown in Figure 

3.13, both Ph-CG and Ph-CG’ demonstrate relatively similar MFI without the TB treatment 

at 5 mM of PNs. However, while Ph-CG only shows a ~2-fold decrease in fluorescence 

quenching upon TB treatment, the isomer Ph-CG’ has ~5-fold decreased MFI. Assuming 

the similar colloidal stability of the complexes (i.e., a similar range of ), this observation 

implies that initial membrane interactions of Ph-CG/R-PE and Ph-CG’ could be similar at 

the same complexation ratio (i.e., 5 mM PN/0.5  g/ml R-PE) (i.e., similar fluorescent 

intensity before the TB treatment). However, when the fluorescent intensity from the 
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membrane adsorbed PN/R-PE complex was quenched, the higher internalized R-PE signals 

imply that Ph-CG with planarity internalizes R-PE more efficiently than non-planar Ph-

CG’. Interestingly, the proportions of internalized R-PE after TB treatment were also 

decreased when excess amounts of PNs were used (Figure 3.13), which could be due to 

poor aqueous solubility of PNs causing/contributing aggregations and/or reducing the 

proportion of the PN/protein complex interacting the cell membranes, implying that there 

might be an optimum PN concentration needed for facilitating the internalization process. 

 
Figure 3.13. Median fluorescence intensity of HeLa cells treated with PN/R-PE complexes 

for 18 h with or without the addition of TB. The concentration of R-PE was fixed at 0.5 

 g/mL. Data shown is the mean of three independent experiments   standard deviation. 

 

 Cellular entry pathway studies demonstrate that the internalization of R-PE by both 

Ph-CG and Ph-CG’ primarily occurs via energy-dependent pathways, as the treatment at 4 

°C and ATP-depleted conditions significantly decrease the uptakes. Pretreatment with 

various chemical endocytosis inhibitors implies that macropinocytosis is the primary entry 

pathway along with other pathways. There are negligible differences in the inhibition 

pattern between both isomeric carriers (Figure 3.14). As revealed by the confocal images 

in Figure 3.15, FITC-BSA delivered by Ph-CG is dispersed inside the cell, within the 

boundaries of the membrane stained with Actin Red, while Ph-CG’ exhibits almost no 
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green signals under the same incubation condition. To determine whether FITC-BSA 

delivered by Ph-CG and Ph-CG’, respectively, is located in the endosome/lysosome, a 

counter-staining was done with Lysotracker Red, and Pearson’s correlation coefficient 

(PCC) scorning was conducted to quantitatively analyze the overlap between two colors. 

As seen in Figure 3.16, PCC values of 0.356 and 0.128 were found for Ph-CG and Ph-CG’, 

respectively. The higher PCC value for Ph-CG is likely due to significantly higher green 

signals from the delivered FITC-BSA than Ph-CG’, and not necessarily due to higher 

endosomal entrapment. 

 
Figure 3.14. Relative median fluorescence intensity of HeLa cells in energy-independent 

conditions (ATP depletion and 4 ℃) or pre-treated with various pharmacological 

endocytosis inhibitors followed by incubation with Ph-CG and Ph-CG’/R-PE complex for 

1 h. The concentration of polymer and R-PE were 20 µM and 16 nM, respectively. Data 

shown is the mean of three independent experiments +/- standard deviation. 
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Figure 3.15. Confocal microscope images of HeLa cells incubated with Ph-CG and Ph-

CG’/R-PE. Concentrations of PN and FITC-BSA were 10 µM and 40 nM, respectively. 

The mebrane was stained with ActinRed. 

 

 
Figure 3.16. Confocal microscope images of HeLa cells incubated with Ph-CG and Ph-

CG’/R-PE. Concentrations of PN and FITC-BSA were 10 µM and 40 nM, respectively. 

Lysotracker Red was used according to manufacturer guidelines. PCC values are given on 

the bottom right corner. 

 

 Maintaining the structure and function of the complexed and delivered proteins is 

crucial in the development of protein carriers. A large enzyme, -Galactocidase (-Gal), 

was intracellularly delivered by Ph-CG. Generation of blue color in the cells upon 



 86 

treatment of the enzyme-substrate 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside (X-

Gal) indicates that the delivered proteins maintain their enzymatic activities.23 As seen in 

Figure 3.17a, cells treated with Ph-CG/-Gal complexes demonstrate a clear blue color 

compared to controls. We further tested the efficacy in functional protein delivery using an 

anti-apoptotic antibody, anti-pAkt. Protein kinase B (Akt) is involved in cellular survival 

pathways by inhibiting apoptotic processes. Therefore, blocking the pathway inhibits cell 

growth and proliferation.23,24 While the cell membrane-impermeable antibody alone shows 

negligible cell viability inhibition, an exponential decrease in viability was observed when 

anti-pAkt was delivered by Ph-CG. The isomeric Ph-CG’ mediated delivery also exhibits 

a decrease in viability but has relatively poor activity (Figure 3.17b). The cell viability 

inhibition results support that the delivered antibody maintains its activity and reaches its 

epitope in the cytosol. The functional antibody delivery also confirmed the difference in 

the intracellular entry efficiency between the isomeric complexes.  

Figure 3.17. (a) X-Gal staining of treated HeLa cells. Final concentrations of Ph-CG and 

-Gal were 2.5 µM and 0.5 µg/mL. Untreated cells and -Gal alone are shown as controls. 

Scale bar: 150 µm (b) Viability of HeLa cells treated with PN/anti-pAkt complexes or anti-

pAkt alone at various antibody concentrations. The concentration of PN was kept constant 

at 10 µM. Data represent the mean  standard deviation. 
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3.4. Conclusion 

 In conclusion, we report a dramatic influence of the functional group isomerism on 

intracellular protein delivery. Remarkable differences were observed in terms of rigidity, 

planarity, and ultimately protein delivery behavior for pairs of polymers with isomeric side 

chains. While electrostatic, hydrogen bonding, and hydrophobic inter-macromolecular 

interactions are relatively similar in the tested polymers, the PN containing a planar Ph-CG 

moiety demonstrated significantly improved cellular entry and protein delivery ability. 

Overall, this work establishes the importance of rigidity, planarity, and conformation as 

parameters of the functional group for designing protein delivery carriers. Studying the 

entry efficiency and mechanism of fluorescently-labeled PN-containing different isomeric 

side chains should also provide useful insights into how the carriers interact with proteins 

and membranes. To the best of our knowledge, this is the first report on the effect of 

polymer side chain isomerism on protein delivery.  

3.5. Experimental and Supporting Information 

3.5.1. Physical Characterization of PNs and PN/Protein Complexes 

Molecular Weight Determination - Aliquots of polymer solutions in tetrahydrofuran (THF) 

or dichloromethane (DCM) were diluted in 1 mL of HPLC-grade THF and filtered through 

a 0.45 m polytetrafluoroethylene (PTFE) syringe filter prior to injection. 

Molecular Dynamic Simulations - The structures of the Ph-CG and Ph-CG’ polymers were 

generated from the ligand reader interface of the CHARMM-GUI.25 Simulation systems 

were prepared for the four compounds using the Solution Builder plugin of the CHARMM-

GUI.26 The compounds were solvated in TIP3 water and 150 mM of KCl.27 A GPU version 

of NAMD 2.14 was used to perform all-atom molecular dynamics (MD) simulations with 
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CHARMM36 force field at 303.15 K temperature.28 The systems were minimized for 

10,000 steps, followed by 0.25 ns equilibration with position restraints. Finally, 100 ns 

unconstrained production run was performed with a timestep of 2 fs for each system. The 

covalent bonds involving hydrogen atoms were restrained with SHAKE algorithm and the 

long-range electrostatic interactions were treated with particle mesh Ewald method. 

Temperature was controlled by Langevin temperature coupling with 1 ps of friction 

coefficient and the pressure was controlled by Langevin piston. The visualization and data 

analysis were performed using VMD.1.9.3. 

Measurement of Hydrodynamic Diameters and Zeta Potential - Nanoparticle tracking 

analysis (NTA) was used to determine the hydrodynamic diameter (HD) of PN/protein 

complexes. Briefly, PN stock solutions were prepared by dissolving dried PN powders in 

DMSO and diluting to final concentrations of 1 mM in DMSO. Adequate volmes of PN 

stock solutions were diluted in water (20% v/v) and mixed with equal volumes of BSA 

solution for a final complex volume of 100 L. Complexes were incubated for 30 min at 

room temperature before a ten-fold dilution in PBS to a final volume of 1 mL (final 

PN/protein concentration was 10 M and 10  g/mL, respectively). 1 mL of this solution 

was then injected into the NTA chamber and videos of the scattering particles was recorded 

for 30 seconds. The software identified each individual particle and tracked its motion, 

relating the particle displacement as a function of Brownian motion, which relates to the 

particle size through the Stokes-Einstein equation. The concentrations of samples were 

chosen to meet the manufacturers’ recommendation of 20-100 particles per frame and a 

concentration of 107-109 particles/mL. All measurements were performed in triplicate at 

25 C. HD plots are listed below for PN/BSA complexes, demonstrating the formation of 
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monodisperse nanoparticles. Values given are the mean HD of three readings +/- mean 

standard deviation (SD). In this study, SD is defined as the arithmetic value calculated with 

the sizes of all of the particles analyzed by the software.  Zeta Potential was acquired by 

preparing samples in the same way as for NTA prior to analysis. 

3.5.2. pKa Determination 

pKa was determined for the different PNs using previously described methods.16 Briefly, 

a 2 mM polymer solution in 1 mL of acidified (pH ~3) 100 mM NaCl solution was preared 

and titrated from pH ~3 to 11 with 5 µL increments of a 25 mM KOH solution. For the 

titration, the pH was determined using a Mettler Toledo InLab Ultra-Micro pH Probe. pKa 

value for each polymer was determined by plotting the pH/volume of KOH and 

identifying the largest pH. For polymers with two maxima, the volume of the median 

point between the two maxima was chosen as the point where pH = pKa.  

3.5.3. Complexation Ratio 

The loading ratio of various FPs (FITC-BSA, FITC-IgG, and R-PE) was determined by 

measuring the fluorescence of non-complexed FPs in centrifuged complexes. PN stock 

solutions were prepared by dissolving dried PN powders in DMSO and diluting to final 

concentrations of 1 mM in DMSO. 1 mM stock solutions were serially diluted in DMSO 

to a final concentration of 3.91 M.  Adequate volumes of each PN stock solution was 

diluted in water (20% v/v) and mixed with equal volumes of FP solution for a final complex 

volume of 50 L. Complexes were incubated for 30 min at room temperature before a ten-

fold dilution in PBS to a final volume of 500 L (final concentration of BSA, IgG, and R-

PE was 0.5 g/mL, 5.0 g/mL and 0.5 g/mL, respectively). The final concentration of 

PNs ranged from 10 M to 0 M. The solutions were centrifuged at 22,000 x g for 10 min. 
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The supernatant was collected in a cuvette and the fluorescence intensity of FPs in the 

supernatant was measured at their emission  max. The amount of FP in supernatant was 

calculated according to the standard curve of FP in the same solvent composition. 

3.5.4. Dissociation Constant Determination 

PN stock solutions were prepared by dissolving dried PN powders in DMSO and diluting 

to final concentrations of 1 mM in DMSO. 1 mM stock solutions were serially diluted in 

DMSO to a final concentration of 3.91 M.  Adequate volumes of each PN stock solution 

was diluted in water (20% v/v) and mixed with equal volumes of FP solution for a final 

complex volume of 50 L. Complexes were incubated for 30 min at room temperature 

before a ten-fold dilution in PBS to a final volume of 500 L (final concentration of BSA, 

IgG, and R-PE was 0.5 g/mL, 5.0 g/mL and 0.5 g/mL, respectively). Final 

concentration of PNs ranged from 10 M to 0 M. The solutions were centrifuged at 

22,000 x g for 10 min. The supernatant was collected in a cuvette and the fluorescence 

intensity of FPs in the supernatant was measured at their emission  max. The fluorescence 

intensity of each supernatant solution was related to 0  M of PN yielding relative 

fluorescence curves. The relative fluorescence plots were converted to fractional saturation 

plots using equation 1 below: 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (𝑦) =
𝐹𝑃−𝐹0

𝐹𝑠𝑎𝑡−𝐹0
  (1) 

where F0, FP, and Fsat were the relative emission intensities of FP only, free FP in 

supernatant at the various concentrations tested, and free FP at saturation. The dissociation 

constant was determined by equation 2 below: 

𝑦 =
(𝑃+𝑐+𝐾𝑑)−√(𝑃+𝑐+𝐾𝑑)2−4𝑃𝑐

4𝑐
  (2) 
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where y is the fractional saturation plot obtained with equation 1, P is the polymer 

concentration (x-axis) and c is the constant FP concentration. Kd was determined using the 

non-linear curve fitting module of Origin 8.5 and equation 2. All R2 from fitting curves 

>0.91. 

3.5.5. Serum Stability Assay 

The stability of complexes was studied by monitoring the fluorescence of the R-PE released 

from complexes. PN stock solutions were prepared by dissolving dried PN powders in 

DMSO and diluting to final concentrations of 1 mM in DMSO. Adequate volumes of PN 

stock solutions were diluted in water (20% v/v) and mixed with equal volumes of R-PE 

solution for a final complex volume of 50 L. Complexes were incubated for 30 min at 

room temperature before a ten-fold dilution in PBS with 10% FBS to a final volume of 500 

L (final PN/R-PE concentration was 5 M and 2 nM, respectively). The solutions were 

incubated at room temperature for the respective amounts of time before being centrifuged 

at 22,000 x g for 10 min. The supernatant was collected in a cuvette and the fluorescence 

intensity of R-PE in the supernatant was measured at 574 nm. The amount of R-PE in 

supernatant was calculated according to the standard curve of R-PE in the same solvent 

composition.   

3.5.6. Cell Culture 

HeLa cells were cultured in Gibco DMEM High Glucose medium supplemented with 10% 

(v/v) FBS and 1% (v/v) Penicillin-Streptomycin mixture.  
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3.5.7. Protein Delivery Experiments 

Flow Cytometry Analysis - Hela cells were seeded into 12 well plates (~100,000/well) in 

complete media and allowed to attach for one day at 37 C under a humidified atmosphere 

of 5% CO2 prior to sample treatment. R-PE stock solution was diluted to working 

concentration with 1X PBS. Polymer stock solutions were prepared at 1 mM in DMSO. 40 

L of polymer/protein complexes were prepared by mixing appropriate volumes of 

polymer and protein sub-stock solutions and incubating for 30 min at room temperature in 

the dark. Complexes were added dropwise to each well to the cells in complete media and 

incubated for varying periods of time, depending on the experiment. After the incubation 

periods required, adherent cells were rinsed three times with full volumes of PBS, followed 

by washing with 1 M  heparan sulfate solution to remove any extracellular surface-bound 

complexes.9,29 The cells were harvested with TrypLE, transferred to centrifuge tubes, 

rinsed an additional three times with PBS and once with a 0.1% Trypan Blue solution 

before being finally resuspended in 300 L of PBS. Cells were analyzed by flow cytometry, 

in which data for 10,000 events were collected.  

Internalization of PN/R-PE Complexes - In order to study the internalization or adsorption 

of PN/R-PE on the cellular membrane, flow cytometry analysis was done with or without 

the addition of trypan blue. 

3.5.8. Cellular Entry Pathway 

In order to study the mechanism of uptake, HeLa cells were treated with Ph-CG and Ph-

CG’/R-PE complexes (10 µM/2 nM) for 1 h under energy-independent conditions or under 

pre-treatment with various pharmacological inhibitors. Briefly, HeLa cells were seeded the 

day prior to sample treatment in 12-well plates (100,000/well). The day of experiment, 
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cells were equilibrated for 30 minutes under 4 C, ATP depletion conditions (NaN3: 10 

mM & 2-deoxyglucose: 50 mM), chlorpromazine (28 µM), LYS 294003 (3 µM), 

Cytochalasin D (10 µM), methyl-B-cyclodextrin (1 mM), wortmannin (500 nM), EIPA 

(100 µM) and genistein (200 µM) or normal culture conditions. Complexes were added 

dropwise, and cells were incubated for 1 h prior to analysis via flow cytometry as described 

previously.16  

3.5.9. Confocal Imaging 

Hela cells were seeded on 12-well plates (~60,000/well) containing glass coverslips one 

day before sample treatment. Complexes were prepared as described previously. After 

incubation for varying periods of time using the same culture conditions discussed earlier, 

the medium was removed, and cells were washed three times with PBS and once with 

heparan sulfate. Cells were fixed with 4% PFA for 10 minutes and rinsed once with PBS. 

Nuclei were stained with Hoechst 33342 at a final concentration of   1 µg/mL for 7 minutes. 

For cells with Lysotracker Red and ActinRed staining, the manufacturers’ protocol was 

followed. The coverslips were mounted on microscope slides using 1:1 glycerol/PBS 

mounting medium. 

3.5.10. Functional Protein Delivery 

Anti-pAkt Delivery - MTT (methylthiazole tetrazolium) assay was performed with 

PN/protein complexes are described previously.16 HeLa cells were seeded in a 96-well 

plate (~10,000/well) in 200 L of complete medium and allowed to attach for one day at 

37 C under a humidified atmosphere of 5% CO2 prior to sample treatment. Serial dilutions 

of anti-pAkt were prepared and complexed with various PNs. Complexes or anti-pAkt 

alone were added to HeLa cells (final concentration of anti-pAkt of 20, 10, 5, 2.5, 1.25, 
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0.625, and 0  g/mL) and incubated for 48 h prior to MTT treatment. 10 L of MTT 

solution (5 mg/mL in PBS) was added and incubated for 4 h at 37 C. After incubation, 

200 L of medium was gently removed and 100 L of biological grade DMSO was added 

to solubilize the purple formazan crystals. Absorbance was measured using a microwell 

plate reader. Cell viability was determined as a function of the absorbance of each sample 

relative to control wells. All measurements represent the average of three measurements  

standard deviation.   

Intracellular -Gal Delivery - Intracellular -Gal activity was visualized with X-Gal 

staining. HeLa cells were seeded in a 12-well plate (~40,000/well) in 800 L of complete 

medium and allowed to attach for one day at 37 C under a humidified atmosphere of 5% 

CO2 prior to sample treatment. Dilutions of -Galactosidase were prepared and complexed 

with Ph-CG for 30 min prior to addition to cells. Cells were incubated with complexes (2.5 

M and 0.5 g/mL of PN and -Gal, respectively) or -Gal alone (0.5 g/mL) overnight. 

After incubation, the medium was removed and cells were thoroughly rinsed with PBS (3x) 

and heparin Sulfate (1x, 1 mg/mL) and fixed with 4% PFA for 15 min. The X-Gal staining 

solution was prepared by dissolving X-Gal in DMSO (10 mg/mL) and making a 5% 

solution in PBS. 500 L of the X-Gal staining solution was added to the fixed cells and 

incubated overnight at 37 C in the absence of CO2. The wells were rinsed thoroughly with 

PBS and imaged.  
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3.5.11. Synthesis 

Monomer Synthesis - 

 

Scheme 3.2. Synthesis of monomers used for polymerization. 

Synthesis of 1. To a round bottom flask containing a solution of ethylenediamine (1.0 mol, 

66.6 mL) in 800 mL of methylene chloride, di-tert-butyl dicarbonate anhydrous (0.15 mol, 

32.7 g) pre-mixed in 300 mL of methylene chloride was added dropwise over 2 hours. The 

reaction continued for 16 hours; then, the organic phase was washed with H2O (2x 800 

mL), brine (1x 800 mL), dried (MgSO4 anhydrous), and filtered. The solvent was removed 

in vacuo, and a light-yellow viscous liquid was obtained. 
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1: Yield: 78%. 1H NMR (400 MHz, CDCl3):  5.44 (br s, 1H), 2.96 (s, 2H), 2.59 (t, 2H), 

1.25 (s, 9H), 1.04 (s, 2H). 

 

Synthesis of 2. N-Boc-ethylenediamine (39.2 mmol, 6.35 g) and exo-7-oxabicyclo [2.2.1] 

hept-5-ene-2,3-dicarboxylic anhydride (30.1 mmol, 5 g) were dissolved in 100 mL of 

MeOH. Then, triethylamine (72 mmol, 10 mL) was added, and the reaction mixture was 

stirred in reflux. The heating stopped after 20 hours, and the compound precipitated once 

the crude reached room temperature. The product was purified by recrystallization using 

methylene chloride and methanol mixture. The solid obtained was deprotected using 

methylene chloride: trifluoracetic acid mixture (3:2). The solvent was removed in vacuo, 

and the crude was purified by precipitation in ether solution yielding pure compound 2.  
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2 (protected): Yield: 62%. 1H NMR (400MHz, CDCl3):  6.51 (s, 2H), 5.26 (s, 2H), 4.77 

(br s, 1H), 3.62 (t, 2H), 3.30 (br q, 2H), 2.85 (s, 2H), 1.41 (br s, 9H). 

 

2: Yield: 59%. 1H NMR (400MHz, DMSO-d6):  7.91 (s, 3H), 6.58 (s, 2H), 5.14 (s, 2H), 

3.61 (t, 2H), 2.96 (br s, 4H). 

 

Synthesis of 3. Compound 2 was deprotected using TFA and the free amine was 

converted to Boc-protected guanidine using N,N′-Di-Boc-1H-pyrazole-1-

carboxamidine. 
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3: Yield: 68%. 1H NMR (400 MHz, CDCl3):  11.40 (s, 1H), 8.39 (s, 1H), 6.48 (s, 2H), 

5.23 (s, 2H), 3.67 (t, 2H), 3.60 (t, 2H), 2.84 (s, 2H), 1.44 (m, 18H). 

 

 

Synthesis of 4. N, N'-di-Boc-1H-pyrazole-1-carboxamidine (3.22 mmol, 1 g) was added to 

a round bottom flask and dissolved in methylene chloride. Aniline (4.2 mmol, 0.38 mL) 

was added to the flask, and the reaction mixture was heated at 50 oC and stirred for 16 

hours. The crude was diluted to 80 ml of methylene chloride and washed with H2O (2x100 

mL), brine (1x100 mL), dried (MgSO4 anhydrous), and filtered. The solvent was removed 

in vacuo, and the crude was purified by recrystallization using hot MeOH, compound 4. 
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4: 1H NMR (400MHz, CDCl3):  11.65 (s, 1H), 10.32 (s, 1H), 7.60 (d, 2H), 7.32 (t, 2H), 

7.11 (t, 1H), 1.54 and 1.51 (br s, 18H). 

 

Synthesis of 5. N, N'-di-Boc-1H-pyrazole-1-carboxamidine (11 mmol, 3.4 g) was added to 

a round bottom flask and dissolved in methylene chloride. Triethylamine (9.3 mmol, 1.3 

mL) and Benzylamine (9.3 mmol, 1.02 mL) were added to the flask, and the reaction 

mixture was stirred for 16 hours at room temperature. The crude was diluted to 80 ml of 

methylene chloride and washed with H2O (2x100 mL), brine (1x100 mL), dried (MgSO4 

anhydrous), and filtered. The solvent was removed in vacuo, and the crude was purified by 

recrystallization using methylene chloride:MeOH, yielding compound 5. 
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5: Yield: 63%. 1H NMR (400MHz, CDCl3):  11.53 (s, 1H), 8.60 (s, 1H), 7.33 (br m, 5H), 

4.63 (s, 2H), 1.52 and 1.48 (br s, 18H). 

 

Synthesis of 6. Compound 2 (1.24 mmol, 400 mg) and N, N-di-Boc-phenylguanidine 4 

(0.992 mmol, 333 mg) were added to a round bottom flask and dissolved in 6 mL of THF 

and triethylamine (7.44 mmol, 1 mL). The mixture was stirred at reflux for 16 hours. Then, 

the solvent was removed in vacuo, and the crude was diluted in methylene chloride and 

washed with NH4Cl (1x10 mL), brine (1x10 mL), dried (MgSO4 anhydrous), and 

concentrated in vacuo. The crude was purified by flash column using n-Hexane: Ethyl 

Acetate (9:1) and then (4:1), yielding monomer 6. 
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6: Yield: 52%. 1H NMR (400MHz, CDCl3):  12.14 (s, 1H), 10.11 (s, 1H), 7.56 (d, 2H), 

7.27 (t, 2H), 7.07 (t, 1H), 6.49 (s, 2H), 5.53 (t, 1H), 5.25 (s, 2H), 3.69 (t, 2H), 3.40 (m, 2H), 

2.84 (s, 2H), 1.50 (s, 9H). 

 

 

Synthesis of 7. Compound 2 (1.24 mmol, 400 mg) and N, N-di-Boc-benzylguanidine 5 

(0.992 mmol, 346.6 mg) were added to a round bottom flask and dissolved in 6 mL of THF 

and triethylamine (7.44 mmol, 1 mL). The mixture was stirred at reflux for 16 hours. Then, 

the solvent was removed in vacuo, and the crude was diluted in methylene chloride and 

washed with NH4Cl (1x10 mL), brine (1x10 mL), dried (MgSO4 anhydrous), and 

concentrated in vacuo. The crude was purified by flash column using n-Hexane: Ethyl 

Acetate (2x 4:1) and (1x 1:1) yielding monomer 7.  
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7: Yield: 45%. 1H NMR (400MHz, CDCl3):  12.00 (s, 1H), 8.37 (s, 1H), 7.32 (br m, 5H), 

6.47 (s, 2H), 5.37 (t, 1H), 5.21 (s, 2H), 4.50 (s, 2H), 3.67 (t, 2H), 3.37 (m, 2H), 2.83 (s, 

2H), 1.45 (s, 9H).  

 

 

Polymer Synthesis – 

Synthesis of Ph-CG. Monomer 3 was dissolved in DCM. Grubbs 3rd generation catalyst 

was dissolved in DCM and added to the stirring monomer solution. After 60 min, the living 

polymer was end-capped with 1 mL of ethyl vinyl ether. The polymer solution was 

precipitated into stirring diethyl ether (3x) and dried. The dried solid was dissolved in a 

DCM/TFA mixture (1:1, v/v) and deprotected overnight. The reaction mixture was 

precipitated (3x) and collected via centrifugation. Deprotected polymer was dissolved in 

dry DMF. 5 equivalents of phenyl isocyanate were added. The mixture was sealed in a vial 

and allowed to react overnight at 75 C. The reaction mixture was precipitated into diethyl 

ether (3x) and the polymer was collected via centrifugation. 
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Ph-CG: 1H NMR (400 MHz, DMSO-d6):  11.70 (br, 1H), 9.59 (br, 1H), 9.15 (br, 2H), 

7.91 (br, 2H), 7.69 (br, 1H), 7.55 (br, 2H), 5.75 (br, 2H), 4.91 (br, 1H), 4.41 (br, 1H), 3.60 

(br, 4H), 3.24 (br, 2H). 

 

 

Synthesis of Bn-CG. Monomer 3 was dissolved in DCM. Grubbs 3rd generation catalyst 

was dissolved in DCM and added to the stirring monomer solution. After 60 min, the living 

polymer was end-capped with 1 mL of ethyl vinyl ether. The polymer solution was 

precipitated into stirring diethyl ether (3x) and dried. The dried polymer was dissolved in 

THF to which 2.5 equivalents of benzylamine were added. The mixture was sealed in a 

vial and allowed to react overnight at 75 C. The reaction mixture was precipitated into 

diethyl ether (3x) and then deprotected in DCM/TFA mixture (1:1, v/v). Deprotected 

polymer solution was precipitated into diethyl ether (3x) and polymer was collected via 

centrifugation. 

Bn-CG protected: 1H NMR (400 MHz, CDCl3):  12.04 (br, 1H), 8.14 (br, 1H), 7.20 (br, 

5H), 5.97 (br, 1H), 5.67 (br, 1H), 4.97 (br, 1H), 4.33 (br, 3H), 3.56 (br, 4H), 3.17 (br, 2H), 

1.44 (s, 9H). 
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Bn-CG: 1H NMR (400 MHz, DMSO-d6):  9.15 (br, 1H), 8.61 (br, 2H), 7.99 (br, 1H), 7.27 

(br, 5H), 5.92 (br, 1H), 5.71 (br, 2H), 4.94 (br, 1H), 4.41 (br, 1H), 4.25 (br, 4H), 3.75 (br, 

4H). 

 

Synthesis of Ph-CG’ and Bn-CG’. Grubb's catalyst 3rd generation was dissolved in dry 

DCM and added to a stirring solution containing monomer 6 (Ph-CG’) or 7 (Bn-CG’). 

After 60 min, the living polymer was end-capped with 1 mL of ethyl vinyl ether. The 

polymer solution was precipitated into stirring diethyl ether (3x) and dried. The protected 



 105 

polymer Ph-CG' was deprotected by mixing it with methylene chloride and trifluoroacetic 

acid (3:2) for 4 hours. Then, the deprotected polymer was precipitated in diethyl ether (3x) 

and dried.  

Ph-CG’ (protected): 1H NMR (400MHz, CDCl3):  12.15 (br s, 1H), 10.04 (br m, 1H), 

7.50 (br m, 2H), 7.30 (br m, 3H), 7.05 (br s, 1H), 5.95 (br s, 1H), 5.73 (br s, 1H), 5.03 (br 

m, 1H), 4.46 (br s, 1H), 3.36 (br m, 6H), 1.49 (br s, 9H).  

 

Bn-CG’ (protected): 1H NMR (400MHz, CDCl3):  12.03 (br m, 1H), 8.36 (br s, 1H), 

7.26 (br m, 5H), 6.02 (br s, 1H), 5.76 (br s, 1H), 5.08 (br m, 1H), 4.50 (br m, 3H), 3.60 (br 

m, 2H), 3.29 (br m, 4H), 1.43 (br s, 9H). 
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CHAPTER IV 

Perspectives and Future Outlook 
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 The development of polymer-based carriers for protein delivery has made 

significant advances in recent times. The FDA and regulatory approvals of other 

macromolecule-based therapies offer significant promise looking forward and provide 

insight into the next steps for clinical applications. As many of the concept’s surrounding 

protein delivery stem from the delivery of other macromolecules, key bottlenecks observed 

during translational research provides a path to advance this new era of protein-based 

therapeutics.  

While fluorescent proteins are an excellent model system to test the efficacy of 

protein delivery systems, proteins with biological function offer a deeper understanding of 

protein-polymer interactions upon complexation, entry, and release. While the results 

discussed in Chapter 2 and 3 demonstrate the retained apoptotic function of various 

proteins, experiments demonstrating other biological activities would bolster our claims. 

In the field of stem cell therapy, bone marrow-derived mesenchymal stem cells (BM-

MSCs) have potential to differentiate to osteoblasts and aid the treatment of bone diseases. 

The intracellular delivery of growth factors may up- or downregulate genes involved in 

differentiation. Bone morphogenic protein-2 (BMP-2) was intracellularly delivered using 

the best performing polymer discussed earlier to patient derived MSCs. Preliminary results 

indicate enhanced phenotypical changes, such as calcium mineralization, after intracellular 

delivery. These observations suggest the direct delivery of proteins, as opposed to 

traditional gene delivery, may be a promising technique for the engineering of stem cells 

prior to in vivo injection. Taken together, continued experiments aim to demonstrate the 

feasibility of this type of therapy for bone loss disease.  
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While the topic of protein delivery generally refers to the intracellular entry of the 

protein cargo, delivery may encompass the transport of the protein to the target site, cell 

type, or tissue. As discussed previously, the high stability of our polymer-cargo complexes 

provides promise to use these carriers in the harsh physiological environment. Oral delivery 

of proteins remains a major hurdle in the advancement of the field. Various model systems 

exist to mimic the human intestinal epithelium. Although these models have limitations, 

being able to study the stability of complexes in the mucosal lining and their transcytosis 

behaviors is of utmost importance. A model system composed of human colon carcinoma 

Caco-2 and mucus-producing HT-29 cells was established and used for protein delivery 

experiments. While transcytosis of polymer-protein complexes was not readily achieved, 

it was established more modifications were needed for carriers to pass through the single-

cell layer epithelium. Further optimization in terms of polymer composition would 

elucidate the potential to cross through a major barrier for oral delivery.  

Finally, a major avenue of future research to be explored is polymer 

biodegradability. The ROMP-based polymers discussed earlier have non-degradable 

backbones. Major questions remain regarding the fate of the polymer after cellular entry. 

Various biodegradable polymers have been used for macromolecule delivery, therefore the 

grafting of our developed functional group to biodegradable backbones may offer hope to 

avoid complications arising from our current platform. 

Overall, the protein carriers discussed here have demonstrated the successful 

delivery of various proteins to multiple cell types. The polymer platform chosen allowed 

for probing the structure activity relationship in both polymer-protein interactions and the 

subsequent cellular entry. The designed functional group on the polymer side chains 
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demonstrated significant enhancement on protein delivery, providing insights that may be 

readily applied to other carriers. A vast wealth of opportunities exists to aid the 

advancement of this new era of protein-based therapeutics.  
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