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Abstract 

The discovery of the first recombinant protein Insulin has made protein therapeutics major players 

in detecting, preventing and curing diseases. However, small molecules are being extensively used 

to target intracellular components over protein therapeutics despite the large repertoire of 

intracellular targets for protein-based drugs. This is due to the polar and charged nature of proteins, 

among other factors, that make them intrinsically difficult to deliver into mammalian cells. While 

there are delivery techniques that aid intracellular protein transport, most systems face several 

challenges including endosomal trapping. Hence, there is a need for alternative delivery vehicles 

that can overcome the limitations of traditional delivery techniques. In this work, the potential of 

a new class of amphiphilic oligomers as intracellular delivery vehicles was investigated. Non-

specific conjugation of Cell Penetrating Oligothioetheramides (CPOT) on super folder Green 

Fluorescent Protein (sfGFP) facilitated protein internalization into mammalian cells. We 

hypothesize that the CPOT delivery capability lies in its amphiphilic nature and the remodeling of 

protein surface properties. Further, the abiotic nature of CPOTs allow it to evade proteolytic 

degradation and deter unwanted interactions with the extracellular matrix. Ultimately, 

understanding the correlation between structure and intracellular delivery capability will help in 

the development of next generation drug delivery vehicles for macromolecules. 
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Chapter 1 - Introduction 

1.1 Structural features of mammalian cells and proteins 

Cells form the fundamental units of life and make up every living tissue present on earth. The 

structure of a cell varies based on whether it is a prokaryotic or a eukaryotic cell[1]. All mammalian 

cells are eukaryotic and are typically composed of three main components – cell membrane, 

cytoplasm and the nucleus[2]. In contrast, prokaryotic cells do not have a well-defined nucleus 

and lack many internal compartments that are found in eukaryotic cells. A classic example of a 

prokaryote is the bacterium called Escherichia Coli (E.Coli), and an example of a eukaryotic cell 

is a Human Embryonic Kidney (HEK293) cell[3].  The cell membrane is a crucial component in 

mammalian cells and plays a vital role in compartmentalization, signal transduction and nutrient 

transport between the cell and the extracellular environment[4]. A typical mammalian cell 

membrane is composed of dual layers of phospholipids with the hydrophilic heads containing the 

phosphate group facing the exterior and the interior of the cell while the hydrophobic tails are 

directed towards the center of the membrane[5].  

 

Figure 1.1 Structure of a eukaryotic cell membrane [6]   
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This structure gives rigidity as well as fluidity to the cell membrane. The cell membrane also 

contains a variety of other components such as transmembrane proteins and peripheral proteins 

which play a crucial role in the translocation of ions, small molecules and macromolecules to and 

from the cell as can be seen in figure 1.1. 

These different components of a cell are made up of a wide range of macromolecules which are 

essential to the proper functioning of biosynthetic pathways within cells. Proteins, which is a very 

important class of macromolecule, are made up of monomers called amino acids[6]. A typical 

amino acid contains an amino group (-NH2), carboxyl group (-COOH) and a side chain (-R). 

Reaction of the amino group of one amino acid to the carboxyl group of another amino acid results 

in the creation of peptide bonds. Two or more amino acids can interact with each other through 

the formation of peptide bonds to give rise to the primary structure of proteins[6]. 

The alpha carbon which is attached to both the amino and carboxyl group is flexible thus resulting 

in the formation of hydrogen bonding between different amino acids thereby forming the 

secondary structure of proteins such as α helical and β pleated sheet. The tertiary structure of a 

protein is formed due to the presence of different side chains on each amino acid. The amino acids 

interact with each other based on different properties such as charge, polarity etc. The folding of 

proteins is influenced by these interactions and results in a conformation that minimizes the overall 

energy of the folded protein[7]. Generally, this is achieved by keeping the amino acids with 

hydrophobic side chains in the interior of the protein structure while most of the hydrophilic amino 

acids are maintained on the exterior of the protein[8]. The quaternary structure of a protein is 

achieved by assembly of multiple tertiarily structured protein chains to form a closely packed 

unit[6]. Finally, post translational modification such as glycosylation, phosphorylation, acetylation 
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among others can occur on the surface of the protein and is essential to ensure its biological 

function[9]. 

 

Figure 1.2 The different levels of protein structure [6] 

Due to the therapeutic relevance of proteins in diseases, extensive research has been dedicated to 

developing different protein-based drugs such as antibodies (Infliximab[10], Cetuximab[11]), 

recombinant proteins (insulin[12], erythropoietin[13]) and vaccines (Hepatitis[14]). Most protein 

therapeutics target the extracellular membrane due to the challenges associated with intracellular 

delivery of proteins. The major roadblocks to intracellular protein delivery include (a) Hydrophilic 

nature of proteins in comparison to the hydrophobic cell membrane (b) High molecular weight of 

the protein (c) Anionic nature of proteins. The focus of the scientific community has thus been 

directed to developing small molecules that can easily penetrate the cell membrane as a viable 

method of intracellular drug delivery. However, intracellular targets for a wide range of diseases 

such as cancer[15], infectious and genetic diseases[16] don’t have well defined binding pockets 

for small molecules. The large surface area of these targets are best engaged by proteins. To deliver 

these protein therapeutics inside cells, research has been focused on the delivery of genetic material 

in the form of DNA or mRNA encoding the protein of interest. However, off-target effects due to 

possible DNA incorporation[17] into the native genome and the instability and low potency of 

mRNA[18] calls for efficient delivery vehicles for potent protein drugs. Therefore, development 
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of efficient protein drug delivery systems are crucial to unlock the potential of a wide range of 

protein therapeutics.  

1.2 Intracellular drug delivery systems 

The mammalian cell membrane is a crucial component to be considered when designing 

intracellular vehicles for macromolecular delivery. The intrinsic challenge of protein delivery is 

due to the hydrophilic nature of the protein surface compared to the amphiphilic nature of the 

mammalian cell membrane[19]. Other differences stemming from anionic surface charge and high 

molecular weight of proteins also deters their delivery into the cell. The second challenge in 

delivery is the entrapment of the translocated substance inside cellular vesicles[20] such as 

endosomes or lysosomes which ultimately leads to its degradation thus rendering the drug 

ineffective. An efficient drug delivery system should be able to evade these biological processes 

while also retaining the native active state of the protein.  

Mechanical methods such as microinjection can be used to deliver proteins inside cells. However 

these methods are not useful in practical applications because they are invasive, and result in cell 

death. Furthermore, inability of direct access to the cell deter in vivo application of these delivery 

systems. Several advancements have been made towards delivery vehicles that can be used in vivo 

such as cationic lipids[21], protein surface modifications[22], cell penetrating peptides 

(CPPs)[23], virus like particles[24], supercharged proteins[25] etc. Despite the plethora of research 

dedicated to these delivery systems, each method is optimal for certain proteins or cell types and 

cannot be universally applied to all systems. Further research into alternate delivery modalities 

which do not have these limitations are required. 
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1.2.1 Cationic Lipids and lipoplexes   

A typical method of protein delivery is encapsulation of the protein of interest in positively charged 

lipids that has the ability to interact with the anionic phospholipid bilayer of the cells thus enabling 

its entry. Cationic lipids, which are composed of a positively charged head and a hydrophobic tail, 

form liposomes or lipid nanoparticles either through self-assembly or by associating with other 

lipids. The positively charged liposomes enable macromolecular entry through the highly anionic 

cell membrane. Liposomes are exciting and promising agents of drug delivery and have been used 

for the delivery of a variety of cargoes since their inception[26]. There have been several successes 

in delivery of macromolecules such as  the translocation of nucleic acids using liposomes[27], with 

several drugs making it into the clinical stage[16][17]. Proteins have also been successfully 

delivered using liposomes and liposome derivatives[18][19]. However, liposomal delivery of 

proteins faces challenges such as low transfection efficiency, entrapment within endosomes[32] 

and loss of proteins during freeze thaw formulation process[33]. Another class of compounds 

derived from liposomes, lipid nanoparticles (LNPs), contain a variety of other components such 

as neutral stabilizing lipids, surfactants, polymers or a combination of these materials. LNPs have 

shown promise in successful delivery of proteins at relatively high transfection efficiency[34]. 

Most recently, lipid based carriers have been used in the COVID-19 vaccine formulation for the 

successful delivery of mRNA encoding the spike protein of the virus[35].  

1.2.2 Protein transduction domains (PTD) or Cell penetrating peptides (CPP) 

Covalent modification of macromolecular surface by the addition of chemical components that 

have the ability to translocate across the cell membrane has been the focus of research for decades. 

Cell penetrating peptides are one such class of compounds where its ability to translocate across 

the membrane has led to years of research to determine its mechanism of action. CPPs have been 



18 

 

utilized for the successful delivery of several classes of drugs with some drugs moving into clinical 

phases[36]. HIV TAT was one of the first CPPs that was discovered [37], [38]and is composed of 

a 9-mer basic domain (RKKRRQRRR). Numerous studies have been conducted to pinpoint the 

exact structural features that enable CPP entry into the cell[39]. In recent years, discovery of 

different types of CPPs that have superior transfection ability over TAT[23][24] has opened up the 

arena for fine tuning the structure of CPPs for efficient delivery of proteins. However CPPs have 

drawbacks that hinder it’s in vivo application such as rapid proteolytic degradation and low 

efficacy due to interaction with extracellular matrix (ECM). Furthermore, several studies have 

shown that CPPs are translocated across the membrane into cellular compartments such as 

endosomes[42] and macropinosomes[43]. This is not favorable since the compounds entrapped in 

these vesicles are ultimately degraded, thus decreasing the efficacy of drugs delivered by CPPs.  

1.2.3 Virus like particles (VLPs) 

Virus-like particles obtained from the viral capsids can enable the intracellular delivery of proteins. 

These particles are nonpathogenic and cannot replicate given their lack of a viral genome. The 

viral machinery that enables its entry can be repurposed for the internalization of proteins into 

cells. Progress has been made towards the intracellular delivery of proteins using (VLPs) such as 

the delivery of several active proteins by Kaczmarczyk et al [24]. However, factors such as 

phagocyte-mediated clearance[44] and stability issues[45] are challenges that have to be overcome 

for it to be incorporated in intracellular protein delivery[46].  

1.2.4 Supercharged proteins 

Supercharged variants of protein of interest can enable internalization of the protein. The delivery 

of the protein is through the interaction of the positively charged protein with the anionic cell 

membrane[25][47]. Furthermore, several naturally supercharged proteins[47] have been 
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repurposed for the internalization of a different protein of interest. However, the modification of 

proteins to give a net positive charge may be detrimental to the activity of the protein. Potential 

off-target effects, stability and selectivity of the supercharged proteins remains to be studied before 

it can be utilized in vivo applications.  

1.2.5 Protein surface modifications 

A classic method of protein delivery across cell membranes is the cloaking of groups present on 

the surface of proteins. Mix et al [48] showed that esterification of the carboxylic group on the 

surface of green fluorescent protein (GFP) with 2-diazo-2-(p-methylphenyl)-N,N-

dimethylacetamide enable its cellular translocation across CHO-K1 cells. An important feature of 

this delivery method was that the esterification was completely reversible by cellular esterases and 

the modification was traceless once the protein was delivered into the cell. Furthermore, 

esterification of surface carboxylic acid enabled direct cellular transfection across the cell 

membrane without falling prey to the endocytic mechanism of cellular entry. Cytoplasmic 

fluorescence after delivery of the protein proved that the protein retained its conformation even 

after translocation across the membrane. While delivery of GFP serves as a good starting point to 

test the delivery capability of a new class of compounds, the ultimate goal is the delivery of 

proteins that have practical applications such as enzymes and antibodies. In Valerie et al [49], the 

authors showed that the esterification of highly anionic human ribonuclease 1 (RNase 1) resulted 

in its successful translocation across the cells. Entry of RNase 1 into the cytoplasm results in 

cytotoxicity. It was observed that wild type & potent RNase 1 variant did not harm the Hela cells. 

However, esterification of  wild type or potent RNase 1 significantly enhanced the cytotoxicity of 

HeLa and H460 cell lines. It was also noted that the esterification process was reversible similar 

to the example with GFP. The ability of the delivery method to directly translocate proteins across 
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the cell membrane without affecting the structural and catalytic ability of the proteins is vital if it 

is to be used as a delivery tool. These results show that modification of the protein surface features, 

that make it less anionic and/or more hydrophobic, can aid in the internalization of the protein.  

Recently, a class of compounds called Oligothioetheramides (OligoTEAs)  were developed with 

some key structural features that enable its internalization within cells. This class of compounds 

are called Cell Penetrating Oligothioetheramides (CPOTs). In comparison to CPPs where the 

translocation efficiency is reduced due to its degradation by proteolytic enzymes, CPOTs are not 

affected by proteases due to tertiary amide backbone. More recently, it has been shown that the 

conjugation of hydrophilic drugs to CPOTs has enabled their delivery into the cytoplasm of the 

cell. Given this preliminary data, we hypothesized that CPOTs may have the potential to deliver 

high molecular weight hydrophilic macromolecules such as proteins. 
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Chapter 2 – Introduction to Cell penetrating Oligothioetheramides 

2.1 Cell Penetrating Oligothioetheramides (CPOT) 

OligoTEAs are a new class of sequence-defined oligomers which has a backbone that consists of 

alternating hydrophobic and hydrophilic components thus giving it an amphiphilic nature The 

backbone of the oligoTEA can be fine-tuned to control its interaction with the cell membrane and 

the extracellular components. The abiotic nature of Cell Penetrating OligoTEAs (CPOTs) 

circumvents proteasomal degradation, thus increasing their half-life. Furthermore, interaction with 

the extracellular components is minimized given the lack of ionic charges. These advantages of 

CPOTs make it a promising drug delivery. This chapter summarizes the work done by Ngoc Nhu 

Phan[50][51] where she showed that the modification of hydrophilic molecules and peptides using 

OligoTEAs aided in its delivery into mammalian cells. 

The synthesis of a cell penetrating OligoTEA consisting of 8 monomers with 4 pendant groups 

and backbone groups each, involves 2 reactions repeated 4 times.  In the first reaction, polyethylene 

oxide (PEO) dithiol monomer is attached to an allyl group on Fluorous allylamine (FA). This thiol-

ene reaction is performed in the presence of a photoinitiator under UV radiation and is followed 

by Fluorous Solid Phase extraction (FSPE) to remove unreacted components. Next, a butyl 

monomer (B) is added to this purified component via thiol-Michael addition. This is again 

followed up by a FSPE thus resulting in the first unit of the CPOT containing one pendant and one 

backbone group. Three more sets of the above reactions are performed, thus obtaining the entire 

CPOT(4mer) attached to the fluorous allylamine tag. Finally, the fluorous tag is cleaved off with 

trifluoroacetic acid (TFA) to give the CPOT(4mer). Following cleavage, preliminary purification 

using FSPE is followed by purification using high-performance liquid chromatography (HPLC) 

and the compound is confirmed using liquid chromatography- mass spectrometry (LC-MS).  
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2.2 Delivery of Fluorescein using CPOT 

Previous members of the Alabi research group studied the delivery capabilities of CPOT. In Ngoc 

et al 2018[51], the relationship between the structure and delivery capability of CPOTs were 

studied. Different hydrophilic components such as polyethylene oxide (PEO), butane dithiol 

(BDT), DL-1,4-dithiothreitol (DDT) and  hydrophobic monomers such as  butyl allyl acrylamide 

(B) and guanidine allyl acrylamide (G) were used for the synthesis of OligoTEAs as shown in 

figure 2.1.  

 

Figure 2.1 Synthetic methodology for the assembly of Sequence-Defined OligoTEAs[51] 

The initial hypothesis that net cationic charge might play a role in the uptake of these 

macromolecules was proved wrong when the non-charged DTT-B OligoTEA showed two fold 

better uptake capability than charged DTT-G (figure 2.2a). This result showed that hydrophobicity 

and amphiphilicity played a bigger role in cell internalization. Based on the results shown in figure 

2.2a and the need to improve solubility of the overall CPOT without introducing charge, CPOTs 

with the amphiphilic monomer polyethylene oxide (PEO) and hydrophobic pendent monomer 
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butyl N-allyl acrylamide were made and evaluated for cellular delivery. When the cells transfected 

with fluorescein conjugated CPOTs were imaged using live cell confocal microscopy, it was 

observed that the CPOT (PEO2-B) showed even distribution in comparison to a fully charged 

cationic CPP, R9 which appeared in punctate spots (figure 2.2b). This suggests that the delivery 

of the CPOT is through direct cytoplasmic translocation into the cells and doesn’t result in the 

entrapment within cellular vesicles. Next, the authors looked into the delivery capability of a 

CPOT that contained alternating butyl allyl acrylamide monomers with alternating PEO and BDT 

monomers. The CPOT was conjugated to a hydrophilic dye called Atto-488 and its uptake was 

evaluated in various cell lines such as HeLa, SKOV-3 and HEK293 (figure 2.2c & 2.2d). There 

was a robust uptake of all the conjugates and delivery was obtained at a low concentration of 

500nM  as well (figure 2.2e).  

 

Figure 2.2(A) Cellular uptake of fluorescein cargo by OligoTEAs in HeLa cells (5 μM, 1 h) measured by flow cytometry. (B) Live-

cell confocal microscopy of fluorescein cargo uptake by PEO2–B and R9 in HeLa cells. Images are the merged green fluorescence 

of the fluorescein-OligoTEA conjugates and the bright-field image of the cell. (C) Cellular uptake of Atto-488-PEO2–B (5 μM, 1 

h) in HeLa cells. Cells were treated with a trypan blue solution for cell surface quenching prior to data acquisition. (D) Cellular 

uptake of PEO2–B in HeLa, SKOV-3, and HEK293 cells (5 μM, 1 h) measured by flow cytometry. (E) Dose-dependent uptake of 

PEO2–B in HeLa cells. (F) Uptake kinetics of fluorescein-PEO2–B at 2.5 μM in HeLa cells via flow cytometry[51]. 
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2.3 Peptide delivery 

Based on the positive results of the delivery of fluorescein by conjugating it to OligoTEAs, 

delivery of larger peptides via OligoTEAs was evaluated. Two different peptides were conjugated 

onto the OligoTEA via short PEG linkers. The sequence of the peptides that were studied are 

shown below. 

1. KC-49 (HA peptide) 

Ac-KADNAAIESIRNGTYDHDVYRDEALNNRFQIKGVE-LKSGYKDWGSGSGC-Am 

2. YC-63 (TAT-HA peptide) 

Ac-YGRKKRRQRRR-GSG-KADNAAIESIRNGTYDH-DVYRDEALNNRF-QIKGVELKSGYKDW-

GSGSGC-Am 

Peptides fused to cholesterol and TAT were used as a positive control. To evaluate optimal 

composition for peptide delivery, N. Phan studied two different OligoTEAs with varying 

backbones, PEO4-B and BDT4-P as shown in figure 2.3. The internalization of the peptide-PEG-

oligoTEA conjugates into the HeLa cell lines was studied via immunofluorescence staining with 

anti-HA primary antibody and ALex Fluor 568 (AF-568) secondary antibody. The confocal images 

of TAT-HA-Cholesterol, HA- PEO4-B and HA-BDT4-P are shown in figure 2.4. 

All the peptides conjugated to the OligoTEAs were observed to be dispersed in the cytoplasm of 

the cells, though TAT-HA-OligoTEA conjugates showed higher signals in comparison to HA-

OligoTEA conjugates. HA-BDT4-P conjugates showed punctate spots in delivery suggesting 

compartmental localization upon delivery inside cells in contrast to BDT4-P. These findings 

suggest that OligoTEAs can be used for delivery of peptides inside cells while serving as a 

motivation to test the delivery of larger macromolecules such as proteins inside cells via CPOTs. 
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Figure 2.3  (a) Backbones of PEO4-B & BDT4-P(b) Synthetic scheme for the assembly of peptide-PEG4-oligoTEA conjugates. 

Reaction conditions: (i) 5eq Mal-PEG4-NHS, 10eq triethylamine, 1h, RT; (ii) 2eq Mal-PEG4-oligoTEA, 10eq N,N-

diisopropylethylamine, 9mM in 1:1 DMSO:DMF, 24h, 37°C.[50] 

 

Figure 2.4 Confocal microscopic images of fixed HeLa cells (a) treated with 5 μM of Tat-HA-Cholesterol, HA-(PEO4-B) and HA-

(BDT4-P) conjugates. All the images were taken with a 40X water objective on the Zeiss inverted microscope. Untreated cells were 

not treated with anything except for Hoechst 33342[50]. 
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Chapter 3- Conjugation of sfGFP to OligoTEAs 

3.1 Introduction  

With the successful delivery of peptides using CPOT, we hypothesized that CPOTs can be used to 

deliver large macromolecules such as proteins. However, unlike peptides, proteins are relatively 

more difficult to deliver inside cells. First, therapeutically relevant proteins have high molecular 

weight. This coupled with the hydrophilic and anionic exterior of the protein poses arduous 

challenges to intracellular delivery. Furthermore, modification of the exterior of the proteins can 

deactivate the protein, thus rendering it ineffective. Hence, the conjugation of the CPOT should be 

done in a way to ensure the activity of the protein is not lost. Green fluorescent protein (GFP) is 

widely used fluorescent protein in drug delivery research. Denaturation or deactivation of GFP can 

be easily detected via changes in  its fluorescence. In its native state, GFP fluoresces with a 

maximum emission observed at a wavelength of ~510 nm. Upon denaturation, the change in 

intensity can be directly correlated to the concentration of sfGFP. Due to the simplicity of detecting 

activity of GFP, it can be utilized to evaluate the protein delivery capability of CPOTs. The 

delivery of the protein inside mammalian cells can easily be detected by measuring the 

fluorescence of the transfected cells against the cells that were not treated with the conjugate. A 

fluorescence positive cell will indicate that the CPOT successfully delivered the GFP inside cells. 

3.2 Green Fluorescent protein 

GFP, which was first isolated from the jellyfish Aequorea Victoria, has been utilized for a variety 

of biomedical and biotechnology applications such as protein fusion to report gene transcription 

or protein expression, small molecule detection, whole cell visualization and much more[52]. GFP 

is a good model protein to test delivery capabilities of different molecules since its green 

fluorescence can be easily detected by flow cytometry when it is internalized by the cell. 
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Furthermore, since the structure of GFP dictates fluorescence, reduction in fluorescence is a good 

measure of how bioconjugation negatively affects the structure or function of this protein. The 

structure of a typical GFP consists of a beta barrel structure consisting of eleven β-sheets with an 

alpha helix and a covalently bonded chromophore running through the center of the barrel 

structure. Five alpha helices form caps on either end of the structure. A super folder green 

fluorescent protein (sfGFP) is a robustly stable version of GFP that folds well even when fused to 

poorly folded peptides[53]. It consists of 247 amino acids and has a molecular weight of 26.8 kD. 

sfGFP is the variant of GFP that has been used in this project to test the delivery capability of 

CPOTs into mammalian cells. 

3.3 Linker design 

Self-immolative systems have been utilized in a variety of fields for purposes such as probe 

design[54], signal application[55] and drug delivery[56]. Self-immolative linker is utilized in drug 

delivery systems to release biomolecules which have been delivered inside cells by conjugation to 

drug delivery vehicles. This breakdown is achieved with the help of a stimulus that is found only 

inside the cell. Typically used linkers are pH sensitive, reducible or susceptible to certain enzymes 

found in the cells that are targeted. Disulfide linker is one such widely used self-immolative system 

that is cleavable upon entry into the cell. While disulfide linkers are stable under physiological pH, 

the reducing environment of the cytoplasm results in the breakage of the linker as shown in figure 

3.1. This results in the release of the components that are attached to either end of the linker. 

Disulfide linkers are employed in bioconjugation techniques to ensure that the internalized protein 

conjugate is reduced into the native form. Reducible linkers ensure that the modification that 

enables protein entry is reversible once the conjugate is inside the cell. This is essential to ensure 

that the protein retains its native form and is active upon entry.  
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Figure 3.1 Cleavage of the disulfide linker between CPOT and payload 

3.4 Conjugation of CPOT onto sfGFP 

The first step in the conjugation reaction is the reaction of CPOT to dinitrophenyl disulfide 

(DNPDS) to obtain a conjugate CPOT-DNPDS containing the disulfide bond. This CPOT-DNPDS 

conjugate was then reacted with sfGFP to get the sfGFP-ss-CPOT conjugate as shown in figure 

3.2. A typical bioconjugation technique utilizes chemical groups present on the surface of the 

proteins such as amines, thiol, carboxylic acid etc. Since the reaction is not performed on a specific 

location on the protein but rather on a group that is easily accessible on the surface of the protein, 

this type of conjugation strategy is termed nonspecific. Different amino acids present on the 

surface of the protein such as lysine, arginine and histidine have ionizable amines containing side 

groups. Lysine, which are used widely for non-specific conjugation techniques, contain two 

primary amino groups. The amino group at ε carbon has a slightly higher ionization point (pKa) 

than the amino group present in α carbon. At physiological pH, the amine groups of lysine are 

protonated and possess a positive charge. Since the amine containing side chains are usually 

exposed on the surface of proteins, these amines can be easily utilized for non-specific conjugation 

strategies.  
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For the initial experiments, sfGFP was reacted with the CPOT-linker at 1:50 equivalency. 

Dimethyl sulfoxide (DMSO), an organic solvent, was also added to the reaction to ensure that the 

CPOT was dissolved in the solution. The reaction scheme is shown in figure 3.2. The overall 

DMSO percentage was kept at 5% in order to minimize the denaturation of sfGFP. Upon the 

addition of CPOT dissolved in DMSO to sfGFP, it was observed that the CPOT precipitated out. 

Increasing DMSO concentration from 5% to 10% v/v did not decrease the turbidity of the solution. 

The reaction was allowed to run over 24 hours at 4°C and was initially analyzed through 

hydrophobic interaction chromatography (HIC) as shown  in figure 3.3a. 

 

Figure 3.2 Reaction scheme of (a) CPOT(4mer) with DNPDS linker & (b) CPOT(4mer)-DNPDS with sfGFP  

Since CPOT-linker conjugate is hydrophobic in nature, conjugation of CPOT-linker onto the lysine 

on the surface of sfGFP would increase the hydrophobicity of the conjugated sfGFP compared to 

the unconjugated variant. However, when the samples were analyzed using HIC, it was observed 

that sfGFP and the reaction sample eluted out at the same residence time of ~40 minutes (figure 

3.3a). This suggests that the conjugation between sfGFP and CPOT did not progress as expected. 
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To test whether temperature played a role in reaction kinetics, the reaction was performed at room 

temperature and analyzed using HIC once again. However, the reaction sample eluted out at the 

same residence time as sfGFP as shown in figure 3.3a. Furthermore, peaks were not observed for 

reaction samples with just CPOT-DNPDS. It was hypothesized that the reaction was not working 

as expected due to the insolubility of CPOT. While the CPOT solubility could be improved with 

the addition of a higher percentage of DMSO, there could be other factors at play as well. Different 

variables such as DMSO percentage, temperature and reaction equivalency were changed to 

investigate the ideal formulation for conjugation. All the reactions were analyzed using native-

PAGE as shown in figure 3.3b.  

 

Figure 3.3 Analysis of conjugation of CPOT(4mer)-DNPDS on sfGFP using (a) HIC & (b) Coomassie stained Native PAGE 

In Native-PAGE, the mobility of the protein through the gel is determined by different factors 

such as size, shape as well molecular weight. If conjugation occurs, a shift would be observed 

based on the isoelectric point of the conjugated sfGFP. However, there was no visible shift in 

native gel. Conjugation was attempted using a different linker called Pentafluorophenyl disulfide 

(PFPDS). However, there was no visible shift in the conjugated samples even after using this 

linker (figure 3.4a & b). It was hypothesized that native gel might not be a perfect analytical tool 
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to observe conjugation since the change in molecular weight due to conjugation might be very 

small and hence the shift may not be visible. Hence, the sfGFP modified by CPOT-PFPDS 

linkers were analyzed with the help of MALDI-TOF. However, MALDI did not show any visible 

difference between conjugated and unconjugated sample as can be seen in figure 3.4c 

 

Figure 3.4 (a) Pentafluorophenyl disulfide linker, Analysis of CPOT(4mer)-PFPDS conjugation  on sfGFP using (b) Coomassie 

stained Native PAGE, (c) HIC and (d) MALDI-TOF 

For the next set of experiments, reducing and non-reducing SDS-PAGE was used along with 

Native-PAGE since it was not clear which analytical method would show the shift due to 

conjugation.  

3.5 Testing the role of solubility in reaction kinetics 

Since the native gel did not show any sufficient proof of conjugation, it was hypothesized that the 

hydrophobicity of the CPOT may play a role in the reaction not progressing. Partition coefficient 

was calculated for CPOTs of different lengths. ClogP provides a measure of hydrophobicity of the 
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compound and is the logarithmic of the partition coefficient of the compound in n-octanol and 

water. It is given by the formula log(coctanol/cwater). Low value of CLogP indicates that the 

compound is less hydrophobic. The hydrophobicity of a CPOT containing 2 units, CPOT(2mer) 

was compared to the CPOT containing 4 units, CPOT(4mer) by calculating ClogP of each CPOT 

conjugated to the DNPDS linker (figure 3.5a). The theoretical value showed that CPOT(2mer)-

DNPDS is relatively less hydrophobic than CPOT(4mer)-DNPDS. When the two CPOTs were run 

through RP-HPLC, it was observed that the CPOT(2mer) eluted out sooner than CPOT(4mer) 

(figure 3.5b). This is in line with the expectation since hydrophobic components have a higher 

retention time in RP-HPLC.  

 

Figure 3.5 (a) Measure of hydrophobicity of CPOT(2mer) and CPOT(4mer) (b) HPLC trace of CPOT(4mer) and CPOT(2mer) 

Since the hydrophobicity of a CPOT(2mer) is lesser than that of CPOT(4mer), conjugation to 

sfGFP was attempted using CPOT(2mer). The reactions were performed at three different 

equivalencies of 5,10 and 20 and the DMSO percentage was set as 10,12 and 20% respectively. In 

order to check how the shift occurs upon conjugation, a positive control having the same molecular 

weight as the CPOT will have to be used.  The positive controls used for CPOT(4mer)-linker 

constructs were PEG-SVA with a molecular weight of 2kD and that of CPOT(2mer)-linker was 
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PEG-NHS with a molecular weight of 1.2kD. The reaction scheme for the positive controls are 

shown in the figure below. 

 

 

Figure 3.6 Reaction scheme of molecular weight controls (a) mPEG-NHS, (b) mPEG-SVA and (c) sfGFP with CPOT(2mer)  

The reactions were run on SDS-PAGE with and without the addition of βME and the coomassie 

stained gel was analyzed for conjugation. If a shift is observed in the reaction sample, addition of 

βME should bring the shifted band back to that shown in the negative control (unconjugated 

sfGFP). These results are shown in figure 3.7. Slight banding was observed in the lanes containing 
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the conjugated sample. However, it was not clear whether the banding was due to high amount of 

sfGFP that was loaded onto the wells or due to conjugation.  

 

Figure 3.7 Coomassie stained gel image of reactions at different equivalencies in (a) non reducing and (b) reducing SDS-PAGE   

Since decreasing the number of units on CPOT did not yield any conclusive proof of conjugation, 

the percentage of DMSO was increased in sfGFP-CPOT conjugation reactions while keeping the 

reaction equivalency of sfGFP to CPOT constant at 20 equivalency to test if a broader band can 

be obtained in such a case (figure 3.8a & b). A broad band was observed when the DMSO 

percentage was increased beyond 20% (figure 3.8a) for 20 equivalency reactions. However, even 

the slightest decrease below 20% resulted in decrease in banding for the conjugated samples. 

Furthermore, CPOT(4mer) showed poor conjugation even at high percentages of DMSO (figure 

3.8b). When these reaction samples were analyzed through an in-gel fluorescence image of Native-

PAGE gel (figure 3.8), a shift could not be observed between the conjugated and unconjugated 

species. This shows that Native-PAGE may not be the right analytical tool for this type of 

conjugation. Native PAGE did, however, qualitatively show that the conjugated samples also 

showed fluorescence indicating that the sfGFP is still active (figure 38c & d). However, measuring 
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the absorbance of these samples would quantitatively show the negative impact of conjugation on 

sfGFP fluorescence.  

These results of these experiments show that there is a narrow range of conditions, both in terms 

of DMSO percentage as well as reaction equivalencies, at which the CPOT is soluble resulting in 

its conjugation on to sfGFP. There is hence a space for optimization to improve the range of CPOT 

that is conjugated onto sfGFP. However, since DMSO results in the denaturation of proteins, the 

concentration of DMSO added is just enough to ensure that most of the CPOT is dissolved in the 

solution.  Furthermore, since SDS-PAGE is a better analytical tool for this conjugation technique 

rather than Native-PAGE, the next set of optimization reactions were analyzed through SDS-

PAGE coupled with coomassie staining. 

 

Figure 3.8 Coomassie stained images of SDS-PAGE gels with (a) sfGFP-ss-2mer (b) sfGFP-ss-4mer and in gel fluorescence of 

Native-PAGE gel with (c) sfGFP-ss-2mer and (d) sfGFP-ss-4mer for reaction mixtures with increasing DMSO percentage  
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Materials and Methods 

Butyl monomer synthesis 

One equivalence of butyl amine was dissolved in dry dichloromethane (DCM) such that the final 

concentration was 140mM. 1.3 equivalents of triethylamine were added and the mixture was 

stirred on ice for 15 minutes. 1.2 equivalents of acryloyl chloride are diluted in dry DCM and 

added dropwise over a period of 15 minutes. The reaction was stirred over ice for a period of one 

hour following which the reaction was taken off the ice bath. The reaction was then allowed to 

proceed at room temperature for an hour more before quenching it with water. The product was 

washed thrice and extracted using DCM. An additional wash was done using brine before drying 

the solution using anhydrous Na2SO4. The product was dried using rotovap before starting the next 

reaction.  

The product from the previous reaction was weighed. 1.5 equivalents of sodium anhydride were 

dissolved in dimethylformamide (DMF). The product from the previous reaction was then added 

to this solution such that the final concentration was 350mM. The solution was stirred in a round 

bottom flask for 15 minutes. 1.5 mL of allyl bromide was dissolved in DMF and added dropwise 

to the solution mixture over 15 minutes. The reaction was stirred at room temperature for an hour 

after which it was quenched with water. The extraction of the product was done using ethyl ether 

and repeated three times. Finally the product was washed with brine after which it was dried with 

the help of anhydrous Na2SO4. The product was dried using rotovap and the product was purified 

by silica column flash chromatography. The purity was confirmed by 1HNMR and LC-MS. 

Oligothioetheramide (OligoTEA) synthesis 

OligoTEAs were synthesized using alternating thiol-ene and thiol-Michael addition reactions, with 

FSPE wash between each reaction. The fluorous tag on which the oligoTEA was synthesized was 
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cleaved and preliminarily purified using FSPE after which it was further purified using RP-HPLC. 

The final compound was characterized using LC-MS. 

1. Thiol-ene reaction 

Fluorous allylamine dissolved in methanol at a concentration of 500mM. Five equivalents of 

dithiol and 2,2-dimethoxy-2-phenylacetophenone (DMPA, 5 mol % of dithiol) were added to this 

solution and the reaction mixture was subjected to UV irradiation for 270 s at 20 mW/cm2 . The 

product (fluorous-thiol) was purified by Fluorous solid-phase extraction (FSPE) and dried down 

using rotovap.  

2. Thiol-Michael addition 

Fluorous-thiol eluted from the purification of the last thiol-ene reaction was dissolved in methanol 

such that the concentration is 500 mM. Two equivalents of butyl N-allyl acrylamide monomer and 

dimethyl phenyl phosphine  at concentrations of  5 mol% of monomer were added to this solution. 

The reaction was allowed to proceed at room temperature without stirring for 30 minutes after 

which it was purified using FSPE and dried down using rotovap.  

3. Fluorous tag cleavage reaction 

Fluorous-assembled OligoTEAs were dissolved in a 5 mM 1:1 trifluoroacetic acid (TFA):DCM 

mixture and stirred for 3 hours at room temperature. TFA and DCM were removed under nitrogen, 

and the OligoTEAs were purified using reverse-phase HPLC. 

4. Fluorous solid-phase extraction  (FSPE) 

The fluorous organic mixture was loaded onto a cartridge pre-packed with 2 g of fluorous silica. 

A fluorophobic wash (4:1 methanol: water) was used to elute the non-fluorous molecules whereas 
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the fluorous molecules were retained on the fluorous silica gel. A fluorophilic wash with methanol 

was then used to elute the fluorous molecules from the fluorous stationary phase.  

Dinitrophenyl disulfide Linker synthesis 

Bis(2-hydroxyethyl) disulfide and 5 equivalents of pyridine were dissolved in DCM and were 

cooled to 0°C, while being stirred. 2.5 equivalents of p nitrophenyl chloroformate was added 

to the reaction mixture and the reaction was allowed to warm up to room temperature and 

stirred for 5 hours . The mixture was diluted with 50 mL of DCM and washed thrice with 30 

mL of saturated NaHCO3. After the three washes, the mixture was washed once with 30 mL of 

water, twice with 30mL of 10% citric acid, once again with 30mL of water, and finally with 30 

mL of brine. The organic layer was then dried with anhydrous Na2SO4, filtered, and  dried 

down using rotovap. The crude product was purified by silica gel column chromatography. The 

product was eluted with 37% ethyl acetate in hexanes. Purity  was confirmed by 1H NMR.  

Conjugation of OligoTEA to DNPDS linker 

1 equivalence of OligoTEA was reacted with 1.5 equivalence of Dinitrophenyl disulfide (DNPDS) 

and 3 equivalence of N,N-diisopropylethylamine in DMF at room temperature for 1 hour. The 

products were purified via HPLC and confirmed using LC-MS. 

Conjugation of OligoTEA to PFPDS linker 

1 equivalence of PEO4B4 was reacted with 1.5 equivalence of Pentafluorophenyl disulfide 

(PFPFS) and 3 equivalence of N,N-diisopropylethylamine in DMF at room temperature for 1 hour. 

The products were purified via RP-HPLC and confirmed using LC-MS. 
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Reverse Phase High Pressure Liquid Chromatography 

CPOT and CPOT-linker purification was done on an Agilent 1100 Series HPLC system. Semi 

preparative RP-HPLC was run using a C18 column (Agilent Eclipse XDB-C18, 9.4 x 250mm, 

5μm) at a flow rate of 4mL/min and analytical RP-HPLC was run using a C18 column (Agilent 

Eclipse Plus C18, 4.6 x 150 mm, 5µm) at a flow rate of 1 mL/min (analytical) and 4mL/min 

(semiprep). The solvents that were used as a mobile phase were water with 0.1 % (v/v) 

trifluoroacetic acid and acetonitrile with 0.1 % (v/v) trifluoroacetic acid.  

Hydrophobic Interaction Chromatography (HIC) 

Hydrophobic interaction chromatography(HIC) was performed on Agilent 1100 Series HPLC 

system. The solvents used were 25mM phosphate, 1.5M ammonium sulfate, pH 7.0  and 18.75 

mM phosphate, 25% (v/v) isopropyl alcohol, pH 7.0. Compounds were eluted out at a flow rate of 

1 ml/min using a linear solvent gradient. 

Plasmids and strains 

sfGFP gene was obtained from PJL-1 plasmid present in DH5α cells. The sfGFP gene was 

amplified and inserted into PET28 plasmids. These plasmids were then transferred into BL21 cells. 

All plasmids were verified by DNA sequencing at the Cornell Biotechnology Resource Center 

(BRC) 

Cell culture and reagents 

Lysogeny broth (LB) media powder was bought from Fisher Scientific. Kanamycin antibiotics 

were bought from Sigma Aldrich. 25g of  LB media was dissolved in milli-q water bringing the 

total volume of the solution to 1 liter. Isopropyl β-D-1-thiogalactopyranoside (IPTG) pellets were 

obtained from Millipore Sigma. Kanamycin and IPTG were prepared at the concentrations 50g/mL 
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and 0.1M respectively. 1mL of sterile kanamycin antibiotics was added to 1 liter LB media solution 

before inoculating the media with cells. 

sfGFP expression and extraction 

10mL of overnight cell cultures were added to the 1L solution containing LB and kanamycin. The 

cells were grown at 37°C in a dynamic incubator. The culture was induced when the culture density 

reached 0.4-0.6 at Abs 600 by the addition of 0.1% v/v IPTG. The induced cells were kept in a 

dynamic incubator at 30°C overnight. The cells were then centrifuged at 8000rpm and 4°C for 30 

minutes. The pellets collected at the bottom were placed in falcon tubes which were then placed 

in -80°C if not purified immediately. The pellets resuspended in a standard 100mM NaCl 50mM 

Tris buffer (pH 7.4) such that the solution had a density of 0.1 g/mL. This solution was lysed using 

a homogenizer (Avestin Emulsi-Flex C5) by flowing the cells for 15 minutes at 15000 psi. The 

lysed cells were centrifuged at 13.2rpm and 4°C for 15 minutes. The pellets containing dead cells 

were discarded and the supernatant which is called the clarified lysate was collected. 400µL of 

HisPur Ni-NTA resin (Thermofisher) was added for 50mL of clarified solution. This solution was 

allowed to equilibrate at a rotator at 4°C.  

sfGFP purification 

The IMAC columns were equilibrated by adding 1mL of standard buffer to the column and the 

solution was allowed to flow through. The clarified solution containing the resin was then added 

to the equilibrated column and the flow through was collected in a falcon tube for analysis. The 

column was washed thrice using 25mM imidazole in standard buffer such that the volume added 

at each wash was 10x the resin in the solution. The flowthrough was collected at each wash step. 

The sfGFP was eluted out by addition of 300mM imidazole in standard buffer. The purified 
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fraction was desalted using PD10 gravity columns. The samples were then concentrated using 

Pierce PES protein concentrators and at 20°C. 

Conjugation of OligoTEA-linker to sfGFP 

DMSO was added  to the eppendorf containing sfGFP dissolved in a borate buffer of pH 8.4. The 

reaction was pipetted as well as vortexed to ensure even distribution of DMSO. CPOT-linker 

dissolved in DMSO was added to the eppendorf containing sfGFP and DMSO. The reaction was 

once again vortexed thoroughly and kept in a shaker at room temperature for ~24 hours. The final 

concentration of sfGFP in the reaction was 5mg/mL unless specified otherwise. 

SDS-PAGE  

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze 

the purity of sfGFP as well as the extent of conjugation. The samples were denatured by mixing it 

with 4x Laemmli buffer (Bio-Rad) containing 10% β-mercaptoethanol which serves as a reducing 

agent. The samples were then heated at 100°C for 10 minutes and allowed to cool in 4°C for 10 

minutes. The samples were loaded in any kD tris-glycine gels (Bio-Rad). The gel was then loaded 

onto an electrophoresis chamber that contained Bio-Rad SDS-tris-glycine buffer and run for 1 hour 

at a constant voltage of 110V. The separated bands were stained with Coomassie Blue G-250 for 

24 hours after which the dye was replaced with DI water and destained for 24 hours. The gel was 

then visualized using Bio-Rad Chemidoc XRS+. 

Native PAGE  

Native polyacrylamide gel electrophoresis (Native PAGE) was used to analyze the conjugation of 

sfGFP. The samples were with 4x Laemmli buffer (Bio-Rad). The samples were loaded in any KD 

tris-glycine gels (Bio-Rad). The gel was then loaded onto an electrophoresis chamber that 

contained Bio-Rad tris-glycine buffer and was run for 1 hour at a constant voltage of 120V. The 
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separated bands were stained with Coomassie Blue G-250 for 24 hours after which the dye was 

replaced with DI water and de-stained for 24 hours. The gel was then visualized using Bio-Rad 

Chemidoc XRS+. 

Western blot Analysis 

The samples that were separated into different bands by running SDS-PAGE were also further 

processed using western blot analysis. The separated proteins were transferred on to a polyvinyl 

fluoride (PVDF) membrane (Millipore). Membranes were rinsed with 1x TBS-T (1x TBS + 0.05% 

Tween) thrice. The PVDF is then blocked with  TBST-T containing 5% skimmed milk (w/v) for 

2 hours. The membrane was then once again rinsed with 1x TBS-T thrice. After this step, it was 

treated with TBS-T solution containing Anti-His Antibody with conjugated Horseradish 

peroxidase (HRP) for an hour. After rinsing the solution once again with TBS-T, the membrane 

was treated with a solution made of Clarity ECL Western Blot substrate. The gel was then 

visualized using Bio-Rad Chemidoc XRS+. 
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Chapter 4- sfGFP Delivery using CPOT 

Since the previous SDS-PAGE run showed signs of CPOT conjugation to sfGFP, these samples 

were used for transfection. However, due to concerns of protein denaturation the DMSO 

percentage was kept below 30% and the reaction equivalency of CPOT w.r.t to sfGFP was reduced 

below 20 to improve the solubility of the reaction mixture.  

4.1 Transfection of sfGFP into HEK293T cells 

The conjugation reaction of sfGFP to CPOT(2mer) and CPOT(4mer) was performed at two 

equivalencies, 5 and 10 and the DMSO percentage was set to 25%. The positive controls used for 

CPOT(4mer)-DNPDS were PEG-SVA with a molecular weight of 2kD and that of CPOT(2mer)-

DNPDS was PEG-NHS with a molecular weight of 1.2kD. The samples were analyzed through 

coomassie stained SDS-PAGE gels, the results of which can be seen in figure 4.1.  

A band shift can be observed in lane 2 & 3. However, the shift due to conjugation was not as broad 

as observed in the previous SDS-PAGE gel (figure 3.9). The decrease in the banding range may 

be due to inaccuracy associated with the mass measurement of the dried and purified CPOT(4mer)-

DNPDS product. Figure 4.2 shows the molecular weights present in the reaction samples when 

analyzed through LC-MS. This was done to pinpoint the exact number of CPOTs attached to 

sfGFP. In figure 4.2a & b, multiple peaks which correlate to the molecular weight of CPOT(2mer)-

DNPDS attachment are seen. Furthermore, there is a shift in the peak distribution when the reaction 

equivalency is doubled from 5 to 10. The LC-MS run of the conjugation reaction mixture 

containing CPOT(4mer)-DNPDS did not show any other molecular weight other than the one that 

corresponds with sfGFP (figure 4.2c & d). This was expected since these reaction mixtures did not 

show any shift in the coomassie stained SDS-PAGE gel either as shown in lane 5 & 6 in figure 

4.1.  
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Figure 4.1 Coomassie stained analysis of sfGFP -ss-2mer conjugates at 5 and 10 equivalencies. 

 

  Figure 4.2 LC-MS analysis of sfGFP-CPOT(2mer) reaction performed at (a) 5 and (b) 10 equivalencies, sfGFP-CPOT(4mer) 

reaction performed at (c) 5 & (d) 10 equivalencies. Here, unconjugated sfGFP is shown in red and the reaction samples are 

shown in green. 
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Figure 4.3 FACS analysis of cell treated with (a) sfGFP-ss-2mer & (b) sfGFP-ss-4mer, (c)Mean cell fluorescence of the cells 

treated with sfGFP-ss-2mer and sfGFP-ss-4mer. 

The samples containing CPOT(2mer)-DNPDS that showed conjugation were used for transfection 

experiments. HEK293-T cells were incubated with 10μM of this reaction sample at  37°C. After 5 

hours, the excess reaction sample was removed by washing the cells with 1x PBS solution. The 

cells were then extracted and analyzed through Fluorescent Activated Cell Sorting (FACS). A shift 

in mean cell fluorescence towards the right indicates that sfGFP is internalized by the cells. Figure 
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4.3 shows the result of the transfection experiment. The cells treated with sfGFP-ss-2mer showed 

better transfection as can be seen in figure 4.3a & c. Furthermore, the fluorescence of the cell 

population shows a unimodal distribution. The cells treated with sfGFP-ss-4mer reaction sample 

does not show improved transfection in comparison to the cells treated with unconjugated sfGFP 

(figure 4.3 b & c). This was in line with the expectation since there was no sign of conjugation in 

these samples (figure 4.1, 4.2 c & d). The transfection efficiency of the sfGFP-ss-2mer samples 

were analyzed by counting the events of high fluorescence in the live cell population. As can be 

seen in figure 4.4, the cells treated with 10 equivalency reaction samples of sfGFP-ss-2mer showed 

the highest transfection.  Based on these results, dose dependent uptake study was performed using 

the sfGFP-ss-2mer samples. 

 

Figure 4.4 (a) Scatter plot of cells alone (top left),  cells treated with sfGFP (top right), sfGFP-ss-2mer 5 equivalency (bottom 

left) and sfGFP-ss-2mer 10 equivalency (bottom right) and (b) Transfection efficiency of sfGFP-ss-2mer 
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Dose dependent uptake study was performed by treating the cells with different concentrations of 

sfGFP-ss-2mer 10 equivalence reaction sample. The cells were incubated for 5 hours at 37°C  and 

the mean fluorescence of the cells were once again analyzed using FACS. The result of this 

experiment is shown in figure 4.5. 

 

Figure 4.5 (a) & (b) Mean fluorescence of cells treated with different concentration of sfGFP-ss-2mer 

These results show that CPOT modified sfGFP shows a shift due to transfection at concentration 

as low as 1μM. Furthermore, incubating the cells at higher concentrations of the reaction sample 

results in higher transfection of sfGFP as shown in figure 4.5. The transfection efficiency also 

increases with increasing transfection concentration of the conjugate as shown in figure 4.6. After 

10μM, there isn’t a drastic increase in cellular uptake and the efficiency of transfection seems to 

hit a plateau. 

In conclusion, these results indicate cellular internalization of proteins that are conjugated to 

CPOTs. Detailed study using confocal microscopy will confirm that the conjugates are internalized 

by the cells and are not attached to the surface of the cell membrane. Furthermore, cotransfection 

of the conjugates along with different cellular compartment markers will prove that the proteins 

are delivered directly into the cytoplasm without getting trapped inside cellular vesicles.  



48 

 

 

 

Figure 4.6 (a) Scatter plot of cells treated with different concentrations of  sfGFP-ss-2mer 10 eq reaction (b) Transfection 

efficiency of sfGFP-ss-2mer at higher transfection dosages 
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Materials and Methods 

Sample preparation before transfection 

The DMSO present in the samples were filtered out using Millipore sigma Amicon Ultra-0.5mL 

10kD spin filter by centrifuging it at 14000g for 10 minutes. After every spin, new buffer was 

added and this process was repeated four times to ensure the complete removal of DMSO. The 

sample was collected by inverting the spin columns and centrifuging it at 1000g for 2 minutes. 

The concentration of the samples were determined using nanodrop. 

Cellular uptake protocol 

100,000 cells were plated per well in a 24-well plate with the total well volume maintained at 

500μL including the growth media. The growth media contained DMEM, 10% FBS and 1% 

penstrep antibiotics. The well plate was incubated at 37°C for 22-24 hours with the CO2 level 

maintained at 5%. After incubation, the cells were washed with 1x PBS at pH 7.4 and new media 

Opti-MEM with reduced serum was added. The cells were then incubated with 10μM of sfGFP-

CPOT conjugates for 5-6 hours. After incubation, the media were removed from the cells carefully 

and the cells were washed with 1x PBS after which it was transferred into an eppendorf and 

centrifuged at 750rpm for 5 mins. The supernatant was removed and the pellets which contained 

the cells were resuspended in 250μL of 1x PBS buffer. The readings were taken on FACSCalibur 

flow cytometry analyzer (Becton Dickinson) and the results were analyzed using FlowJo Version 

10 software. The data shown in this document in the geometric mean fluorescence of 10,000 gated 

cells. 
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Chapter 5- Conclusion and future directions 

In this project, it was shown that modifying the surface of the protein using CPOT can enable the 

internalization of the protein. It was found that there is a narrow range of reaction conditions at 

which conjugation works. Furthermore, transfection efficiency was found to be higher when the 

reaction was performed at higher equivalences of CPOT. There is still a scope of improvement 

since the conjugation reaction sample does not show a big shift commensurate with the positive 

control (figure 4.1). With higher conjugation efficiency, this band would shift towards the higher 

molecular weight range. Further optimization of the reaction conditions could improve the 

transfection efficiency of these conjugates.  

5.1 Optimization of the conjugation reaction and transfection  

The secret to optimization is tied to the percentage of DMSO and the equivalencies at which the 

reaction is performed. The concentration of sfGFP may also play a role in the efficiency of 

conjugation and will have to be further fine-tuned. The conjugation can also be improved by 

modifying the backbone of the CPOT to reduce the hydrophobicity even further.  

For the conjugated samples, two equivalencies, 5 & 10, were tested for transfection efficiency. 

Since the number of CPOTs on sfGFP is still relatively low (Figure 4.2), increasing the ratio of 

CPOTs to the protein may indirectly improve the transfection efficiency as well. However, the 

negative impact on the fluorescence of sfGFP due to conjugation remains to be studied. While in-

gel fluorescence of Native PAGE gels show whether the sfGFP in the sample is still active (figure 

3.8c & d), absorbance measurements of sfGFP fluorescence before and after conjugation reaction 

will give quantitative data about the effect of conjugation on activity of the protein. Furthermore, 

understanding the relationship between the number of CPOTs and the transfection efficiency 

would be essential to optimize the reaction. 
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5.2 Mechanism of transfection and localization after translocation across the cell membrane 

The backbone of the CPOT may play a role in improving transfection efficiency. A study of 

structure versus transfection capability will help us understand the mechanism by which the CPOT 

is internalized inside the cells. Furthermore, it is crucial to test where the conjugates are localized 

upon internalization. Entrapment of the conjugates inside cellular compartments upon 

translocation across the cell membrane may result in rapid degradation of the protein thereby 

reducing the efficacy of the protein-based drug. Endosomal entrapment was not observed when 

CPOT was used for the transfection of a hydrophilic dye, Atto-488[51]. A similar study should be 

performed for the protein-CPOT conjugates to ensure localization within the cellular compartment 

is not observed. 

5.3 Conjugation and transfection with therapeutically relevant proteins 

sfGFP is a good model protein to test the transfection efficiency of conjugates. However, delivery 

of therapeutically relevant proteins using CPOT  is an important next step. One of the main areas 

of concern would be the denaturation of the protein upon conjugation. Experiments to test the 

impact of CPOT conjugation on structure and activity of the protein should be performed along 

with optimization of the conjugation reaction to determine the ideal number of CPOTs required 

for transfection within mammalian cells. 

In conclusion, this study is an important step towards the development of next generation 

macromolecular drug delivery vehicles. Future studies will focus on the structure-function 

relationship of CPOT along with further optimization of the reaction conditions. Ultimately, the 

delivery of therapeutically relevant proteins like ubiquibodies will help realize the full potential of 

CPOT as a macromolecular delivery vehicle. 
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Chapter 6 - Appendix 

 

Figure 6.1 (a) HPLC trace during purification of CPOT(4mer) and (b) TIC of purified CPOT(4mer) 

 

Figure 6.2 (a) HPLC trace during purification of CPOT(2mer) and (b) TIC of purified CPOT(2mer) 

 

Figure 6.3 (a) HPLC trace of CPOT(4mer) (green), DNPDS linker (red) and CPOT(4mer)-DNPDS(black), (b) TIC of CPOT 

(4mer)-DNPDS 
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Figure 6.4 (a) HPLC trace of CPOT(2mer) (green), DNPDS linker (red) and CPOT(2mer)-DNPDS(black) & (b) TIC of (2mer)-

DNPDS 
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