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The discovery of cell-penetrating peptides (CPPs) over three decades ago 

uncovered a novel method for transporting various cargoes into cells. Although 

promising, CPPs have several drawbacks such as rapid metabolic degradation by 

proteases, immunological response, undesired interactions with the biological milieu, 

and nephrotoxicity. Recently, the Alabi group developed the rapid assembly of 

sequence-defined oligothioetheramides (oligoTEAs). OligoTEAs have three distinct 

advantages over native peptides, including i) abiotic design to reduce proteolytic 

degradation and immune response, ii) backbone and pendant group access to tune 

interactions, and iii) diverse monomers for massive compositional space. 

Previous studies indicate that a combination of cationic and hydrophobic 

residues is critical for translocation across cellular membrane. Thus, we assembled an 

8-residue oligoTEA library composed of a hydrophilic backbone, cationic monomer, 

and hydrophobic monomer. As discussed in chapter 2, by probing this initial library 

we found that four or less cationic residues is insufficient for efficient uptake of 

oligoTEAs, and hydrophobicity plays an important role in their uptake. 

Further studies reveal the discovery of non-charged cell-penetrating oligoTEAs 

(CPOTs) that undergo efficient cellular uptake with low cytotoxicity, and outperforms 

R9, a widely-used CPP. Chapter 3 details the sequence-controlled assembly of these 



 
 

CPOTs and their uptake efficiency across various cell lines. Studies of different cell 

entry mechanisms of the best CPOT performer suggests that its primary mode of 

uptake occurs via direct membrane translocation. 

Moreover, the guanidine headgroup also appears to be a crucial chemical 

functionality for bactericidal activity. In fact, many antimicrobial peptides (AMPs) 

have similar chemical residues to CPPs, with the one important exception that they 

have a larger percentage of hydrophobic groups. Hence, we examined the effect of 

different cationic pendant groups and backbone hydrophobicity on the antibacterial 

activity of oligoTEAs in chapter 4. 

CPOTs show strong promise for the intracellular delivery of therapeutics. As 

such, we investigated their use in the delivery of vancomycin, which has limited 

activity against intracellular bacteria due to its impermeability to host cells. In chapter 

5, we present the assembly of reducible and non-reducible vancomycin-CPOT 

conjugates and their efficient transport into multiple mammalian cells towards the 

treatment of intracellular pathogens. 
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CHAPTER 1. INTRODUCTION 

1.1 Challenges in Intracellular Delivery of Antibiotics and Current Approaches 

Intracellular infections are of major public health concern. They are caused by 

intracellular bacteria, such as Staphylococcus aureus, Mycobacterium tuberculosis, or 

Salmonella typhimurium. These bacteria can generate niches that allow them to 

survive and proliferate inside the mammalian cells. The intracellular lifestyle protects 

them against the host immune system and action of antibiotics, leading to recurrent 

infections.1,2 Unfortunately, many antibiotics, such as gentamicin, have poor 

penetration into cells to achieve therapeutically relevant concentrations or undergo 

degradation by lysosomal enzymes.3  

One approach to target intracellular bacteria is using delivery vehicles, such as 

liposomes and nanoparticles loaded with antibiotics.4 Although these vehicles 

demonstrated intracellular delivery of antibiotics and some efficacy in intracellular 

bacteria clearance, they suffer from instability in biological fluids and difficulties in 

drug loading.5,6 Another approach is to use antibody-antibiotic conjugates that 

recognize the specific antigens on the bacteria surface.7 Once internalized, the 

antibiotic is released inside the phagolysosome to act against the intracellular bacteria. 

This is an emerging area for the development of narrow spectrum antibiotics that is 

likely to garner interest. Although promising, this mode of delivery is prophylactic in 

nature and has yet to show benefits as a therapeutic post infection.  

Recent work on the use of CPPs to deliver different antibiotics include the 

delivery of gentamicin and kanamycin to infected cells for clearance of multiple 

intracellular pathogens such as E. coli K1, Salmonella typhimurium, and 
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Mycobacterium tuberculosis.8–11 Despite their promising ability to facilitate 

intracellular delivery, CPPs have some drawbacks that hinder their potential for in vivo 

applications. These drawbacks include rapid metabolic degradation by proteases12 and 

low efficacy upon exposure to extracellular matrix (ECM) components such as 

heparan sulfate proteoglycans.13 Additional disadvantages include high propensity for 

mounting an immune response14 and nephrotoxcity due to positive charge 

accumulation.15 Taken together, these limitations highlight the need for new 

antibacterial agent carriers capable of intracellular delivery to improve therapies 

against intracellular infections. 

 

1.2 Chemical Properties Required for Efficient Uptake of CPPs 

The CPP HIV-1 TAT, a small regulatory protein that drastically enhances the 

efficiency of viral transcription protein, was shown to readily cross the cell membrane 

and localize into the nucleus.16,17 This activity was found to result from a cationic-rich 

region containing lysine and arginine residues (Tat49-57)
14,18 (Figures 1-1a, b). 

Rothbard et al. showed that cyclosporin A, a powerful immunosuppressant, was 

efficiently delivered into dermal T lymphocytes by linking to a hepta-arginine 

segment, suggesting that positive charge clusters are an important feature for cellular 

translocation.19 However, positive charges are not the only requirement for efficient 

internalization as lysine nonamers show poor uptake.18,20 Wender et al. also 

demonstrated the activity of the guanidine functional group, as homopolymers of the 

chemically similar citrulline showed no CPP properties (Figure 1-1c).20 Altogether, 

the guanidine head group has been shown to play a key role in cellular translocation. 
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Since then, several synthetic variants composed exclusively of arginine residues, have 

been shown to outperform TAT and enter cells in a length-dependent fashion.20,21 The 

active CPP chain lengths were found to be between 5 and 17 arginine residues.18,19,22,23 

A mechanistic study on how oligoguanidines migrated across the plasma membrane 

suggested that guanidine head groups in arginines formed bidentate hydrogen bonds 

with H-bond acceptors of negatively charged moieties on the cell surface to facilitate 

uptake.24 

 

Figure 1 - 1. Structures of (a) a guanidine headgroup, (b) lysine headgroup, and (c) 

citrulline headgroup 

 

In addition to arginine, other hydrophobic residues have been demonstrated to 

efficiently mediate the cellular entry of cationic CPPs. It was shown that the mutation 

of any residue along the N-terminal hydrophobic tail of the pVEC peptide (LLILL) 

reduced its cellular internalization.25 The addition of four tryptophans in the middle or 

evenly distributed along an octaarginine (R8, RRRRRRRR) has been shown to 

increase its uptake in Chinese hamster ovary cells (CHO-K1).26 On the other hand, the 

replacements of two tryptophans with two phenylalanines in the mutated W48F/W56F 

penetratin exhibited complete lack of uptake.27 In fact, the penetratin with double 

tryptophan mutation displayed deeper insertion into the hydrophobic core of 

negatively charged bicelles than the wild type penetratin.28 This interaction between 
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tryptophan and the plasma membrane’s phospholipid bilayer appeared to be crucial for 

the membrane translocation of CPPs.29 Nevertheless, the use of more hydrophobic 

residues could lead to inefficient cellular entry as deeper insertion may cause peptides 

to be stuck in the cell membrane.30,31 

Based on their chemical properties, CPPs can be classified into 3 categories: 

cationic, amphipathic and hydrophobic CPPs.32 Cationic CPPs are often composed of 

multiple arginine residues. Amphipathic CPPs are sequences that have both cationic 

and hydrophobic residues. Hydrophobic CPPs consist of mostly nonpolar amino acids 

with high affinity for the hydrophobic region of the cell membrane.33 Examples of 

natural hydrophobic CPPs include the Pep-7 peptide (SDLWEMMMVSLACQY), 

C105Y (CSIPPEVKFNKPFVYLI) peptide, and its C-terminal domain PFVYLI.34,35  

 

1.3 Development of CPP Mimetics 

The drawbacks of CPPs, mostly centered on their positive charge and 

proteolytic susceptibility, motivate the development of synthetic alternatives that can 

overcome these limitations. CPP mimetics with modified backbones have been 

developed to enhance their proteolytic stability and improve bioavailability. For 

example, proteolytically stable β-peptides and peptoids were shown to be efficiently 

internalized by cultured mammalian cells.18,36,37 Similar to β-peptides, peptoids are 

stable against proteases and are less prone to aggregation.18,38–42 As another 

alternative, peptoids have the pendant group attached to the nitrogen atom instead of 

the carbon (Figure 1-2). The lack of N-H groups in the backbone renders peptoids 

protease resistant. 
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Figure 1 - 2. Structures of the backbone of (a) an α-peptide, (b) β-peptide, and (c) 

peptoid 

 

Other cationic mimetics of CPPs such as oligocarbamates,43 peptide nucleic 

acids,44 cyclic peptides,45 norbornenes,46,47 methacrylamides,48 dendrimers,49,50 

oligocarbonates,51,52 oligophosphoesters,53 and many others54 have been found to be 

efficiently internalized by mammalian cells. Compared to native proteins or peptides, 

synthetic platforms allow for greater chemical diversity and in some cases, simpler 

structural and physicochemical optimizations. For instance, Som et al. made 

norbornene-based guanidine-rich polymers with various hydrophobic groups 

introduced through a series of side chains, ranging from methyl to dodecyl alkyl 

chains.55 The butyl-containing polymer showed the best activity while polymers 

containing longer alkyl chains showed lower activities, due to poor solubility. Later 

on, the same group created a series of oxanorbornene-derived guanidino copolymers 

and compared linear and cyclic aliphatic side chains versus aromatic side chains.56 Co-

polymers with aromatic side chains were the most active while also being the least 

hydrophobic of the series. This suggests that membrane transduction activity is not 

solely dominated by hydrophobicity, and aromaticity may play a role. Although these 

cationic CPP mimetics overcome the proteolytic instability of peptides, they are still 

limited by their non-specific electrostatic interactions with ECM components in the 

biological milieu.  
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1.4 The Effect of Backbone Flexibility on Cellular Uptake  

There have been a few studies on the effect of backbone flexibility on cellular 

uptake. Studies by Rothbard et al. suggest that the spacing in backbone is important 

for transport as decamers containing seven arginines performed better than hepta-

arginine (R9).57 The authors reasoned that adding spacers in the backbone increased 

the conformational mobility of the polyarginine construct. The increased flexibility of 

the transporter allows the molecule to adopt different conformations necessary for 

different translocation steps. On the other hand, Lättig-Tünnemann et al. found that 

uptake capacity increased with higher structural rigidity as cyclic TAT and cyclic 

deca-arginine (R10) showed enhanced uptake relative to linear counterparts.45 They 

proposed that maximal separation of the guanidinium groups by cyclization of 

arginine-rich peptides increased membrane contacts with scaffold. Conversely, 

research typically shows the biological activity of biological ligands increases with 

conformational preorganization in the form of the bound conformers favors tighter 

binding.58  

Recently, Li et al. reported successful cellular delivery with a tetrapeptide 

CPP-anologue composed of four guanidinocarbonyl-pyrrole groups.59 This finding is 

corroborated by Svensen et al., whose work demonstrated efficient cellular uptake 

with a tetrapeptide containing two lysines.60 The notable difference between these 

tetrapeptides and previously reported oligoarginines is the incorporation of a spacer 

into the pendant group or backbone such as a pyrrole or a 6-aminohexanoic acid, 

which could influence the flexibility of their scaffolds. This implies that backbone 

flexibility could play an important role in the cellular uptake mechanism of CPPs.  
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1.5 Uptake Mechanisms of CPPs 

Understanding the mechanism of uptake is critical for developing a proper 

drug delivery system. Cellular uptake of CPPs is known to follow two different 

pathways: direct translocation through the plasma membrane and internalization by 

endocytosis followed by release into the cytosol.61 These two principal mechanisms 

differ in their use of energy: the former is an energy-independent transport, and the 

latter is an energy-dependent delivery.62 One CPP can utilize different mechanisms to 

enter cells which is contingent on the microenvironment, cell type, cargo size, and 

concentrations.63–66 

Direct translocation across the lipid bilayers can occur at low temperatures 

since it is energy-independent and not mediated by receptors.18,67,68 Three different 

models have been proposed to explain the internalization of cationic CPPs that have 

amphipathic alpha-helix secondary structures: the barrel-stave pore69, carpet-like,70,71 

and toroidal pore72,73 models.  

Endocytosis can be classified in two broad categories: phagocytosis and 

pinocytosis.61 Cellular uptake of CPPs is known to follow two different pathways: 

“direct translocation across” of the plasma membrane and internalization by 

endocytosis followed by release into the cytosol.61 Endocytosis can be classified in 

two broad categories: phagocytosis and pinocytosis. Phagocytosis is the mechanism by 

which relatively large (>0.5 μm) particles are internalized, while pinocytosis is the 

uptake of solute materials.74 Pinocytosis pathways include macropinocytosis, clathrin-

coated pits, caveolae or via non-specific uptake such as membrane adsorption.75  
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There are several ways to assess the mechanism of cellular uptake by 

endocytosis, typically inferred from reduced uptake under specific limiting conditions 

(e.g., temperature, pathway inhibitor). Treatment of cells at 4°C can inhibit all energy-

dependent pathways. Depletion of cellular ATP pool by pre-incubation of cells with 

sodium azide and 2-deoxy-D-glucose leads to a substantial reduction in energy-

dependent uptake. Specific pathways can be inhibited by pretreatment with known 

inhibitors. For instance, chlorpromazine inhibits clathrin-mediated endocytosis by 

stopping the formation of clathrin-coated pits.76 Caveolae-mediated endocytosis is 

dependent on lipid rafts, and like other raft-mediated endocytic pathways, can be 

inhibited by cholesterol depletion. The effect of cholesterol depletion is investigated 

using Filipin III, which extracts cholesterol from membranes.77 Another endocytosis 

inhibitor is cytochalasin D, which is known to induce de-polymerization of F-actin 

involved in macropinocytosis.77  

 

1.6 Sequence-Defined Oligothioetheramides (OligoTEAs) 

Recently, our group developed a rapid assembly of sequence-defined 

oligoTEAs. OligoTEAs employ N-allyl-N-acrylamide and dithiol monomers as well as 

a liquid-phase fluorous support.4 The N-allyl-N-acrylamide design incorporates two 

orthogonal reactive sites: an acrylamide and allyl group that are reactive to the same 

nucleophile under different conditions (Figure 1-3a).  
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Figure 1 - 3. (a) N-allyl-N-acrylamide building block and (b) oligoTEA assembly 

scheme with fluorous tag highlighted in green 

Each monomer orthogonally reacts with a dithiol comonomer via a thiol-

Michael addition of the acrylamide group and subsequent thiol-ene ‘click’ reaction of 

the allyl group, as seen in Figure 1-3b. Aforementioned, oligoTEAs have many 

advantages including i) abiotic design to reduce proteolytic degradation and immune 

response, ii) direct access to backbone and pendant groups to tune interactions 

between the binding motifs and the cell membrane, and iii) diverse monomers to 

create massive compositional space. Over the last five years oligoTEAs have been 

shown as a versatile platform for a variety of biological applications. Porel and 

Thornlow et al. synthesized a new class of potent antibacterial oligoTEAs by 
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modulating their backbone hydrophobicity and composition.78 Sorkin et al. utilized 

oligoTEAs to create several heterotrifunctional cross-linkers with orthogonal cleavage 

sites for quantifying and visualizing intracellular processes.79 Brown et al. studied the 

solution-phase structure and biophysical characterization of antibacterial oligoTEAs to 

understand how these membrane-targeting antimicrobials interact with the bacteria 

membrane during the membrane disruption process.80  

 

1.7 Intracellular Delivery of Antibiotics by CPPs 

Infectious diseases are one of major causes of death worldwide, and the use of 

antibiotics is the most common therapeutic approach. The current challenges of 

antimicrobial therapy are the poor penetration of antibiotics into infected cells, 

appearance of antibiotic-resistant strains, and lack of new antibiotics in development. 

CPPs have arisen as a promising strategy for the delivery of antibiotics toward the 

treatment of intracellular infections.8,9,81,82 For instance, Lei et al. developed a library 

of seven CPPs featuring alternating hydrophobic (cyclohexylalanine) and cationic 

residues (D‐arginine).81 These peptides were conjugated to methotrexate (Mtx-

peptide) and found to impede intracellular Listeria monocytogenes growth with low 

mammalian cell toxicity. 

Brezden et al. demonstrated the synthesis of a reducible conjugate (P14KanS) 

composed of the aminoglycoside antibiotic kanamycin, a cell-penetrating peptide with 

intrinsic antimicrobial activity, P14LRR, and a disulfide cleavable linker.9 This 

approach enabled the release of kanamycin from the conjugate under a reducing 

environment within mammalian cells. The P14KanS conjugate was shown to 
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successful clear Mycobacterium tuberculosis within macrophages and significantly 

reduced Salmonella levels in an in vivo Caenorhabditis elegans model.  

Gomarasca et al. used two Yersinia enterocolitica YopM-derived CPPs, α1H 

and α2H, to deliver the aminoglycoside antibiotic gentamicin.8 The peptides were 

attached to gentamicin via a succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-

carboxylate (SMCC) cross-linker. These CPP-gentamicin conjugates were 

demonstrated to target infected cells and eliminate intracellular Gram-negative 

pathogenic bacteria, including E. coli K1, Salmonella enterica serovar Typhimurium, 

and Shigella flexneri.  

Antonoplis et al. synthesized a vancomycin–d-octaarginine (V–r8) conjugate 

with the d-octaarginine peptide attached to the carboxylic acid group of vancomycin.82 

V–r8 was able to eradicate MRSA biofilm and persister cells in vitro. It also 

suppressed 97% of biofilm-associated MRSA in a murine wound infection model 

without acute dermal toxicity. 
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CHAPTER 2. SEQUENCE AND COMPOSITION EFFECTS ON CELLULAR 

INTERNALIZATION OF OLIGOTEAS 

The work in this chapter were contributed by N. N. Phan and C. A. Alabi. N.N.P. and 

C.A.A. conceptualized the project. N.N.P. demonstrated chemical synthesis, 

purification, and characterization as well as biological assays. 

 

2.1 INTRODUCTION 

Since the discovery of cell penetrating peptides (CPPs) about three decades 

ago,17 a significant amount of work has been done to identify what play key roles in 

their ability to transport a wide variety of cargoes into cells. Most CPPs are cationic or 

amphipathic peptides with a high percentage of basic amino acids, leading to a net 

positive charge.83 Scores of research studies on CPPs have led to a general consensus 

that cationic groups, especially arginine,18,20 and some hydrophobic residues, such as 

tryptophan,26,27, are critical for membrane translocation. Moreover, a minimum of four 

to six positive charges is usually required for efficient cellular uptake, and even more 

cationic groups are necessary for efficient gene delivery.22,84,85  

Although promising, CPPs have several drawbacks that hinder their potential 

for in vivo applications. These shortcomings center around their susceptibility to 

proteolytic degradation and undesired interactions with the biological milieu such as 

heparan sulfate proteoglycan13 due to their cationic nature. Other disadvantages 

include high propensity for immune recognition14 and glomerular basement membrane 

accumulation in the kidney.86 Therefore, over the past decade researchers have 

focused on designing synthetic mimetics to CPPs, such as peptoids,18 β-peptides,87  
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oligocarbamates,43 oligocarbonate,51,52 and dendrimeric molecular transporters,49,50 

and many other scaffolds, to overcome some of these limitations.  

Following the same quest, we sought to create synthetic alternatives that are 

proteolytically stable and yet easy to assemble at scale. As such, we developed a new 

synthetic approach for assembling sequence-defined oligothioetheramides 

(oligoTEAs) that utilize a liquid-phase fluorous support and orthogonal N-allyl-N-

acrylamide building blocks.88 The oligoTEA approach allows precise control over 

molecular parameters such as chain length, composition, and molecular weight 

distribution. Hence, this should allow for the design of tailor-made synthetic 

macromolecules with controlled primary sequence. Compared to native peptides, 

oligoTEAs have three distinct advantages that make them a promising scaffold for the 

design of cell penetrating agents. First, the sequence-defined oligomers obtained via 

this approach are abiotic and not susceptible to proteases, which should result in 

higher bioavailability. Second, access to direct modification of the oligoTEA 

backbone enables control for tuning interactions between the binding motifs and the 

cell membrane. Finally, the use of non-natural monomers will enable the synthesis of a 

wide variety of sequences that are not readily available in nature.  

We aimed to probe the relationships between sequence, physicochemical 

property, and uptake capability of oligoTEAs. To do this, we took advantage of the 

given molecular control to develop synthetic CPP mimetics by incorporating CPP-like 

functionalities into oligoTEA scaffolds to mimic the active components of CPPs. By 

understanding sequence-property-function relationships, we should be able to carry 

out predictive bottom-up materials design and fabrication to achieve new generations 
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of highly organized materials using synthetic sequence-controlled oligomers.  

 

2.2 RESULTS AND DISCUSSION 

2.2.1 OligoTEA Synthesis and Characterization  

Studies conducted on several CPPs thus far indicate that a combination of 

cationic and hydrophobic residues are critical for translocation across cellular 

membrane.61,74–76 However, little work has been done to systematically evaluate the 

role of pendant group composition and backbone hydrophobicity as well as the ratio of 

cationic to hydrophobic groups in uptake efficiency. Thus, we set out to investigate 

and herein present the design and synthesis of an 8-residue oligoTEA library 

composed of a hydrophilic backbone (DL-1,4-dithiothreitol), a cationic (guanidinium) 

monomer, and a hydrophobic (benzyl) monomer. This library of 16 oligoTEAs have 

the same backbone but differ in pendant group sequence and composition.  

Sequence-defined oligoTEAs were synthesized on a liquid-phase fluorous 

support as previously reported.88–90 The fluorous BOC-ON was modified with 

allylamine in THF at room temperature overnight. The reaction was then purified via 

fluorous solid phase extraction (FSPE) to obtain the fluorous tag with a Boc-protected 

allylamine. Subsequent thiol-ene click and thiol-Michael addition reactions were 

carried out in a certain order to achieve the final sequence-defined oligoTEA. Next, 

the fluorous tag as well as Boc-protected groups were cleaved off with trifluoroacetic 

acid, revealing a primary amine available for conjugation to the selected cargo. 

Following cleavage, oligoTEAs were purified by reverse-phase high performance 

liquid chromatography (RP-HPLC, Figure B1) and confirmed by liquid 
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chromatography mass spectrometry (LCMS). All oligoTEAs used in this study 

(Scheme 2-1) were labeled with BODIPY or fluorescein, and then purified by RP-

HPLC and confirmed via LCMS.  

 

Scheme 2-1. Structures of oligoTEAs used in this study  

 

2.2.2 Effects of Sequence and Composition on Cellular Uptake of OligoTEAs  

Two benchmark oligoTEAs, 4G (or DTT-G) and 4Z (or DTT-Z), were initially 

created to confirm the importance of the guanidinium group for cellular uptake based 

on previous research. When fluorescently labeled 4G and 4B were evaluated for 

uptake in HeLa cells by flow cytometry, we were surprised to see that the non-charged 

4Z was 12-fold better than 4G at transporting BODIPY into cells (Figure 2-1A). This 

result suggested that cationic charges are not a requirement for cellular uptake of 

oligoTEAs, and that hydrophobicity may play a greater role in the cellular uptake of 

oligoTEAs. On the other hand, pendant group composition for this oligoTEA length 

did not seem to contribute to oligoTEA uptake. For example, oligoTEAs containing 
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3Z’s, i.e. GZZZ, or 3G’s, i.e. GGZG, did not yield better uptake than one composed of 

2Z’s or 2G’s (i.e. GZZG) (Figure 2-1A). However, within the group of the same 

composition, there were some interesting trends on the effect of sequence on cellular 

internalization. For instance, an oligoTEA with the guanidine group closer to BODIPY 

had higher uptake than one with the guanidine group further away from BODIPY (i.e., 

GZZZ > ZGZZ > ZZZG >= ZZGZ) (Figure 2-1B).  

 

Figure 2 - 1. Cellular uptake of BODIPY cargo by oligoTEAs in HeLa cells measured 

by flow cytometry. Cells were treated with 1 µM of BODIPY-oligoTEA conjugates 

for 1 h. (A) Uptake by pendant group composition. (B) Uptake by position of 

guanidine relative to BODIPY. (C) Uptake by the number of spacers between 

guanidine groups. (D) Uptake by BODIPY NHS ester and BODIPY methyl ester 

relative to untreated cells and BODIPY-GGZG 

 

In addition, adding a spacer (i.e., a benzyl group) between guanidine groups 

appeared to enhance uptake (i.e., GZZG > GZGZ > GGZZ) (Figure 2-1C). This result 

corroborated with previous work that introducing spacers such as glycines into 
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polyarginine CPPs improved cellular entry.57 However, as BODIPY itself is cell-

permeable (Figure 2-1D), the influence of oligoTEAs on the uptake of BODIPY 

appears to be minimal. Thus, we decided to use a more hydrophilic fluorophore probe, 

fluorescein, for later studies. 

 

2.2.3 Effect of Pendant Group and Backbone Hydrophobicity on Cellular Uptake 

of OligoTEAs 

To further investigate the hydrophobicity phenomenon, we introduced the N-

allylacrylamide butyl monomer (B) and butyl dithiol comonomer (BDT). The BDT 

backbone is more hydrophobic than the DTT backbone, while the butyl monomer is 

relatively as hydrophobic as the benzyl monomer. Four extra oligoTEAs, including 

BDT-G, BDT-Z, DTT-B, and BDT-B, were made, and their uptake in HeLa cells were 

compared to that of previously discussed DTT-G and DTT-Z (Figure 2-2A). In 

general, oligoTEAs with the same pendant groups displayed improved uptake with a 

more hydrophobic backbone (e.g., BDT-Z > DTT-Z and BDT-B > DTT-B). The use 

of hydrophobic pendant groups on the same backbone also enhanced uptake (e.g., 

BDT-B > BDT-Z > BDT-G). In fact, the most hydrophobic oligoTEA based on HPLC 

retention time (Figure B2), BDT-B, outperformed the cationic CPP R9 by almost 4-

fold.  

To verify that oligoTEA-fluorescein conjugates were indeed internalized and 

not just adsorbing to the external cell membrane, we imaged their subcellular 

distribution by confocal microscopy (Figure 2-2B). The R9 conjugates appeared 

primarily as punctate spots while the oligoTEA conjugates were mostly diffuse and 

spread all through the cell interior. The confocal microscopic images supported the 
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extent of uptake seen in the flow cytometry data and also confirmed that the 

oligoTEA-fluorescein conjugates could translocate across the cell membrane. 

Moreover, since fluorescein is impermeable to cells, we were affirmed that the uptake 

of the conjugates was exclusively mediated by oligoTEAs. 

 

Figure 2 - 2. (A) Cellular uptake of fluorescein cargo by oligoTEAs in HeLa cells 

measured by flow cytometry. Cells were treated with 5 µM of fluorescein-oligoTEA 

conjugates for 1 h. (B) Confocal microscopy of fluorescein cargo uptake by R9 and 

oligoTEAs in fixed HeLa cells. Images are the merged green fluorescence of the 

fluorescein-oligoTEA conjugates and the blue fluorescence of Hoescht 33342 nuclear 

stain at 40X magnification 

 

2.2.4 Strategies for Improving Solubility of OligoTEAs 

Due its hydrophobicity, we were concerned about the solubility of BDT-B in 

aqueous solution, which could possibly limit its application for the delivery of 

hydrophobic therapeutics. Moreover, BDT-B appeared to be more toxic to red blood 

cells than other oligoTEAs (Figure B3). To overcome these drawbacks, we added a 

water-soluble spacer between fluorescein and BDT-4. Fluoresceinamine was first 
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conjugated to bis-PEG₉-PFP ester. This construct was then conjugated to BDT-4B to 

achieve the desired product (Figure 2-3A).  

 

Figure 2 - 3. (A) Structure of fluorescein-PEG9-BDT-B. (B) Cellular uptake of 

fluorescein cargo by oligoTEAs in HeLa cells measured by flow cytometry. Cells 

were treated with 5 µM of conjugates for 1 h. (C) Cytotoxicity of fluorescein 

conjugates in red blood cells via hemolysis assay. Cells were treated with 1.25-40 µM 

of conjugates for 1 h at 37oC 

 

To examine how this PEGylation approach affected the uptake efficiency, we 

evaluated the cellular internalization of this new construct in HeLa cells. The uptake 

of fluorescein-PEG9-BDT-B was reduced by two-fold as compared to fluorescein-

BDT-B (Figure 2-3B). This result was expected as several studies have shown that 

PEGylation reduced drug delivery efficiency.91 In addition, fluorescein-PEG9-BDT-B 

displayed little hemolytic activity even at 40 µM (Figure 2-3C), indicating that 

increasing hydrophilicity helps reduce hemolytic toxicity. Note that fluorescein-BDT-
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B was insoluble in aqueous solution above 10 µM, and thus we could not evaluate its 

hemolytic activity at higher concentrations.  

However, this synthesis route requires two steps of purification and an excess 

amount of linker, making it difficult for scale-up. In addition, the fluorescein-PEG9-

PFP construct from the first step is susceptible to hydrolysis, lowering the yield of the 

final product. These shortcomings led us to the second strategy detailed in chapter 3, 

where we incorporated PEG components directly into the backbone of oligoTEAs to 

modulate their hydrophobicity. Nonetheless, there seemed to be a trade-off between 

uptake and cytotoxicity when regulating hydrophobicity, and thus care must be taken 

to balance out those effects to achieve the optimal oligoTEA design with maximal 

uptake and minimal cytotoxicity. 

 

2.3 CONCLUSIONS 

We have described the synthesis and biological evaluation of a semi-

combinatorial library of oligoTEAs with various composition and sequence. These 

oligomeric macromolecules are easy to synthesize through a rapid and efficient 

fluorous-mediated approach. We found that the position of the guanidine group 

relative the fluorophore BODIPY as well as the addition of spacers between guanidine 

groups improved cellular uptake of oligoTEAs. No composition effects on 

internalization were observed. Access to the backbone and pendant groups allowed us 

to later tune the oligoTEA hydrophobicity and create transporters with enhanced 

uptake over R9, a widely used CPP. To improve the water-solubility of the best 

performer in the library, we introduced an amphipathic spacer PEG9 in between 
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fluorescein and BDT-B. This strategy appeared to reduce both cellular uptake and 

hemolytic activity. Further studies would focus on integrating the PEG components 

into the oligoTEA backbone, which will be discussed in chapter 3. 

 

2.4 EXPERIMENTAL PROCEDURES 

Cellular uptake protocol  

50,000 HeLa cells/well were plated in 24-well plates and incubated at 37oC for 20-24 

h. Cells were washed with 1X PBS pH 7.4 and incubated with 250 µL of fluorescein-

oligoTEA conjugates at 5 µM in DMEM with 10% FBS at 37oC for 1 h; each 

compound was tested in duplicates. After the incubation, cells were washed with PBS 

and incubated with 200 µL of Trypsin EDTA at 37oC for 3-5 min. 1 mL of DMEM 

with 10% FBS was then added to quench the trypsin. Each well was transferred to an 

eppendorf tube and centrifuged at 500xg for 5 min. The supernatant was removed, and 

cells were then re-suspended in 200-500 µL of PBS. Readings were taken on a 

FACSCalibur flow cytometry analyzer (Becton Dickinson). Results were analyzed by 

FlowJo software. The data presented is the mean fluorescence from 10,000 gated cells.  

 

Confocal microscopy 

20,000 HeLa cells/well were plated in an 8-well chambered coverglass and incubated 

at 37oC for 20-24 h. Cells were washed with 1X PBS pH 7.4 and incubated with 200 

µL of 5 µM fluorescein conjugates for 1 h at 37oC. Cells were washed 3 times with 

PBS and fixed with 300 µL of 4% paraformaldehyde for 15 min at room temperature. 

Cells were washed twice with PBS and stained with 200 µL of 1:10,000 dilution of 
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Hoechst 33342 in PBS for 15 min at room temperature. Cells were washed with PBS, 

and 200 µL of PBS was added to each well for imaging. Images were taken on a Zeiss 

LSM880 inverted microscope, equipped with a 40X water objective, with the 405-nm 

and 488-nm lasers enabled for Hoechst and fluorescein, respectively. Images were 

processed using Fiji software.92  

 

Hemolysis assay 

A total of 200 µL of red blood cells (RBC) was washed twice with 500 µL of 1xPBS 

at pH 7.4 by centrifugation (5 min at 500xg) and re-suspended in 5 mL of the same 

buffer for a 4% v/v RBC solution. OligoTEA solutions (diluted in PBS) or controls 

were mixed 1:1 with the RBC solution in a v-bottom, 96-well plate to reach a final 

volume of 100 µL. The resulting mixture was incubated on a shaker at 37°C for 1 h 

and then centrifuged (5 mins at 2120xg) at 4°C. A total of 75 µL of supernatant was 

transferred to a new plate. Hemolysis was measured via absorbance of released 

hemoglobin at 540 nm on a TECAN Infinite M1000 PRO Microplate reader and 

normalized to 0.1% Triton-X (100%) or PBS buffer (0%). All experiments were 

performed in duplicates.  

 

MTS cell proliferation assay 

15,000 HeLa cells/well were plated in a clear, 96-well plate and incubated at 37°C 

overnight. Cells were then washed with 1xPBS and incubated with 100 µL of 5 to 40 

µM of samples in regular culture media at 37°C for 1 h. Each well was again washed 

with 1xPBS. 100 µL of clear media (i.e., without phenol red) and 10 µL of MTS 
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solution were added, and the plate was incubated for 1 h. Absorbance measurements 

were taken at 490 nm on a TECAN Infinite M1000 PRO Microplate reader and 

normalized to untreated cells (100%) or clear media (0%). All experiments were 

performed in triplicates.  
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CHAPTER 3. INTRACELLULAR DELIVERY VIA NONCHARGED 

SEQUENCE-DEFINED CELL-PENETRATING OLIGOMERS 

This chapter has been adapted with permission from N. N. Phan, C. Li, and C. A. 

Alabi, Bioconjugate Chem., 2018, 29 (8), 2628–2635. Copyright © 2018 American 

Chemical Society.  

 

Individual contributions: 

N.N.P. performed synthesis, purification, and characterization of compounds as well 

as biological experiments. C.L. helped with some chemical synthesis and biological 

experiments. All authors have given approval to the final version of the article. 

 

3.1 INTRODUCTION 

The plasma membrane of eukaryotic cells is a tightly controlled barrier used to 

protect intracellular components from the external environment and help regulate 

intracellular transport. The cell membrane is selectively permeable to ions and small 

organic molecules, making it difficult for exogenous large molecules such as 

therapeutic agents to gain access to their intracellular target. As such, drug delivery 

research is focused on the design of macromolecular transporters that can facilitate the 

transport of bioactive molecules across the cell membrane. The discovery of cell 

penetrating peptides (CPPs) about three decades ago17 ushered in a new mode of 

intracellular transport of a wide variety of cargoes, ranging from DNA and proteins to 

small molecule drugs.93 The majority of CPPs are cationic or amphipathic peptides 

composed of 9-30 amino acids with a high percentage of basic amino acids, leading to 
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a net positive charge.83 One of the first CPPs to be discovered was the HIV-1 Tat49-57 

9-mer basic domain (RKKRRQRRR).17 This peptide was shown to engage cell 

membrane phospholipids via electrostatic and hydrogen bonding interactions.24,94 This 

seminal study subsequently led to the design of numerous arginine-rich peptides, most 

of which have been shown to efficiently translocate across the cell membrane and 

outperform Tat.20,21  

Despite their promising ability to facilitate intracellular delivery, CPPs have 

some drawbacks that hinder their potential for in vivo applications. These drawbacks 

include rapid metabolic degradation by proteases12 and low efficacy upon exposure to 

extracellular matrix (ECM) components such as heparan sulfate proteoglycans.13,95 

Additional clinical disadvantages include a high propensity for triggering an immune 

response and possible kidney accumulation due to positive charge accumulation at the 

anionic glomerular filtration membrane.15,96 These shortcomings, mostly centered on 

their cationic charge and proteolytic susceptibility, motivate the development of 

synthetic alternatives that can overcome these limitations.  

Recently, our research group developed a new synthetic approach for the 

assembly of sequence-defined oligothioetheramides (oligoTEAs) via orthogonal N-

allylacrylamide building blocks and a liquid-phase fluorous support.88 OligoTEAs 

have three distinct advantages over native peptides that make them a promising 

scaffold for the design of cell-penetrating agents. First, sequence-defined oligoTEAs 

are abiotic and not susceptible to protease degradation. Second, access to direct 

modification of the oligoTEA backbone enables direct control over the backbone 

flexibility and pendant group spacing to ultimately tune the interactions between the 
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binding motifs and the cell membrane. Last, the use of a synthetic scaffold will 

prevent first pass immune recognition and clearance. We hypothesized that we could 

improve the activity of CPPs by incorporating CPP-like functionalities into the 

oligoTEA scaffold to mimic the active components of CPPs while benefiting from the 

stability, flexibility and diverse composition of oligoTEAs. To explore these potential 

advantages, we set out to investigate and herein present the design and synthesis of a 

new class of non-charged oligoTEA molecular transporters. 

 

3.2 RESULTS AND DISCUSSION 

3.2.1 Design and Synthesis of OligoTEAs 

The assembly of oligoTEAs begins with a liquid-phase fluorous tag bearing a 

functional terminal allyl group. The first dithiol monomer is attached via a thiol-ene 

reaction under UV light in the presence of a photoinitiator, followed by a fluorous 

solid-phase extraction (FSPE) to isolate the resulting fluorous thiol (Scheme 3-1). An 

N-allylacrylamide monomer is then attached to the thiol group via a thiol−Michael 

addition of the acrylamide group in the presence of a phosphine catalyst. The resulting 

product is purified by FSPE, and this iterative process is continued until the desired 

oligomer length is obtained (Scheme 3-1). Next, the Boc functionality connecting the 

fluorous tag to the oligoTEA is cleaved off with a Brønsted acid, revealing a primary 

amine available for conjugation to the selected cargo. Following cleavage, oligoTEAs 

are purified by reverse-phase high-performance liquid chromatography (HPLC) and 

confirmed by liquid chromatography−mass spectrometry (LC-MS, Figures C1-C8). In 

this work, oligoTEAs with 4 pendant groups (8 total monomers) were employed 
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following earlier reports showing that a 4-mer sequence is sufficient to transport 

cargoes across the cell membrane.60 The first oligomer, (Scheme 3-1, DTT-G), was 

synthesized using a hydrophilic DL-1,4-dithiothreitol (DTT) backbone and a cationic 

guanidine monomer to mimic guanidinium-rich CPPs Six noncharged oligoTEAs were 

synthesized (Scheme 3-1) using a hydrophobic (butyl) N-allylacrylamide monomer 

and a hydrophilic DTT backbone, a hydrophobic butane dithiol (BDT) backbone, an 

amphipathic poly(ethylene oxide) (PEO) backbone, or combination of the BDT and 

PEO backbones. The PEO backbone was employed to improve overall hydrophilicity 

(Supporting Information, Figure C1), but it was later found to also improve molecular 

transport. All oligoTEAs synthesized in Scheme 3-1 were labeled with fluorescein, 

purified, and confirmed via LCMS (Figures C10−C16). 

 

Scheme 3-1. Synthetic methodology utilized for the assembly of sequence-defined 

oligoTEAs 
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3.2.2 CPOT Delivery of a Fluorescent Cargo 

Two oligoTEAs with a hydrophilic glycol DTT backbone (DTT-G and DTT-B) 

were initially created to confirm the importance of the guanidinium group for cellular 

uptake. When fluorescently labeled DTT-G and DTT-B were evaluated for uptake in 

HeLa cells by flow cytometry, we were surprised to observe that the noncharged DTT-

B was twofold better than DTT-G at transporting fluorescein into cells (Figure 3-1A). 

This result was counterintuitive but reproducible and suggests that, for this class of 

macromolecules, cationic charges are not a requirement for uptake. Hydrophobicity 

and amphiphilicity appear to play a greater role in their cellular uptake. To further 

investigate this phenomenon, we substituted the hydrophilic DTT backbone of DTT-B 

to a hydrophobic butane backbone in BDT-B. Consistent with our initial result, the 

hydrophobic BDT-B outperformed both DTT-B and DTT-G with a 45-fold increase in 

fluorescence over DTT-G and an ∼3-fold increase over the cationic CPP, R9. 

Although BDT-B showed excellent uptake capabilities, we were concerned about its 

overall hydrophobicity and solubility in aqueous media. To improve its water 

solubility without introducing a cationic charge, we systematically replaced the BDT 

backbone with one or more amphiphilic water-soluble PEO dithiol monomers 

(Scheme 3-1). All oligoTEAs with PEO in their backbone were more hydrophilic than 

BDT-B (Figure C1) and showed similar or in some cases better uptake than BDT-B 

(Figure 3-1A). Overall, these noncharged oligoTEAs appeared to be efficient 

molecular transporters. 

One of the best CPOTs, PEO2-B, exhibited a sixfold increase in internalization 

relative to the fully charged R9 standard. To verify that the fluorescein-oligoTEA 
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conjugates were internalized and not just adsorbing to the cell membrane, we 

performed a trypan blue quenching experiment to eliminate extracellular fluorescence. 

The data (Supporting Information, Figure C17) show that only ∼30% of the signal is 

membrane-bound, similar to a transferrin control. The majority of the fluorescence 

signal (∼70%) is due to internalized conjugate. 

 

Figure 3 - 1. (A) Cellular uptake of fluorescein cargo by oligoTEAs in HeLa cells 

measured by flow cytometry. Cells were treated with 5 μM of fluorescein-oligoTEA 

conjugates for 1 h. (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 measured by flow cytometry. 

All cells were treated with 5 μM of PEO2-B-fluorescein conjugates for 1 h. (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   

 

To also verify that the conjugates were not sticking to exofacial cellular thiols, 

we performed uptake experiments with and without a cell surface thiol-capping agent, 
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5,5-dithiobis(2-nitrobenzoic acid) (DTNB), and found similar uptake thus ruling out 

this mode of cellular attachment (Supporting Information, Figure C18). We next 

imaged the subcellular distribution of PEO2-B by live-cell confocal microscopy 

(Figure 3-1B). The R9 conjugate appeared primarily as punctate spots, while the 

PEO2-B fluorescein conjugate was mostly diffuse and spread throughout the cell 

interior. The live-cell confocal images corroborated the uptake seen in the flow 

cytometry data and also confirmed that the fluorescein-oligoTEA conjugates were 

primarily internalized and distributed broadly in the cytosolic space. Time-lapse live-

cell imaging further confirmed rapid intracellular localization of the fluorescein-PEO2-

B conjugate and no internalization of fluorescein acid alone (Supporting Information, 

Movies S1, S2, and S3). Movies S2 and S3 are of the fluorescein-labeled PEO2-B at 

different focal planes. The live-cell imaging video of PEO2-B shows a diffuse pattern 

in the cytoplasm and no nucleolus entry. Uptake in the nucleus is seen (nuclear 

membrane can be identified) at the end of the video (Movies S2 and S3), but it is at a 

lower intensity/contrast than the cytoplasmic fluorescence. This contrasts with Figure 

3-1B, which shows little to no nuclear staining. We rationalize this by noting that, for 

this class of compounds, the fluorescence does decrease after removing the 

fluorescently labeled agent from the cells and incubating with media. We thus 

hypothesize that after washing PEO2-B for the live-cell confocal experiments in Figure 

1-1B, a portion of the internalized PEO2-B exits the cell (from cytoplasm and 

nucleus), thus decreasing the amount in the nucleus (and cytoplasm) as seen in Figure 

3-1B. This rationale agrees with our proposed mechanism of uptake, which is 

discussed in the section below. To demonstrate the ability to deliver other hydrophilic 
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compounds, we conjugated PEO2-B to a highly hydrophilic dye, Atto-488 (Supporting 

Information, Figure C19), and evaluated its uptake under similar conditions in HeLa 

cells. Figure 3-1C and Figure C20 show that PEO2-B is capable of transporting this 

highly charged hydrophilic fluorophore into HeLa cells. To evaluate the scope of 

uptake, we explored the uptake capability of PEO2-B across a variety of cell lines. 

Uptake was evaluated in HeLa cells (human cervical cancer) along with SKOV-3 

(human ovarian cancer) and HEK293 (healthy human embryonic kidney) cells. All 

cell lines showed robust uptake of PEO2-B (Figure 3-1D), and PEO2-B showed similar 

or better uptake than R9 in all cell lines (Supporting Information, Figure C21). A dose-

dependent uptake study performed on HeLa cells shows that PEO2-B facilitates 

intracellular delivery at concentrations as low as 500 nM (Figure 3-1E) with negligible 

cytotoxicity (Supporting Information, Figure C22). The same efficient uptake is 

observed with PEO4-B (Supporting Information, Figure C23). The uptake of PEO2-B 

was rapid, with maximum uptake achieved in 15 min (Figure 3-1F). 

 

3.2.3 Mechanism of Uptake 

To gather insight into the uptake mechanism of PEO2-B, we examined several 

well-established cellular uptake pathways. First, we explored the effects of serum on 

the uptake of PEO2-B. Since this noncharged oligoTEA is moderately hydrophobic, 

and all uptake studies were performed in the presence of 10% serum, we hypothesized 

that PEO2-B and other PEO-based oligoTEAs may interact with serum proteins and 

undergo protein-mediated uptake. We tested this hypothesis by evaluating uptake in 

the presence and absence of serum. The results in Figure 3-2A show that the uptake of 
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PEO2-B is not affected or mediated by serum proteins in HeLa cells. On the contrary, 

the uptake of cationic R9 increased by twofold in the absence of serum, indicating that 

serum proteins adversely affect the uptake of R9, presumably via nonspecific binding. 

We also examined the effect of heparin on the uptake efficiency of PEO2-B. Heparan 

sulfate proteoglycans (HSPGs) present on cell membranes as the glycocalyx have been 

reported to be involved in the initial step of membrane-CPP interactions.97,98 Because 

of their high anionic character, free heparin in solution should compete with HSPGs 

on the cell surface for CPP binding and thus hinder the cellular internalization of 

cationic CPPs. This is what we observed when R9 was treated with heparin prior to 

exposure to cells. The uptake of R9 decreased by sixfold in the presence of heparin 

(Figure 3-2B). However, intracellular delivery with noncharged PEO2-B was 

unaffected by heparin, suggesting that the uptake mechanism of PEO2-B is different 

than that of traditional cationic CPPs. Lack of nonspecific interactions of PEO2-B with 

serum proteins and heparin bodes well for potential systemic applications in vivo. 

 

Figure 3 - 2. (A) Cellular uptake of PEO2-B and R9 conjugates in HeLa cells with and 

without serum. (B) Cellular uptake of PEO2-B and R9 in HeLa cells with and without 

heparin pretreatment at the indicated doses  
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Having ruled out serum protein and heparin interactions, we hypothesized that 

the PEO2-B uptake involved one or more of the endocytosis pathways. Since 

endocytosis is an energy-dependent process, lowering the temperature should 

attenuate cellular entry. To evaluate the dependence of cellular uptake on temperature, 

cells were treated with PEO2-B at 4°C. Across all cell lines tested, the cellular uptake 

of PEO2-B at 4°C was an order of magnitude lower than that at 37°C (Figure 3-3A), 

indicating a strong dependence on temperature and likely energy dependence as well. 

In contrast, R9 showed a weaker dependence on temperature across the three cell lines 

tested (Figure 3-3B). To examine which endocytic pathway was being used by PEO2-

B, cells were preincubated with inhibitors of distinct endocytic pathways prior to 

treatment with PEO2-B. For example, chlorpromazine is known to inhibit clathrin-

mediated endocytosis by halting the formation of clathrin-coated pits.76 Caveolae-

mediated endocytosis is dependent on lipid rafts and can be inhibited by cholesterol 

depletion using filipin III.77 Finally, cytochalasin D induces depolymerization of F-

actin, which is known to attenuate macropinocytosis.77  
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Figure 3 - 3. Temperature-dependent cellular uptake of (A) PEO2-B and (B) R9 in 

HeLa, SKOV-3 and HEK293 cells. Effect of endocytosis inhibitors on cellular uptake 

of (C) PEO2-B and (D) R9 in HeLa, SKOV-3 and HEK293 cells. Cells were pretreated 

with chlorpromazine to inhibit clathrin, filipin III to inhibit caveolae, cytochalasin D 

to inhibit macropinocytosis, and NaN3/2-deoxy-D-glucose to block ATP synthesis 

 

To our surprise, the uptake of PEO2−B was largely unaffected in all three cell 

lines after pretreatment with these inhibitors (Figure 3-3C), indicating that the primary 

mode of PEO2-B cellular uptake is not via these three major endocytic pathways. This 

is in contrast to R9, which showed a dependence on clathrin in HEK293 cells and 

macropinocytosis in both HEK293 and HeLa cells (Figure 3-3D). These results led us 

to question whether the uptake of PEO2-B is indeed energy-dependent. Although 

energy-dependent processes should depend on temperature, temperature-dependent 
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processes are not necessarily energy-dependent. To directly probe energy dependence, 

sodium azide (NaN3) and 2-deoxy-D-glucose (DOG) were used to inhibit adenosine 

triphosphate (ATP)-dependent processes, including endocytosis, by blocking ATP 

production from oxidative phosphorylation and glycolysis, respectively.99,100 

Treatment with NaN3 and DOG resulted in a slight reduction of PEO2-B uptake in 

HeLa and SKOV-3 cells and no reduction in HEK293 cells (Figure 3-3C). This result 

explains why none of the endocytosis inhibitors (which depend on ATP) led to a strong 

inhibition of PEO2-B uptake. On the other hand, we observed a significant decrease in 

the uptake of R9 in HeLa and HEK293 cells, which confirms its uptake mechanism 

via clathrin and macropinocytosis (Figure 3-3D). Although we cannot rule out other 

endocytic pathways beyond those tested here, our data suggests that alternative modes 

of cell entry maybe at play. 

On the basis of collective information in Figure 3-3, we hypothesized that 

uptake could occur via a direct translocation through the cell membrane. This mode of 

entry does not require cellular energy, that is, ATP, but is temperature-dependent. In 

the context of the cell, temperature affects several chemical and biophysical 

properties, including cell membrane fluidity. At high temperatures, the lipids in the 

cell membrane have more kinetic energy, thus making the membrane more fluid and 

receptive to direct translocation of macromolecules with the right physical properties. 

At low temperatures, the membrane is more rigid and in a gel-like phase, potentially 

reducing molecular transport across the membrane. This mode of direct transport 

would be consistent with all our current data, especially the uptake in Movie S2, and 

would render PEO2-B dependent on membrane fluidity. 
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To test this hypothesis, we used the lipophilic fluorescent probe 6-lauryl-2-

dimethylamino-napthalene (Laurdan). The Laurdan dye is sensitive to the polarity of 

its immediate environment and has been used to measure cellular membrane 

fluidity.101–103 This measurement, performed via two-photon laser microscopy, reports 

back a generalized polarization (GP) that ranges from -1 to +1 with lower values 

indicating greater membrane fluidity.104 The GP value was measured in all three cells 

lines and the data shows that HeLa cells have the most fluid membrane, followed by 

SKOV-3 cells, then HEK293 cells (Figure 3-4). These data are in very good 

agreement with the flow cytometry uptake data in Figure 3-1C, which shows greater 

uptake of PEO2-B in HeLa than SKOV-3 and HEK293 cells. These data, coupled with 

earlier results of rapid entry kinetics and the time-lapse movie showing direct diffuse 

entry, suggests that one of PEO2-B’s primary modes of cellular uptake is via direct 

translocation through the cell membrane. 

 

Figure 3 - 4. Membrane fluidity reflected by the Laurdan GP values of HeLa, SKOV-

3 and HEK293 cells. 
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3.2.4 Intracellular Localization of PEO2-B 

Earlier on, we confirmed via confocal microscopy that PEO2-B was 

undergoing cellular internalization as opposed to cell surface binding. However, what 

remains unclear is their precise subcellular localization. Access to the cells via direct 

membrane translocation could lead to a variety of intracellular locations. To determine 

the range of compartments where PEO2-B could reside, we treated HeLa cells with 

fluorescein-PEO2-B and key markers of different compartments – transferrin for early 

and recycling endosomes, dextran for macropinosomes, and lysotracker for acidic 

compartments such as lysosomes. Overall, co-delivery with these compartment-

specific fluorescent probes shows that PEO2-B is predominantly dispersed in the 

cytoplasm (Figure 3-5).  

Some colocalization with transferrin and lysotracker is observed and can be 

explained by direct diffusion into those compartments during or after cell entry 

(Figures 3-5A, C). These results are consistent with our prior experiments suggesting 

that a large fraction of PEO2-B’s uptake may be due to direct membrane translocation. 

A smaller fraction may go in via unknown endocytic mechanisms, which may then 

escape into the cytoplasm. However, we currently have no evidence for such a 

mechanism. It is more likely as seen in the videos that cytoplasmic PEO2-B is able to 

access membrane bound intracellular compartments also via direct membrane 

diffusion. Collectively, our preliminary experiments indicate that PEO2-B may provide 

a general strategy for the intracellular delivery of small molecules. 
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Figure 3 - 5. Confocal microscopy of fluorescein-PEO2-B (green) codelivered with 

(A) Transferrin-Alexa Fluor 647, (B) Dextran-Alexa Fluor 647, and (C) LysoTracker 

Deep Red. The nuclei were stained blue with Hoescht 33342 at 40X magnification 

 

3.3 CONCLUSIONS 

We have described the synthesis and biological evaluation of a new class of 

noncharged cell-penetrating oligoTEAs, which we refer to as CPOTs. These 

oligomeric macromolecules are easy to prepare through a rapid and efficient fluorous-

supported synthesis. Access to the backbone and the use of noncharged pendant 

groups allowed us to tune the oligoTEA hydrophobicity and create transporters with 

high uptake across multiple cell lines and enhanced performance over R9, a widely-

used CPP. The advantages of these non-charged oligoTEAs relative to standard 

cationic CPPs are: (i) their uptake is not impeded by serum, and their abiotic backbone 
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renders them resistant to proteases, and (ii) due to their noncharged nature, their 

uptake is not affected by heparin, a common ECM component known to affect the 

efficiency of cationic CPPs. Studies of different cell- entry mechanisms suggest that 

the primary mode of PEO2-B cellular uptake maybe direct in nature. However, we 

have not completely ruled out unknown endocytic mechanisms (other than clathrin, 

caveolae and macropinocytosis), which could also be at play. Our experiments suggest 

that translocation of PEO2-B across the cell membrane could be dictated by membrane 

fluidity, which varies with cell type. Addition of more ethylene oxides to the backbone 

improves solubility and decreases cytotoxicity of oligoTEAs without sacrificing 

uptake efficiency. Future studies will focus on the use of this new noncharged CPOT 

system in the delivery of potent small-molecule drugs into a variety of cell lines. 

 

3.4 EXPERIMENTAL PROCEDURES 

Cellular uptake protocols  

50,000 cells/well (HeLa, HEK293, or SKOV-3) were plated in 24-well plates and 

incubated at 37oC for 20-24 h. Cells were washed with 1X PBS pH 7.4 and incubated 

with 250 µL of fluorescein-oligoTEA conjugates at 5 µM in DMEM with 10% FBS at 

37oC for 1 h; each compound was tested in duplicates. After the incubation, cells were 

washed with PBS and incubated with 200 µL of Trypsin EDTA at 37oC for 3-5 min. 1 

mL of DMEM with 10% FBS was then added to quench the trypsin. Each well was 

transferred to an eppendorf tube and centrifuged at 500xg for 5 min. The supernatant 

was removed, and cells were then re-suspended in 200-500 µL of PBS. Readings were 

taken on a FACSCalibur flow cytometry analyzer (Becton Dickinson). Results were 
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analyzed by FlowJo software. The data presented is the mean fluorescence from 

10,000 gated cells.  

Cell line dependent uptake  

The standard uptake procedure was followed, except that the labeled oligoTEAs at 5 

µM were added to different cell lines. Readings were taken on a FACSAria Fusion 

flow cytometry analyzer (Becton Dickinson). 

Dose-dependent uptake 

The standard uptake procedure was followed, except that cells were treated with the 

labeled oligoTEAs at 0.5 µM to 5 µM. All other conditions remained the same. 

Readings were taken on a FACSCalibur flow cytometry analyzer (Becton Dickinson). 

Uptake kinetics study  

The standard uptake procedure was followed, except that cells were treated with 

fluoresecein-PEO2-B at 2.5 µM for 15-120 min. After the incubation, cells were 

washed with PBS and incubated with 200 µL of Trypsin EDTA at 37oC for 3-5 min. 

All other conditions remained the same. Readings were taken on a FACSCalibur flow 

cytometry analyzer (Becton Dickinson). 

 

Mechanism of uptake 

The standard uptake procedure was followed with the following changes for each 

mechanistic condition. Readings were taken on a FACSAria Fusion flow cytometry 

analyzer (Becton Dickinson). 

Uptake with and without serum: Prior to treatment, cells were washed with PBS. Cells 

were then incubated with fluorescein conjugates in either DMEM with 10% FBS or 
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Opti-MEM at 37oC for 1 h. Following treatment, cells were washed with PBS before 

addition of Trypsin EDTA. 

Pretreatment with heparin: Prior to treatment, fluorescein conjugates were incubated 

with different concentrations of heparin and DMEM with 10% FBS in eppendorf tubes 

for 30 min at 37oC. Cells were washed with PBS and incubated with the treatment 

solutions at 37oC for 1 h. Following treatment, cells were washed with PBS once more 

before addition of Trypsin EDTA. 

Temperature dependence: Prior to treatment, fluorescein conjugates were incubated 

with DMEM with 10% FBS in eppendorf tubes for 30 min at 37oC or 4oC. Cells were 

washed with warm (37oC) or cool (4oC) PBS for 5 min. Pre-warmed or pre-cooled 

fluorescein conjugate solution was then added, and cells were incubated at 37oC or 

refrigerated at 4°C for 1 h. Following treatment, cells were washed with PBS before 

addition of Trypsin EDTA. 

Uptake with and without NaN3 and 2-deoxy-D-glucose: Prior to treatment, cells were 

washed with PBS. Cells were then incubated with 10 mM NaN3 and 25 mM DOG in 

DMEM with 10% FBS at 37oC for 1 h. Fluorescein conjugates were added, and cells 

were incubated at 37oC for another hour. Following treatment, cells were washed with 

PBS before addition of Trypsin EDTA. 

Uptake with and without chlorpromazine: Prior to treatment, cells were washed with 

PBS. Cells were then incubated with 5 µg/mL (or 15.7 µM) CPM in DMEM with 10% 

FBS at 37oC for 1 h. Fluorescein conjugates were added, and cells were incubated at 

37oC for another hour. Following treatment, cells were washed with PBS before 

addition of Trypsin EDTA. 
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Uptake with and without cytochalasin D: Prior to treatment, cells were washed with 

PBS. Cells were then incubated with 5 µg/mL (or 9.9 µM) CCL-D in DMEM with 

10% FBS at 37oC for 1 h. Fluorescein conjugates were added, and cells were 

incubated at 37oC for another hour. Following treatment, cells were washed with PBS 

before addition of Trypsin EDTA. 

Uptake with and without filipin III: Prior to treatment, cells were washed with PBS. 

Cells were then incubated with 5 µg/mL (or 7.6 µM) FLP-III in DMEM with 10% 

FBS at 37oC for 30 min. Fluorescein conjugates were added, and cells were incubated 

at 37oC for another hour. Following treatment, cells were washed with PBS before 

addition of Trypsin EDTA. 

 

Live-cell confocal microscopy 

70,000 HeLa cells/chamber were plated in a 4-chamber 35-mm glass-bottom 

microwell dish (MatTeK) and cultured at 37oC for 20-24 h. Cells were washed with 

2X PBS pH 7.4 and incubated with 5 µM fluorescein conjugates for 1 h. Cells were 

gently washed 3 times with PBS, and FluoroBrite DMEM Media supplemented with 

10% FBS was added to each chamber for imaging. Images were taken on a Zeiss 

LSM880 live-cell confocal/multiphoton inverted microscope, equipped with a 63X oil 

objective, with the 488-nm laser enabled for fluorescein. Images were processed using 

Fiji software.92  
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Colocalization experiment  

20,000 HeLa cells/well were plated in an 8-well chambered coverglass and incubated 

at 37oC for 20-24 h. Cells were washed with 1X PBS pH 7.4 and incubated with 200 

µL of 5 µM fluorescein conjugates along with 150 nM of Transferrin-Alexa Fluor 

647, 150 µM of Dextran-Alexa Fluor 647, or 150 nM of LysoTracker Deep Red for 1 

h at 37oC. Cells were washed 3 times with PBS and fixed with 300 µL of 4% 

paraformaldehyde for 15 min at room temperature. Cells were washed twice with PBS 

and stained with 200 µL of 1:10,000 dilution of Hoechst 33342 in PBS for 15 min at 

room temperature. Cells were washed with PBS, and 200 µL of PBS was added to 

each well for imaging. Images were taken on a Zeiss LSM880 confocal/multiphoton 

inverted microscope, equipped with a 40X water objective, with 405 nm, 488 nm, and 

633 nm lasers enabled for Hoescht, fluorescein, and Transferrin-Alexa Fluor 

647/Dextran-Alexa Fluor 647/LysoTracker Deep Red, respectively. Images were 

processed using Fiji software. 

 

GP value measurements with Laurdan  

Sample preparation: 70,000 HeLa cells/well were plated in 4-well glass-bottomed 

microscope dish and cultured for 24 h at 37oC. Prior to imaging, cells were washed 

twice with 1X PBS pH 7.4 and incubated with 10 µM of Laurdan in DMEM with 10% 

FBS for 30 min at 37oC. Cells were then washed 2x with pre-warmed PBS for 

imaging. 

Equipment set-up: Laurdan GP images were collected on a two-photon fluorescence 

microscope with a two-channel detection system. A mode-locked titanium sapphire 
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laser set to 780 nm was used as the two-photon excitation source. A 40X water 

objective was used. Two-channel acquisition was conducted in the emission ranges of 

410-470 nm and 471-530 nm. 

Data acquisition and analysis: Laurdan data were processed and displayed as pseudo-

colored GP images using Fiji with a custom-written macro previously described.104 

The GP values were calculated according to the following equation. 

𝐺𝑃 =
𝐼410−470 − 𝐺𝐼471−530
𝐼410−470 + 𝐺𝐼471−530

 

The G factor is used in the GP calculation to compensate for the differences in the 

collection efficiency of the two channels caused by the use of different PMT gains 

between experiments. The G factor is calculated as follows: 

𝐺 =
𝐺𝑃𝑟𝑒𝑓 + 𝐺𝑃𝑟𝑒𝑓𝐺𝑃𝑚𝑒𝑠 − 𝐺𝑃𝑚𝑒𝑠 − 1

𝐺𝑃𝑚𝑒𝑠 + 𝐺𝑃𝑟𝑒𝑓𝐺𝑃𝑚𝑒𝑠 − 𝐺𝑃𝑟𝑒𝑓 − 1
 

GPmes is the GP value of Laurdan in pure DMSO (25 µM) measured with the same 

microscope set-up as for actual samples. GPref is the reference value for the dye in 

DMSO and is chosen to be 0.207 by convention so that the GP values for model 

membranes with liquid-ordered and -disordered phases are separated at around GP = 

0.2. 
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CHAPTER 4. EFFECT OF COMPOSITION ON ANTIBACTERIAL 

ACTIVITY OF SEQUENCE-DEFINED CATIONIC 

OLIGOTHIOETHERAMIDES 

This chapter has been adapted with permission from C. M. Artim, N. N. Phan, C. A. 

Alabi, ACS Infect. Dis. 2018, 4 (8), 1257-1263. Copyright © 2018 American Chemical 

Society.  

 

Individual contributions: 

C.M.A. and N.N.P. contributed equally to this work. N.N.P. performed synthesis, 

purification, and chemical characterization as well as cytotoxicity evaluation. C.M.A. 

demonstrated antibacterial activity and mechanism of action. The manuscript was 

written through contributions of all authors. All authors have given approval to the 

final version of the manuscript. 

 

4.1 MOTIVATION 

Another class of membrane-active molecules that share some structural and 

functional similarities with CPPs are antimicrobial peptides (AMPs).105,106 Natural 

antimicrobial peptides (AMPs) can attack the bacterial membrane and induce cell 

death. Like CPPs, most AMPs are positively charged which allows them to bind to the 

anionic outer region of the bacteria's membrane.107,108 Another feature of AMPs is 

their facial amphiphilicity with hydrophobic and hydrophilic groups on opposite faces 

along their backbone, enabling AMPs to insert themselves into the bacterial membrane 

through various pore formation mechanisms.109–111 This facial amphiphilicity feature 
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distinguishes AMPs from cationic CPPs, which mostly consisted of positively charged 

residues. 

Recent efforts have been made for synthetic, polymeric mimetics of 

antimicrobial peptides. Gabriel et al. made a poly guanidinium oxanorbornene that had 

remarkable antimicrobial activity against both Gram-negative and Gram-Positive 

bacteria with low hemolysis activity.112 A paper recently published by Hoque et al. 

also showed that nontoxic small molecules with cationic charges through quaternary 

ammonium groups and hydrophobic character through a lipophilic alkyl chain 

displayed good antibacterial activity against various wild-type and drug-resistant 

bacteria.113 In addition, linear and macrocyclic oligoguanidines were shown to have 

antifungal activity against clinically relevant strains of Candida species.114 Based on 

these findings, the guanidine headgroup appears to be an essential chemical feature for 

antimicrobial activity. Inspired by prior work on synthetic AMPs and given the 

sequence-defined oligoTEA platform, we wanted to explore the effect of different 

cationic pendant groups and backbone hydrophobicity on the antibacterial activity of 

oligoTEAs. 

 

4.2 INTRODUCTION 

The growing threat of antibiotic resistance could result in simple yet 

devastating bacterial infections due to the lack of viable treatment options. This rise in 

antibiotic resistance has led to investigations into alternative classes of antibiotics that 

can subjugate the bacterial defense system. Antimicrobial peptides (AMPs), also 

known as host defense peptides, are a new and relatively untapped class and source of 



47 
 

antibiotics.115 AMPs are natural compounds produced by nearly all organisms as part 

of their innate immune response to protect against foreign bacteria, viruses, and 

fungi.116 AMPs are highly diverse yet share common molecular features such as 

spatially segregated hydrophobic and cationic residues.115,116 They broadly target 

anionic lipids in the bacterial cell membrane and facilitate cell death via bilayer 

disruption and immunomodulatory effects.116–119 Specificity for bacteria over 

mammalian cells has been attributed to differences in surface charge and the presence 

of cholesterol in the mammalian cell membrane, which suppresses bilayer 

disruption.120,121 Furthermore, since pore formation is driven by interactions with 

essential lipids in the cell membrane, development of resistance against this mode of 

bacteria death is expected to be very slow.122 Recently, new classes of antibiotics 

modeled after AMPs have made their way into the clinical pipeline and are slowly 

becoming increasingly important (52% probability of registration by 2025) in the fight 

against antibiotic resistance.123,124 Two examples are POL7080 and brilacidin, which 

are currently in phase 2 clinical trials.124 These promising candidates and their 

attributes have led to widespread research into the use of AMPs as a new antimicrobial 

class and a potential source of antibiotics. 

Despite their favorable features and promise, AMPs have yet to enjoy broad 

clinical success, primarily due to their susceptibility to proteolytic degradation, 

sequestration by serum binding proteins, and systemic toxicity in vivo.115,118,122 In fact, 

several pathogenic strains have dedicated enzymes (Omptin protease family) that are 

preprogrammed to recognize and cleave peptide-based antibiotics.125 To combat this 

problem, new sequence-defined peptidomimetics with abiotic backbones have been 
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developed including peptoids,126 β-peptides,127,128 oligoureas,129 α- and γ-AA 

peptides,130,131 oligo-acyl lysines,132 and oligothioetheramides (oligoTEAs).78,89 These 

peptidomimetics retain the structural and sequence benefits of AMPs yet have 

enhanced resistance to proteolytic degradation. Thus far, several important studies 

have been performed to evaluate the effect of the type and density of cationic and 

hydrophobic functional groups,78,112,128,133,134 sequence length,78,135,136 and 

amphipathicity133,136,137 on antimicrobial potency. The overarching conclusions from 

these studies are (1) cationic charge is a prerequisite for antimicrobial activity, (2) 

solution phase secondary structure, e.g. helix or β-sheet formation, though present in 

some AMPs is not a prerequisite for antimicrobial activity, and (3) the hydrophobic-

charge balance in each system strongly regulates the antibacterial activity−mammalian 

cell toxicity balance. These conclusions have been reached by performing 

composition- and sequence-activity correlations in solutions devoid of physiologically 

relevant amounts of divalent cations and serum proteins. AMP activity is severely 

attenuated in the few reports that do include serum proteinsde138,139 or physiological 

divalent cation concentrations.140–142 Subject areas that need to be explored are how 

AMPs and their synthetic mimetics behave in solutions that mimic physiological 

conditions and how particular molecular features on a sequence-defined 

macromolecular backbone influence the mechanism of membrane disruption. This 

current study seeks to directly address these questions by exploiting the synthetic 

versatility and promising bactericidal activity of sequence-defined oligoTEAs. 

OligoTEAs are a new class of sequence-defined oligomers that combine 

reaction orthogonality and a soluble support to achieve precise sequence control 
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(Figure 4-1).88,143 These novel oligomers are composed of alternating N-

allylacrylamide and dithiol monomers. Their synthesis is facilitated by the unique 

orthogonal N-allylacrylamide monomer, which undergoes either a thiol-ene or a thiol-

Michael addition under specific conditions, and a soluble fluorous support that 

provides simple and efficient purification between subsequent reactions.88 In addition 

to precise sequence control, oligoTEAs have access to a massive scope of chemically 

diverse monomers. Furthermore, the ability to vary their backbone composition and 

sequence with ease during assembly provides a means to directly influence 

macromolecular conformation and dynamics. Thus, as highly tailorable sequence-

defined oligomers, oligoTEAs are uniquely suited to investigate the influence of 

composition and sequence on antibacterial properties. Finally, the abiotic backbone of 

oligoTEAs renders them resistant to proteolysis, a critical factor limiting the 

widespread use of AMPs.78 

In this study, we investigate how the nature and ratio of the cationic and 

hydrophobic groups influence the mechanism and activity of antibacterial oligoTEAs. 

In addition to biological evaluation in standard media, we evaluate the effect of 

elevated salt and proteins present in biological fluids on the activity of promising 

oligoTEAs. Following in vitro antibacterial testing, we evaluate the mode of oligoTEA 

interaction with the biological membrane. Finally, we evaluate a promising oligoTEA 

sequence, PDT-4G, in vivo in a methicillin-resistant Staphylococcus aureus (MRSA) 

mouse thigh infection model and show promising antibacterial activity after a single 

subcutaneous injection. Overall, the detailed biological evaluation and mechanistic 

analysis of oligoTEAs performed in this work takes us one step closer toward 
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understanding the critical properties of potent sequence-defined oligomers that can be 

used to selectively subvert harmful bacterial pathogens. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 OligoTEA Synthesis and Characterization 

Five oligoTEAs were synthesized (Figure 4-1A) according to our previously 

reported method for the assembly of sequence-defined oligoTEAs.78,88 Our 

methodology involves sequential orthogonal thiol-Michael additions and thiol-ene 

reactions between a N-allylacrylamide monomer and commercially available dithiols 

in solution. This is made possible by anchoring the growing sequence to a soluble 

fluorous support that enables a fluorous solid-phase extraction (FSPE) for product 

purification between each coupling step. The soluble fluorous support has the 

advantage of enabling a routine monitoring via 1H NMR during oligomer assembly, as 

well as fast reaction kinetics. The five oligoTEAs prepared in this work are referred to 

by the notation X-nY, where X stands for the backbone type (butanedithiol, BDT, vs 

propanedithiol, PDT), the number, n, refers to the number of backbone-pendant group 

repeat units, and the final letter Y refers to the nature of the pendant group (amine, A, 

vs guanidine, G). BDT-3G, BDT-4G, and BDT-5G were prepared with a guanidinium 

N-allylacrylamide monomer and a butane dithiol backbone group as shown in Figure 

4-1A.  
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Figure 4 - 1. (A) Assembly scheme and structures of sequence-defined cationic 

oligoTEAs used in this work. A, amine; G, guanidine; BDT, butanedithiol; PDT, 

propanedithiol. (B) Retention time of cationic oligoTEAs prepared in this work 

obtained via the extracted ion chromatogram of product mass. (C) Minimum 

inhibitory concentration (MIC) values for the antibacterial activity of oligoTEAs and 

controls on B. subtilis and E. coli 

 

To examine the effect of the pendant group, we synthesized BDT-4A, the 

amine analog of BDT-4G. To examine the sensitivity of the backbone hydrophobicity, 

we also synthesized PDT-4G by simply switching the butanedithiol used in the 

backbone to propanedithiol. Following purification, all five antibacterial oligoTEAs 

(AOTs) were characterized and confirmed via 1H NMR and LCMS (Figures D1−D10). 

The hydrophobicity of these five oligoTEAs was evaluated via reverse-phase 

HPLC on a C18 column (Figure 4-1B). As expected, PDT-4G with fewer carbon 

chains in the backbone was less hydrophobic than BDT-4G. To our surprise, the 

guanidinium oligoTEA BDT-4G appeared at a later retention time than the amine, 

BDT-4A. In fact, all the guanidinium oligoTEAs, regardless of length, appeared to be 

more hydrophobic than the amine variant. Given that these compounds all have the 

same n-butane functionality in their backbone, the data seems to suggest that the 
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guanidinium functional group imparts more hydrophobicity than the amine. We 

rationalize this data by noting that the C18 column used for this analysis has residual 

silanols present144,145 and the observed increase in retention time could stem from 

hydrogen bonding/ electrostatic interactions between the guanidinium pendant groups 

and the silanols or the hydrogen bonded water network stemming from the silanol 

groups. Enhanced retention on a C18 column due to hydrogen bonding and 

electrostatic interactions has been observed in studies involving polar analytes.144,146 

Since the guanidinium group can form more hydrogen bonds than an ammonium (8 vs 

3), it is reasonable that the guanidinium compounds will have stronger interactions 

with the stationary phase and appear “more hydrophobic”. Thus, it is more appropriate 

to think of this increase in retention time as an increase in hydrogen bonding 

capability and not hydrophobicity. This point is further confirmed with another 

observation from Figure 4-1B, which is that the retention time increases with 

increasing repeat unit, i.e., BDT-5G > BDT-4G > BDT-3G. This can be rationalized as 

being the direct result of increasing the number of hydrophobic (butane backbone) and 

hydrogen bonding interactions (guanidinium group) with the stationary phase. 

 

4.3.2 Antibacterial Activity and Cytotoxicity of OligoTEAs 

The antibacterial activity of the five oligoTEAs was initially determined in 

Luria Broth (LB) on Gram-positive B. subtilis and Gram-negative E. coli (Figure 4-

1C). The reported minimum inhibitory concentration (MIC) is the minimum 

concentration that prevents measurable growth of bacteria. We observe that BDT-4G 

is more potent than the shorter and longer length oligoTEAs (BDT-3G and BDT-5G) 
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on both B. subtilis and E. coli. Decreasing the overall hydrophobic content (i.e., 

BDT4G vs PDT-4G) did not have a measurable effect on antibacterial potency on 

either bacterial strain. However, switching the cationic headgroup from a guanidinium 

to an amine reduced the activity by 4- and 8-fold in B. subtilis and E. coli, 

respectively. 

To further examine the potency of these oligoTEAs against pathogenic 

bacteria, we examined their activity on MRSA and community associated MRSA 

(CA-MRSA, also known as USA300). MRSA is one of the leading causes of 

bacteremia, a bacterial infection of the bloodstream that impacts scores of service 

members during hospitalization.147,148 The virulent USA300 strain has been shown to 

colonize in neonates and infants in several NICUs across the country and led to a 

decade-long epidemic that resulted in extensive hospital stays.149,150 As such, both 

MRSA and USA300 strains pose a significant threat to vulnerable population pools 

(children and service members). Furthermore, several USA300 isolates have recently 

developed reduced susceptibility to commonly administered vancomycin and 

daptomycin.151 Given their virulence and onset of resistance against the standard of 

care, novel antibacterial strategies against these pathogens are urgently needed. 

Similar to previous antibacterial studies, the five oligoTEAs synthesized in this study 

were exposed to both MRSA and USA300 in normal growth media (tryptic soy) along 

with three positive controls: melittin, daptomycin, and vancomycin. As shown in 

Figure 4-2A, we observed that all guanidinium oligoTEAs were generally very active 

(∼0.4−3 μM), irrespective of length and backbone functionality, with PDT-4G 

showing the best activity of all the compounds (MIC of ∼0.4 μM). In contrast, the 
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amine modified oligoTEA, i.e. BDT-4A, was ∼20-fold less active against both MRSA 

and USA300. To our surprise, the daptomycin control also showed relatively low 

activity (MIC ∼ 12.5 μM) under these testing conditions. 

 

Figure 4 - 2. MIC values for the antibacterial activity of oligoTEAs and controls on 

(A) MRSA (ATCC 33591) and (B) community associated MRSA (USA300), in 

tryptic soy (white bar), cation adjusted tryptic soy (i.e., supplemented with 25 mg/L 

calcium ions and 12.5 mg/L magnesium ions, gray bar), tryptic soy supplemented with 

20% serum (light red bar), and cation adjusted tryptic soy supplemented with 20% 

serum (dark red bars). ∗, greater than 12.5 μM; ∗∗, greater than 25 μM. Dotted line 

represents a MIC value of 0.78 μM. Results are expressed as means, and error bars, 

where present, represent the range of values 

 

Upon further scrutiny, we discovered that normal tryptic soy contains 

insufficient amounts of divalent cations that are critical for daptomycin’s activity. 

Daptomycin primarily functions by binding to Ca2+, which facilitates its insertion into 

the bacterial membrane and cell death via several unresolved mechanisms.152 Addition 

of 25 mg/L Ca2+ and 12.5 mg/L Mg2+, according to the Clinical and Laboratory 

Standards Institute (CLSI) protocol,153 to tryptic soy media restored daptomycin’s 
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function (MIC ∼ 1.6 μM). The presence of physiologically relevant concentrations of 

cations did not diminish the antibacterial activity of the oligoTEAs (Figure 4-2A) as 

has been observed with other AMPs.140–142 We also evaluated antibacterial activity in 

the presence of both serum and cation-adjusted serum. Most AMPs display poor 

activity in the presence of serum due to rapid proteolytic degradation and/or 

nonspecific binding to serum proteins.138,154–156 This effect can be seen in the loss of 

melittin’s activity (>8-fold loss) in the presence of serum (Figure 4-2). Remarkably, 

all guanidinium oligoTEAs retained their potent activity in cation-adjusted media and 

media with 20% serum. 

To be considered a viable antibacterial candidate, promising oligoTEAs must 

be nontoxic to mammalian cells. The extent of oligoTEA-induced toxicity against 

mammalian cells was measured via a standard hemolysis assay with melittin as a 

positive control. None of the oligoTEAs tested were hemolytic at the highest 

concentration tested (50 μM), which is ∼60− 120-fold above the MIC for BDT-4G 

and PDT-4G (Figure 4-3A). This is in stark contrast to melittin that was highly 

hemolytic (100% hemolysis) at a concentration of 5 μM. To further evaluate the safety 

of these compounds, mammalian cell cytotoxicity was evaluated via an MTS assay on 

human embryonic kidney cells (HEK293), which have been shown to be a good 

predictor of nephrotoxicity.157 The data in Figure 4-3B shows that BDT-4G is the most 

cytotoxic of the oligoTEAs tested, although cytotoxicity only emerges at 

concentrations above 20 μM (i.e., 25-fold above MIC). PDT-4G, which is equally as 

potent as BDT-4G but less hydrophobic (Figure 4-1B), is noncytotoxic at 

concentrations up to 40 μM (i.e., ∼100-fold above MIC) and shows 75% cell viability 
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at 50 μM. Altogether, this body of data demonstrates that the backbone and pendant 

groups of oligoTEAs can be precisely tuned to deliver potent antibacterial activity 

while minimizing cytotoxicity. 

 

Figure 4 - 3. (A) Hemolytic activity of oligoTEAs as a function of concentration 

(2−50 μM). (B) MTS assay performed on HEK293 cells in the presence of varying 

concentrations of oligoTEAs (2−50 μM). Each data point represents the mean from 

two to three biological replicates, and error bars, where present, represent the range of 

values. Melittin and daptomycin are used as positive and negative controls 

 

4.3.3 Membrane Destabilization 

The promising antibacterial results obtained with PDT-4G against MRSA 

(Figure 4-2) coupled with its low cytotoxicity (Figure 4-3) lead us to focus on PDT-

4G for further investigation. Cationic peptides, similar to PDT-4G, have been shown 

to act on the bacterial membrane via a two-step binding and insertion mechanism.158 

Insertion and/or aggregation with bacterial phospholipids should lead to membrane 
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destabilization. To investigate the possibility of this outcome, we performed a 

membrane depolarization assay to analyze the membrane permeabilization potential of 

PDT-4G. Membrane depolarization was measured with a fluorescent dye, 3,3′-

dipropylthiadicarbocyanine iodide (diSC35), that is quenched upon insertion into the 

polarized cytoplasmic membrane. Permeabilization of the cytoplasmic membrane 

lowers the membrane potential, which releases diSC35 and causes an increase in 

fluorescence.159 When this assay is performed on MRSA, the pore-forming melittin 

control gives a significant increase in fluorescence, unlike the nonlytic compounds 

daptomycin and vancomycin, which display no significant change in fluorescence 

(Figure 4-4A). Similar to melittin, albeit to a lesser extent, PDT-4G also caused a 

significant increase in fluorescence supporting the assertion that PDT-4G operates by 

compromising the membrane. Similar results were obtained when this assay was 

repeated with E. coli (Figure 4-4A). It follows that a compromised membrane should 

allow rapid exchange of fluids with the external environment and thus lead to cell 

death. To further investigate this fluid exchange, we performed a propidium iodide 

(PI) uptake assay. PI is a membrane-impermeable intercalating agent that fluoresces 

upon binding to nucleic acids. Thus, membrane permeabilization is detected by an 

increase in fluorescence upon addition of antibacterial agents.  

The PI assay was performed on MRSA, and the results show that melittin and 

PDT-4G give rise to a rapid increase in fluorescence, while daptomycin and 

vancomycin do not (Figure 4-4B). This suggests that PDT-4G operates via rapid 

membrane permeabilization, which subsequently results in rapid fluid exchange of the 

bacteria with the external environment. This assay was repeated with E. coli, yielding 
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similar results suggesting PDT-4G also permeabilizes the membrane of Gram-negative 

E. coli (Figure D11). 

 

Figure 4 - 4. (A) Membrane depolarization assay performed on MRSA and E. coli 

using the potentiometric probe, diSC35. Results are expressed as means from two 

biological replicates ± standard deviation. (B) Propidium iodide (PI) translocation 

assay performed on MRSA to measure extent of membrane destabilization and 

permeability. Cells were treated with PI for 2 min before the compounds were added. 

(C) Cell growth kinetic measurements (kill curves) of MRSA exposed to varying 

concentrations of PDT-4G (2-8×MIC) and antibiotic controls melittin, daptomycin, 

and vancomycin 

 

Finally, a kill curve was performed on PDT-4G, melittin, vancomycin, and 

daptomycin to investigate kinetics of cell death of bacteria grown to mid-exponential 

phase (Figure 4-4C). MRSA cells were treated with PDT-4G at 2-fold, 4-fold, and 

8fold the MIC value, and the cell growth was measured (via absorbance) as a function 

of time. Similar to vancomycin and daptomycin, addition at 8-fold MIC of PDT-4G 

was necessary to inhibit growth and kill all bacteria (Figure 4-4C). However, the 

kinetics of cell death was much faster for PDT-4G than either daptomycin or 

vancomycin. Cell growth was immediately arrested at the start of the experiment, and 
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cell count (as measured by the absorbance value) decreased thereafter. Melittin 

showed the fastest rate of cell death with complete clearance of bacteria after 1 h. This 

rapid inhibition of cell growth along with the model and previous data support a 

mechanism of action that involves binding of PDT-4G to the membrane, and then 

insertion and destabilization of the membrane, which leads to rapid exchange of fluids 

with the external environment and bacterial cell death. This assay was repeated with E. 

coli, yielding similar results (Figure D12). 

 

4.3.4 In Vivo Efficacy 

Encouraged by the in vitro biological activity of PDT-4G, we investigated its 

potential for in vivo activity. PDT-4G retains its potency against MRSA and 

CAMRSA in the presence of serum and cation-adjusted media, is proteolytically 

stable, rapidly permeabilizes the membrane of bacterial cells, and has low 

cytotoxicity. Several studies have been conducted on AMPs to evaluate their potential 

as therapeutics, but most have been limited to in vitro studies due to issues with 

toxicity and clearance. Of the few AMP activity studies performed in vivo, most have 

been performed in the peritoneum via intraperitoneal (i.p.) injections, which precludes 

engagement of the systemic host tissues and components.142,160,161 The neutropenic 

mouse thigh model of infection is a widely used stringent animal model for testing the 

potency of antimicrobial drugs,162 including a handful of promising AMPs.134,163,164 

Here, thigh muscles of neutropenic mice were inoculated with bacteria, followed by 

subcutaneous (s.c.) administration of the desired therapeutic. 
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To determine our dosing limit and route of administration, we first performed a 

tolerability experiment. This was done by administering PDT-4G via s.c. injection 

between the shoulder blades of three CD-1 mice at a dose of 20 mg/kg. This dose and 

route were well tolerated and resulted in no adverse signs after 2 and 24 h. Complete 

pharmacokinetic and toxicology studies required to understand the blood 

concentration reached after s.c. injection are beyond the scope of this manuscript and 

will be reported in future studies. We simply wish to report our preliminary efficacy 

findings here.  

 

Figure 4 - 5. (A) Time course for establishment and treatment of mouse thigh 

infection model with methicillin-resistant Staphylococcus aureus (ATCC 33591). 

Neutropenic CD-1 mice treated with a single injection of PDT-4G via subcutaneous 

injection 2 h post-infection (8 mice per group). (B) Percentage of bacteria killed 

relative to the untreated sample after 24 h. Error bars represent standard errors of the 

mean 
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For efficacy studies, mice were rendered neutropenic by administering 

cyclophosphamide 4 days and 1 day prior to infection and then inoculated with 106 

CFU/mL of MRSA on day 0 (Figure 4-5A). A single dose of PDT-4G was 

administered via the s.c. route 2 h after primary infection at doses ranging from 5 to 20 

mg/kg. At a single dose of 20 mg/kg, PDT-4G led to a 0.5 log CFU reduction of viable 

MRSA bacterial load (∼70% bacterial cell reduction) after 24 h (Figure 4-5B). 

Additional dosing regimens (e.g., twice-daily or four-times daily dosing) will be 

investigated in future studies. These results illustrate the potential of oligoTEAs for 

the development of viable antibacterial therapeutics that might help address the urgent 

need for new drug classes to combat antibiotic-resistant bacteria. 

 

4.4 CONCLUSIONS 

We have developed a library of sequence-defined antibacterial oligomers based 

on the highly tunable oligoTEA scaffold. By varying the nature of the pendant N-

allylacrylamide functional group and backbone dithiol group, we investigated the 

impact of backbone hydrophobicity and type of cationic pendant group. Our results 

clearly indicate that the nature of the cationic group matters. Incorporation of 

guanidinium functional groups results in improved antibacterial activity relative to 

amine groups. On the basis of a recent report by Wang et al.,165 we rationalize that this 

could be due to the stronger hydrogen bonding of the guanidine headgroups with the 

bacterial membrane. Membrane depolarization studies and translocation assays were 

used to confirm that the promising antibacterial candidate PDT-4G acts via membrane 

destabilization and permeabilization leading to cell lysis. In addition to potent activity 
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against a variety of Gram-positive and Gram-negative bacteria in cation-adjusted and 

serum-containing media, PDT-4G also demonstrated moderate bactericidal activity in 

vivo in a mouse thigh infection model. The studies outlined in this work provide tools 

and mechanistic insights into the effect of oligomer length, pendant group type, and 

dithiol backbone hydrophobicity on antibacterial potency. This knowledge base will 

be vital for the ongoing development of clinically viable antibacterial agents. 

 

4.5 EXPERIMENTAL PROCEDURES 

Minimum inhibitory concentration (MIC) assay 

A single bacterial colony (Bacillus subtilis, methicillin-resistant Staphylococcus 

aureus ATCC33591 (MRSA) or ATCC BAA-1556 (CA-MRSA), Escherichia coli 

DHSα MB7) was selected and incubated in media (Luria Broth (LB) for B. subtilis 

and E. coli or tryptic soy broth (TSB) for MRSA), at 37°C overnight. Bacteria were 

sub-cultured and grown to mid-exponential phase (2.5-3-h incubation).  The 

subculture was diluted to an OD600 of 0.001. 1 mM AOT stocks were freshly 

prepared in 1xPBS (pH 7.4), and immediately serially diluted into the bacterial 

suspensions in a clear 96-well plate. The well plate was incubated overnight, and the 

absorbance was measured at 600 nM using a TECAN Infinite® M1000 PRO 

Microplate Reader (Männdorf, Switzerland). The MIC was calculated as the first point 

at which the absorbance was below 10% of the maximum. 
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Membrane depolarization assay 

A single colony of bacteria (MRSA, CA-MRSA, B. subtilis, E. coli) was selected and 

incubated at 37ºC overnight in media (tryptic soy broth for MRSA, LB for B. subtilis 

and E. coli), then sub-cultured and grown to mid-exponential phase.  The bacteria 

were harvested and washed twice with cation-adjusted HEPES buffer (5mM HEPES, 

68mM NaCl, 1.6 mM KCl, 25 mg/mL Ca2+, 12.5 mg/mL Mg2+).  0.5 M EDTA 

solution (pH 7.4) was added for a final concentration of 0.2 mM EDTA, and diSC3(5) 

was added for a concentration of 0.4 µM. The solution was incubated 30 min, before 

adding 100 mM KCl and incubating 1 min. This bacterial solution was added to AOT 

stocks in a black 96well plate and the fluorescence intensity (610 nm excitation, 660 

nm emission) was recorded for 60 min. 

 

PI assay 

A single bacterial colony was selected and incubated at 37ºC in media overnight, then 

sub-cultured and incubated until mid-exponential phase.  Bacteria were harvested, 

washed, and resuspended in a solution of 5 mM HEPES, 5 mM glucose, and 10 µM 

propidium iodide.  150 µL bacteria solution was added to each well of a black 96 well 

plate.  Fluorescence measurements were taken at 535 nm excitation, 617 nm emission 

on a TECAN Infinite M1000 PRO Microplate reader (Männdorf) (TECAN) for 2 min 

with shaking.  AOT stock solutions were added for a concentration of 25 µM, and 

fluorescence measurements were taken for an additional 20 min with shaking.  
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Cell growth kinetics (kill curve) assay 

A single colony of bacteria was selected and incubated at 37°C overnight, then sub-

cultured and incubated until mid-exponential phase (OD600 = 0.5). Bacteria were 

added to a clear 96-well plate. Antibiotics at 2-8xMIC were added and the absorbance 

at 600 nm was taken over 8 hs, with shaking between absorbance measurements.  

 

Mouse tolerability and thigh infection model 

All animal experiments were performed by Concord Biosciences LLC. For tolerability 

testing, three mice were dosed with PDT-4G at 20 mg/kg subcutaneous (s.c.). The 

three mice dosed at 20 mg/kg s.c. exhibited no adverse signs after dosing. All of these 

mice were normal at the 2 and 24 h observation time points. PDT4G was tested at 

three different doses in a neutropenic mouse thigh infection model. Female CD-1 mice 

(52-days-old) were dosed with cyclophosphamide by i.p. injection (10 mL/kg) at 4 and 

1 day prior to bacterial infection to render them neutropenic. On the day of infection, 

mice were given an intramuscular injection (i.m.) of 0.1 mL of a MRSA 

(ATCC33591) suspension (~1 x 106 CFU/mL) into the thigh muscle of the right hind 

leg. PDT-4G was dosed by s.c. injection between the shoulder blades at the indicated 

doses 2 hs after primary infection. Each group was composed of 8 mice. At 2 and 24 

hs, the mice were euthanized by cervical dislocation while under CO2/O2 anesthesia. 

The infected thigh was removed aseptically from each mouse, placed in a sterile tube 

and weighed. Each thigh was homogenized in cold PBS and the dilution plate count 

method was conducted to determine the number of CFUs per gram of tissue and thus 

the percent bacteria killed relative to the untreated control. 
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CHAPTER 5. DELIVERY OF VANCOMYCIN BY NONCHARGED CELL-

PENETRATING OLIGOTEA TOWARDS THE TREATMENT OF 

INTRACELLULAR BACTERIA 

5.1. INTRODUCTION 

Infections caused by Staphylococcus aureus and Mycobacterium tuberculosis, 

were listed by the U.S. Centers for Disease Control and Prevention as serious threats 

in need of high attention in 2013. These bacteria are able to invade and survive inside 

mammalian cells, including phagocytic cells that are responsible for bacteria clearance 

such as neutrophils and macrophages.166–170 By localizing either in the cytoplasm or 

vesicles, they protect themselves against the host immune system.2,171 Unfortunately, 

many antibiotics such as β-lactams and aminoglycosides have poor cell-penetrating 

capability,172 and others such as macrolides or fluoroquinolones have limited retention 

in cells to achieve an effective therapeutic concentration.173,174 Thus, surviving 

infected cells can act as repositories for internalized bacteria. These bacteria cellular 

depots allows them to grow and spread from cell to cell, leading to recurrent infections 

and eventually promoting antibiotic resistance.175 Over the last few decades, 

intracellular infections have become increasingly difficult to treat due to the rapid 

development of resistant strains and lack of new antibiotic development.176 For 

instance, methicillin-resistant Staphylococcus aureus (MRSA) is resistant to all known 

β-lactam antibiotics.177 Moreover, some MRSA clinical strains have been found 

resistant to linezolid, daptomycin and less susceptible to vancomycin.178 

One solution to the aforementioned problem is the use of delivery vehicles. 

Previously, researchers has tried delivering antibiotics into mammalian cells to 
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eliminate intracellular bacteria using liposomes and micro- or nano-particles with 

some success.4,179 However, these vehicles suffer from poor biodistribution, 

pulmonary toxicity, and difficulties in characterization and drug loading.5,6 Another 

approach is to use antibody-antibiotic conjugate which recognize the antigens on the 

bacteria.7,180 Once delivered into the phagolysosome, the antibiotic is released from 

the antibody to act against the intracellular bacteria. However, this approach has not 

demonstrated any direct therapeutic potency and would require a prophylactic 

treatment to attain a substantial effect. Recent efforts have focused on using cell-

penetrating peptides (CPPs) as delivery agents for antibiotics via a cleavable 

linker.8,9,81 Despite their promising capabilities, traditional CPPs have some drawbacks 

that hinder their use for in vivo therapeutic applications. These include rapid metabolic 

degradation by proteases12 and undesired interactions with biological milieu such as 

heparan sulfate proteoglycans.181,182 In addition, CPPs tend to bind to plasma proteins 

easily, resulting into recognition and clearance by the reticuloendothelial system.183 

These highlight the need for new antibiotic carriers capable of intracellular delivery to 

improve therapies against intracellular infections. 

Recently, we introduced a new class of noncharged cell-penetrating oligoTEAs 

(CPOTs) that undergo extensive and rapid cellular entry across different cell lines with 

low cytotoxicity.90 CPOTs outperform a commonly used CPP, the R9 peptide 

(RRRRRRRRRK). Compared to cationic CPPs, oligoTEAs have two distinct 

advantages. First, uptake of CPOTs is not hindered by serum, and their abiotic 

backbone make less susceptible to proteases. Second, their uptake is not impeded by 

heparin, an extracellular matrix component known to negatively impact the uptake 
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efficacy of cationic CPPs, due to their noncharged nature. Based on our previous 

studies, PEO4-B emerged as a CPOT with promising uptake in a variety of cell lines, 

adequate aqueous solubility (Figure E1) and minimal cytotoxicity (chapter 3, Figure 3-

1A).  

Vancomycin is a tricyclic glycopeptide antibiotic originally derived from 

Streptomyces orientalis.184 Vancomycin is used for the treatment and prevention of 

various bacterial infections caused by gram-positive bacteria, including Clostridium 

difficile, Listeria monocytogenes, and many streptococci such as MRSA.185–187 

Vancomycin exerts its bactericidal activity by inhibiting the crosslinking of D-alanyl 

D-alanine, which prevents the synthesis and polymerization of N-acetylmuramic acid 

(NAM) and N-acetylglucosamine (NAG) within the peptidoglycan layer of the 

bacterial cell wall.188 This inhibition compromises the bacterial cell wall and 

ultimately results in bacterial cell death. However, vancomycin is hydrophilic and 

impermeable to the mammalian cell membrane, and thus is not active against 

intracellular bacteria.189 To overcome this limitation, several groups have 

immobilized190 or loaded191 vancomycin into nanoparticles to improve its cellular 

internalization and successfully inhibited intracellular MRSA growth. Nonetheless, the 

use of nanoparticles is limited by the pitfalls discussed previously. Therefore, we 

chose to deliver vancomycin by conjugating it to PEO4-B with or without a self-

immolative disulfide linker to create a reducible and non-reducible delivery system. 

These two systems allowed us to investigate the necessity of a release mechanism for 

vancomycin to conserve its bactericidal activity. We herein present the assembly of 
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reducible and non-reducible vancomycin-(PEO4-B) conjugates and their transport into 

various mammalian cells towards the treatment of intracellular bacteria.  

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Assembly of Non-Reducible and Reducible Vancomycin-(PEO4-B) 

Conjugates 

The synthesis of PEO4-B was achieved via iterative cycles of photoinitiated 

thiol-ene click reactions and thiol-Michael additions of N-butylallylacrylamide and 

polyethylene oxide (PEO) dithiol monomers on a liquid-support fluorous tag.90 The 

non-reducible system was synthesized by tethering PEO4-B directly to the carboxylic 

acid on vancomycin (Figures 5-1B, E2-E3). For the synthesis of the reducible 

conjugate, the self-immolative disulfide linker was first synthesized in a single step by 

treating bis(2-hydroxyethyl) disulfide with p-nitrophenyl chloroformate (Figure 

E7).192 PEO4-B was reacted with the linker (SS) and N,N-diisopropylethylamine 

(DIPEA) to afford linker-(PEO4-B), as shown in Figure 5-1A. Vancomycin was then 

added to SS-(PEO4-B) by treatment with DIPEA to achieve the final products. The 

two products obtained from this reaction are vancomycin modified at either the 

primary or secondary amines (Figure 5-1B). We will refer to these products as VC-SS-

(PEO4-B) P1 and P2 in the next sections. We hypothesized that the disulfide linker 

within the reducible conjugates would be cleaved and completely removed in the 

reducing environment of the host cell, while the non-reducible conjugate would stay 

intact (Figure 5-1C). The reductive approach would facilitate delivery of unmodified 

vancomycin into mammalian cells, and thus increasing its therapeutic efficacy towards 

clearing intracellular pathogens. 
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To evaluate cellular uptake with different cargoes in various cell lines, 

including phagocytic cells that have been shown to take up pathogenic bacteria, we 

labeled PEO4-B with a fluorescein cargo. We also synthesized a non-reducible system 

with PEO4-B attached to the carboxylic acid of the commercially available BODIPY-

vancomycin (BD-VC) (Figures E4-E7). This BD-VC stock is a mixture of 

vancomycin with BODIPY tethered to either the primary or secondary amines. Thus, 

we generated two products, referred to as BD-VC-(PEO4-B) P1 and P2 in the later 

discussion. All products were purified by reverse-phase HPLC (RP-HPLC) and 

confirmed via MALDI-MS (Figures E2-E13). However, at the time of writing this 

chapter, we have yet to identify which structure is P1 versus P2. 

 

Figure 5 - 1. (A) Synthesis of antibiotic-SS-(PEO4-B) conjugates: (i) 1.5eq linker, 3eq 

DIPEA, DMF, RT, overnight; (ii) 1.2eq linker-(PEO4-B), 6eq DIPEA, 1:1 

DMSO:DMF, RT, overnight. (B) Possible conjugation sites on vancomycin. (C) Self-

immolative mechanism of antibiotic-SS-(PEO4-B) conjugates under a reducing 

environment to yield unmodified antibiotic 
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5.2.2 Delivery of Fluorescein and Vancomycin by PEO4-B  

MRSA is known to invade, survive and grow within phagocytic and bone cells 

such as macrophages and osteoblasts.193–196 Thus, we wanted to assess the 

internalization of  PEO4-B into these cell types. Uptake was evaluated in A549 cells 

(human lung cancer), J774A.1 (mouse macrophage), and MC3T3-E1 (mouse pre-

osteoblast) cells. All cell lines showed robust uptake of PEO4-B (Figure 5-2A). PEO4-

B also showed similar uptake to R9 in all three cell lines (Figure E14). When pre-

treated with normal fetal bovine serum (FBS), the uptake of PEO4-B remained the 

same, while that of R9 was reduced (Figure 5-2B) presumably due to its susceptibility 

to proteolytic degradation in serum. PEO4-B, unlike the R9 peptide, is stable against 

serum and was able to maintain its uptake. A dose-dependent uptake study performed 

on J774A.1 cells showed that PEO4−B facilitates intracellular delivery at 

concentrations as low as 500 nM (Figure 5-2C).  

Previous studies have shown that delivery by CPPs is dependent on cargo type 

and size.197–199 Since vancomycin is 4-fold larger than fluorescein, the previously 

transported cargo, we evaluated its uptake with the BD-VC-(PEO4-B) P1 and P2 

conjugates in J774.A1 cells at 0.5 and 1 µM (Figure 5-2D). At 0.5 µM, P1 had 2-fold 

higher uptake than P2, which was ~9-fold higher than that of BD-VC. However, at 1 

µM, uptake of P2 increased by 2-fold, while that of P1 was reduced by approximately 

the same amount. Trypan blue was also used in the same study to quench external 

fluorescence (Figure E15). In general, all fluorescence measurements were slightly 

lower but not significant, indicating that the BD-VC conjugates were indeed 

internalized. Since BODIPY has been shown to enhance cell-permeability,200,201 the 



71 
 

difference in uptake between BD-VC and the conjugates can be attributed to the cell-

penetrating ability of PEO4-B.  

 

Figure 5 - 2. (A) Cellular uptake of fluorescein cargo by PEO4-B in A549, J774A.1, 

and MC3T3-E1 cells measured by flow cytometry. All cells were treated with 5 μM of 

fluorescein-PEO4-B conjugates for 1 h. (B) Cellular uptake of fluorescein cargo by R9 

and PEO4-B in J774A.1 cells. Pre-treated samples were incubated at 50 µM with 50% 

normal fetal bovine serum in 1X PBS pH 7.4 for 24 h at 37oC and diluted to 5 µM in 

culture media before being added to cells. (C) Dose-dependent uptake of PEO4-B in 

J774A.1 cells. (D) Cellular uptake of BD-VC cargo by PEO4-B in J774.A1 cells. Cells 

were treated with 1 μM of conjugates for 1 h 

 

5.2.3 Intracellular Localization of BD-VC-(PEO4-B) Conjugates 

Earlier on, we confirmed uptake of fluorescein and vancomycin by PEO4-B 

into various cell lines via flow cytometry. To discern the subcellular localization of 

PEO4-B, we treated J774A.1 cells with BD-VC-(PEO4-B) P1 and P2 conjugates along 
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with transferrin, which stains early and recycling endosomes. Overall, PEO4-B 

predominantly exhibited diffuse fluorescence in the cytoplasm (Figure 5-3). PEO4-B 

does not appear to co-localize with transferrin in the early and recycling endosomes. 

However, we cannot exclude the possibility of PEO4-B residing in other endosomal 

vesicles. These results are consistent with our former findings regarding the uptake of 

PEO2-B, a similar oligoTEA. In general, PEO4-B provides a strategy for the delivery 

of small molecules to the cytosol. 

 

Figure 5 - 3. Confocal microscopic images of fixed J774A.1 cells co-treated with 1 

µM BODIPY conjugates and 150 nM Transferrin-Alexa Fluor 647. Images of blue 

fluorescence of Hoescht 33342, green fluorescence of BODIPY conjugates, and 

magenta fluorescence of Transferrin-Alexa Fluor 647 with a 63X oil objective and 

2.5X Zoom 
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5.2.4 Antibacterial Activity and Cytotoxicity of Vancomycin-(PEO4-B) 

Conjugates 

We assessed the antibacterial activity of the non-reducible vancomycin-(PEO4-

B) and fluorescein-(PEO4-B) conjugates along with PEO4-B itself in MRSA 33591 

and E. coli DH5 alpha via MIC assays and found that neither was active against these 

two bacteria strains (Figure E16). These data indicate that conjugating PEO4-B 

directly to vancomycin suppresses its potency, and a release mechanism is needed for 

vancomycin to regain its activity. 

Two reducible conjugates were synthesized as described previously, and their 

purity was confirmed by RP-HPLC (Figure 5-4C). The concentration of free thiols, 

such as glutathione, is significantly higher inside the cell than outside the cell.202,203 

Thus, disulfide bonds should be stable in the extracellular environment but undergo 

cleavage inside the cell by cellular free thiols. The reducible delivery system was 

designed to enter mammalian cells and release vancomycin and PEO4-B in their native 

forms within the host cell's reducing environment. This release mechanism allows the 

unmodified vancomycin to act against intracellular pathogens. To confirm this 

hypothesis, we treated planktonic Listeria monocytogenes with the both intact and 

cleaved conjugates (Figures 5-4A, B) along with vancomycin and ciprofloxacin, to 

determine their minimum inhibitory concentration (MIC) values. VC-SS-(PEO4-B) P1 

and P2 conjugates were either pre-treated with 10 mM DL-DTT for 4 h or left intact 

before being added to bacteria. As expected, vancomycin and ciprofloxacin were 

potent against Listeria with MIC values of 0.47 and 3.8 µM, respectively, whereas the 

intact conjugates were not active (MIC > 15 µM). However, the cleaved conjugates 

were able to regain some vancomycin activity with P2 being slightly more active than 
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P1 (MIC values of 1.9 and 3.8 µM, respectively). Since the cleavage reaction was 

diluted directly into the bacteria stock, we also tested DL-DTT for its antibacterial 

activity and found that it is completely inactive against Listeria (MIC > 10 mM; 

Figure E17).  

 

Figure 5 - 4. (A) Extracellular MIC determination for ciprofloxacin, un-cleaved VC-

SS-(PEO4-B) P1 and P2 conjugates on Listeria monocytogenes DP-L1942. (B) 

Extracellular MIC determination for vancomycin, cleaved VC-SS-(PEO4-B) P1 and 

P2 conjugates on Listeria monocytogenes DP-L1942. 30 µM conjugates were treated 

with 100 mM DL-DTT in 1X PBS pH 7.4 at 37oC for 4 h, then diluted and added to 

bacteria. (C) RP-HPLC traces of VC-SS-(PEO4-B) conjugates: black trace – P1, gray 

trace – P2. (D) Cytotoxicity of vancomycin, ciprofloxacin, VC-SS-(PEO4-B) P1 and 

P2 conjugates in J774A.1 cells via MTS assay. Cells were treated with 15-120 µM of 

compounds for 4 h at 37oC 

 

Together these data showed that the cleavage and release from the CPOT 

scaffold is a requirement for vancomycin activity. In addition, the vancomycin 

conjugates are non-toxic to macrophages at concentrations up to 120 µM (Figure 5-
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4D). The cytotoxicity of the reducible conjugates and (PEO4-B) alone were examined 

on J774 cells via a MTS assay. Surprisingly, the reducible conjugates and linker-

(PEO4-B) appeared to be less toxic than PEO4-B itself, implying that capping the 

primary amine on PEO4-B can be used as a strategy to reduce cytotoxicity (Figure 

E18). 

 

5.2.5 Cleavage Kinetics of Reducible Conjugates and Their Critical Micelle 

Concentrations 

The effectiveness of the reducible conjugates against intracellular bacteria 

relies on the how quickly the unmodified vancomycin is regenerated once inside the 

host cell. This process is a two-step mechanism that first involves cleavage of the 

disulfide bond, followed by a rearrangement to expel a thiolactone or carbon dioxide 

and an episulfide (Figure 5-1C). Amano et al. examined this process with two 

reducing agents, tris(2-carboxyethyl)phosphine hydrochloride salt (TCEP) and 

Dithiothreitol (DTT).192 They observed that the disulfide bond rapidly cleaves within a 

minute in the presence of TCEP. The thiol intermediate product was fully converted to 

the final product in 3 h. The reduction of disulfide by the thiol-based reducing agent 

DTT occurred within 10 minutes, and the thiol was released in 5 h. 

We anticipated that the cleavage kinetics would be different for our reducible 

systems given that there are two conjugation sites on vancomycin. We treated the 

reducible conjugates with 10 mM DL-dithiothreitol (DL-DTT), and the accumulation 

of intact vancomycin and vancomycin with tethering thiol (vancomycin-SH) were 

monitored by LC-MS. Extracted-ion chromatography (EIC) signals were extracted 
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from the total-ion chromatography (TIC) spectrum at each time point (Figures 5-5A, 

B). The disulfide bond of P2 appeared to cleave faster than that of P1 as indicated by 

the disappearance of the full conjugate ion. At 45 min, some intact P1 conjugate was 

still present, while there was no detection of intact P2 conjugate. Moreover, the 

conversion of vancomycin-SH to unmodified vancomycin of P2 went to completion at 

60 min, while the reversion of vancomycin-SH to vancomycin for P1 was still taking 

place even at 4 h post reduction. These data demonstrate that the reducible conjugates 

are responsive to a reducing environment and produce vancomycin as designed. The 

faster cleavage kinetics of P2 may enhance its effectiveness against intracellular 

bacteria. It is important to note here that the transport efficiency of either conjugate 

could also be partly responsible for the difference in their antibacterial activities. 

Since our conjugates possess a hydrophilic group (vancomycin) tethered to a 

relatively hydrophobic CPOT sequence, we were interested in evaluating their ability 

to form micelles or nanoparticular aggregates. To do this, we measured the mean 

count rate of conjugates in water as a function of concentration via Dynamic Light 

Scattering (DLS) with the attenuator being fixed at 8 (Figures 5-5C, D). We found that 

both reducible conjugates were capable of forming micellar structures. The critical 

micelle concentrations (CMC) values for P1 and P2 were determined to be 10 and 5 

µM, respectively. The cellular entry of many polymeric micelles were shown to go 

through endocytosis.204,205 Their actual uptake mechanism could also vary at 

concentrations above and below the CMC.206 However, we do not have any evidence 

of vancomycin-(PEO4-B) conjugates undergoing endocytosis at this moment. 

Confocal microscopic images of BD-VC-(PEO4-B) conjugates only showed diffuse 
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fluorescence in the cytoplasm (Figure 5-3). Moreover, treatment of PEO4-B with 

transferrin did not display colocalization in the early and recycling endosomes. 

Nonetheless, we cannot eliminate the possibility of PEO4-B residing in other 

endosomal vesicles. More studies would be needed to elucidate the internalization 

pathways by using endocytosis inhibitors as discussed in chapter 3. 

 

Figure 5 - 5. Cleavage kinetics of VC-SS-(PEO4-B) P1 (A) and P2 (B) conjugates 

over 4 h as determined by the EICs of vancomycin, vancomycin-SH, and the full 

conjugates of P1 and P2 from the LCMS spectra obtained at each time point of the 

cleavage using DL-DTT in 1X PBS pH 7.4 at 37oC. Critical micelle concentrations 

(CMC) of VC-SS-(PEO4-B) P1 (C) and P2 (D) conjugates. The mean count rate 

obtained from DLS measurement was plotted as a function of concentration in water 

with the attenuator value fixed at 8. Two linear regression lines were fitted over the 

data, and the CMC value was determined as the point of intersection between the two 

lines 
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5.3 CONCLUSIONS 

We have described the synthesis and biological evaluation of non-reducible 

and reducible conjugates composed of PEO4-B and vancomycin. PEO4-B 

demonstrated robust uptake of both fluorescein and vancomycin across a variety of 

cell lines relative to the R9 peptide, a commonly-used CPP. PEO4-B is advantageous 

in that its uptake is not impeded by serum, and its abiotic backbone provides resistance 

to proteases. Confocal microscopic images confirmed uptake of BD-VC-(PEO4-B) 

into macrophages which was mostly diffuse in the cytosol. Extracellular MIC data 

showed that the reducible mechanism is essential for vancomycin to act efficiently 

against intracellular bacteria. Future studies will focus on assessing the effectiveness 

of these reducible conjugates towards the treatment of intracellular Listeria 

monocytogenes  or MRSA as well as investigating the nature of the conjugation sites 

of VC-SS-(PEO4-B) P1 and P2 conjugates. 

 

5.4 EXPERIMENTAL PROCEDURES 

5.4.1 Synthesis Protocols 

Synthesis of fluorescein-(PEO4-B) conjugate 

Pure, cleaved PEO4-B (10 mg/mL in DMSO) were reacted with 6.5 equivalents of 

NHS-fluorescein (mixed isomers of 5- and 6-carboxyfluorescein succinimidyl ester at 

7.5 mg/mL in DMSO) and 10 equivalents of triethylamine for 1 h at room 

temperature. The reaction mixture was then purified via RP-HPLC. Fluorescein-

(PEO4-B) conjugate was collected based on their absorption at 230 and 460 nm. The 

fractionated product was transferred to a vial, dried and stored until further analysis. 
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The conjugate was quantified by their fluorescence signals (Ex./Em. 493/515 nm) 

using a standard curve of NHS-fluorescein.  

 

Synthesis of non-reducible vancomycin-(PEO4-B) conjugates  

Vancomycin hydrochloride (33 mg/mL) was reacted with 2.8 equivalents of PEO4-B 

(50 mg/mL), 30 equivalents of N-methylmorpholine (1 M), and 20 equivalents of 

HBTU (0.5 M) in 1:1 DMSO:DMF at room temperature for 15 min. The reaction was 

then quenched with 1:1 methanol:water. The products were purified via HPLC and 

confirmed by MALDI-MS.  

 

Synthesis of BODIPY-vancomycin-(PEO4-B) conjugates 

BODIPY-Vancomycin (10 mg/mL) was reacted with 5 equivalents of PEO4-B (50 

mg/mL), 30 equivalents of N-methylmorpholine (1 M), and 20 equivalents of 

N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate    

(HBTU, 0.5 M) in 1:1 DMSO:DMF at room temperature for 15 min. The reaction was 

then quenched with 1:1 methanol:water. The products were purified via HPLC and 

confirmed by MALDI-MS.  

 

Synthesis of dinitrophenyl disulfide linker 

Bis(2-hydroxyethyl) disulfide and 5 equivalents of pyridine were dissolved in CH2Cl2. 

The reaction mixture was cooled to 0°C, while being stirred. 2.5 equivalents of p-

nitrophenyl chloroformate was added to the reaction mixture at 0°C. The reaction 

mixture was allowed to warm to room temperature and stirred for 5 h. The mixture 
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was diluted with DCM (50 mL) and washed sequentially with saturated NaHCO3 (30 

mL × 3), water (30 mL), 10% citric acid (30 mL × 2), water (30 mL), and brine (30 

mL). The organic layer was then dried over anhydrous Na2SO4, filtered, and 

concentrated at reduced pressure. 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. 

 

Synthesis of reducible vancomycin-SS-(PEO4-B) conjugates 

PEO4-B was reacted with 1.5 equivalents of Dinitrophenyl disulfide linker and 3 

equivalents of N,N-diisopropylethylamine in DMF at room temperature overnight. The 

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

Vancomycin hydrochloride was then reacted with 1.2 equivalents of Linker-OligoTEA 

and 6 equivalents of N,N-diisopropylethylamine in DMF at room temperature 

overnight. The products were purified via HPLC and confirmed by MALDI-MS. 

 

5.4.2 Biological Assays 

Cellular uptake protocols 

50,000 cells/well were plated in 24-well plates and incubated at 37oC for 20-24 h. 

Cells were washed with 1X PBS pH 7.4 and incubated with fluorescein-oligoTEA 

conjugates at the desired concentration in normal growth media at 37oC for 1 h; each 

compound was tested in duplicates. After the incubation, cells were washed with PBS. 

For A549 and MC3T3-E1 cell lines, cells were incubated with Trypsin EDTA at 37oC 

for 3-5 min. Normal growth media was then added to quench the trypsin. For J774A.1 
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cell line, normal growth media was added, and cells were de-attached using a cell 

scraper. Cells from each well were transferred to an eppendorf tube and centrifuged at 

500xg for 5 min. The supernatant was removed, and cells were then re-suspended in 

500 µL of PBS. Readings were taken on a FACSCalibur flow cytometry analyzer 

(Becton Dickinson). Results were analyzed by FlowJo software. The data presented is 

the mean fluorescence from 10,000 gated cells.  

Dose-dependent uptake: The standard uptake procedure was followed, except that 

cells were treated with the labeled oligoTEAs at 0.5 μM to 5μM. All other conditions 

remained the same. Readings were taken on a FACSCalibur flow cytometry analyzer 

(Becton Dickinson).  

 

MTS cell proliferation assay  

15,000 J774A.1 cells/well were plated in 96-well plates and incubated at 37oC for 20-

24 h. Cells were washed with 1X PBS pH 7.4 and incubated with 100 µL of 10 µM to 

120 µM of compounds in DMEM with 10% FBS at 37oC for 1 h. After the incubation, 

cells were washed 3 times with PBS. 100 µL of clear DMEM with 10% FBS and 10 

µL of MTS solution (Promega) were added, and the plate was incubated for 1 h. 

Absorbance measurements were taken at 490 nm on a TECAN Infinite M1000 PRO 

Microplate reader and normalized to untreated cells (100%). All experiments were 

performed in triplicates. 
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Colocalization experiment 

70,000 J774A.1 cells/well were plated in a 4-well chambered petri dish and incubated 

at 37°C for 20−24 h. Cells were washed with 1X PBS pH 7.4 and incubated with 1 

μM BODIPY-Vancomycin, BODIPY-Vancomycin-(PEO4-B) P1 and P2 conjugates 

for 30 min. 150 nM Transferrin-Alexa Fluor 647 was then added and then co-

incubated with the BODIPY conjugates for another 30 min at 37°C. Cells were 

washed three times with PBS and fixed with 4% methanol-free paraformaldehyde for 

15 min at room temperature. Cells were washed twice with PBS and stained with 

1:10,000 dilution of Hoechst 33342 in PBS for 15 min at room temperature. Cells 

were washed once with PBS, and PBS was added to each well for imaging. Images 

were taken on a Zeiss LSM880 confocal inverted microscope, equipped with a 63× oil 

objective, with 405, 488, and 633 nm lasers enabled for Hoescht, BODIPY, and 

Transferrin-Alexa Fluor 647, respectively. Images were processed using ImageJ 

software. 

 

Extracellular minimum inhibitory concentration (MIC) assay  

5-6 bacterial colonies (Listeria monocytogenes DP-L1942) were selected and 

incubated in Brain Heart Infusion (BHI) at 30°C overnight in a non-shaking incubator. 

Bacteria were sub-cultured and grown to mid-exponential phase (3-3.5-h incubation, 

OD600 ~ 0.5). The subculture was diluted to an OD600 of 0.001. 30 µM of 

vancomycin-SS-oligoTEA conjugates were treated with 10 mM of DL-DTT in 1X 

PBS pH 7.4 at 37oC for 4 h. After 4-h incubation, the reaction mixture was mixed with 

the same volume of bacteria stock at an OD600 of 0.002 and immediately serially 
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diluted into the bacterial suspensions in a clear 96-well plate. The well plate was 

incubated overnight, and the absorbance was measured at 600 nm using a TECAN 

Infinite® M1000 PRO Microplate Reader (Männdorf, Switzerland). The MIC was 

calculated as the first point at which the absorbance was below 10% of the maximum.  

 

5.4.3 Cleavage Kinetics Protocol 

30 µM of vancomycin-SS-oligoTEA conjugates (~20 µg) were treated with 10 mM of 

DTT (331 µg) in 1X PBS pH 7.4 at 37oC. A 20-µL aliquot (~1 µg) was taken out at 

each time point (5, 15, 30, 45, 60, 120, 180 and 240 min). The aliquots were injected 

directly into the LC-MS. The following masses were extracted from the TIC spectra at 

each time point: 1552.40 ([M+H]+ for vancomycin-SH), 1448.40 ([M+H]+ for 

vancomycin), and 1036.7 ([M+3H]3+ for vancomycin-SS-( PEO4-B)). 
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6 FUTURE DIRECTIONS AND OUTLOOK 

6.1 Improvements on the Current Delivery Strategy of Antibiotics 

6.1.1 Evaluation of the Transport of VC-SS-(PEO4-B) P1 and P2 into Cells 

To assess the transport capability of the two reducible conjugates, we would 

need a fluorophore attached specifically to the carboxylic acid on vancomycin; one 

good fluorophore candidate is lucifer yellow cadaverine (Figure 6-1). The two 

available amine sites would then be used to conjugate to PEO4-B to yield P1 and P2 

with lucifer yellow on them. These two conjugates would be evaluated for uptake in a 

cell line of interest via flow cytometry. This would show us whether one conjugate 

was internalizing better and/or faster than the other.  

The second step is straightforward and can be done using the same procedures 

described in chapter 4. The first step is trickier as I have tried two different routes 

listed below without much success. However, route B may still work with some 

changes in the reaction conditions such as an increase in the equivalency of lucifer 

yellow and an addition of triethylamine to ensure that the amine on lucifer yellow is 

not protonated. 

 

Figure 6 - 1. Assembly of the lucifer yellow-vancomycin conjugate  
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Tested reaction conditions 

(A)  Vancomycin hydrochloride (33 mg/mL) was reacted with 2.8 equivalents 

of lucifer yellow cadaverine (Biotium, 3.3 mg/mL), 30 equivalents of N-

methylmorpholine (1 M), and 20 equivalents of HBTU (0.5 M) in 1:1 DMSO:DMF at 

room temperature for 25 min; [vancomycin]final = 2 mg/mL. The reaction was then 

quenched with 1:1 methanol:water  

(B) Vancomycin hydrochloride dissolved in an activation buffer (0.1 M 2-

[morpholino]ethanesulfonic acid, 0.5 M sodium chloride, 25 mg/mL, pH 6.0) was 

reacted with 10 equivalents 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC-HCl) and 25 equivalents N-hydroxysuccinimide for 15 min at 

room temperature. 0.1 M NaCO3 was then added to the reaction mixture to bring the 

pH to 7-8. One equivalent lucifer yellow dissolved in 0.1 M NaHCO3 (1.5 mg/mL) 

was added, and the reaction was allowed to go overnight at room temperature. 

 

6.1.2 Determination of the Conjugation Sites of VC-SS-(PEO4-B) P1 and P2 

We could identify the conjugation sites of VC-SS-(PEO4-B) P1 and P2 via 

two-dimensional (2D) NMR techniques such as the heteronuclear multiple bond 

correlation (HMBC) and heteronuclear single quantum correlation (HSQC). The 

HMBC experiment gives correlations between carbons and protons that are separated 

by two, three, and sometimes up to four bonds, whereas direct one-bond correlations 

are suppressed. Thus, we can use HMBC to look at the relationship of the carbamate 

between the linker and vancomycin and the neighboring protons. This carbamate is 

either connected to a glycosyl moiety (through the primary amine) or aliphatic chain 
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(through the secondary amine). Hence, we expect to see a shift in the 160-170 ppm 

region in their 13C NMR spectra.   

The HSQC experiment is used frequently in NMR spectroscopy of organic 

molecules and is particularly significant in the field of protein NMR. This experiment 

provides a 2D spectrum with one axis for 1H and the other for a heteronucleus which 

is usually 13C or 15N. The spectrum contains a peak for each unique proton attached to 

the heteronucleus considered, so we should be able to tell apart the difference between 

a secondary amide and tertiary amide. However, this technique relies on the natural 

abundance of the 15N isotope in the two conjugates, which may not be significant 

enough to resolve their difference. 

 

6.1.3 The Use of Other Intracellular Bacteria and/or Host Cells 

As a proof-of-principle, we have tried delivering vancomycin into J774 

macrophages to treat intracellular Listeria monocytogenes with some success. 

Nonetheless, it was tricky to reproduce the antibacterial activity of the reducible 

vancomycin conjugates. Intracellular bacteria are mainly classified into two 

categories: vacuolar bacteria that exploit cell membrane trafficking to enter the host 

cell in vacuoles, and cytosolic bacteria that escape from vacuoles into the cytosol, 

where they proliferate and then spread to neighboring cells. However, this definition is 

tenuous and depend on various factors such the timing of infection, host cell type, 

nutritional access, etc.207 Listeria monocytogenes has been classified as a cytosolic 

pathogen. However, recent research has shown that Listeria adopts both life styles, 

and that the lack of proliferation may enable them to enter a persistence stage in 
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vacuoles.208 Thus, it is possible that the immotile DP-L1942 Listeria strain prefer to 

reside in the vacuoles or slowly escape to the cytosol. If this timeline does not align 

with the kinetics of uptake and vancomycin release, limited therapeutic efficacy will 

be observed . Since oligoTEAs are present mostly in the cytosol, it would be more 

difficult to target the intracellular Listeria that remained in the vacuoles. A solution to 

this problem is to look into another intracellular bacteria strain that is more likely to 

take on a cytoplasmic phenotype such as MRSA.209 MRSA are known to infect 

osteoblasts, and a proposed infection protocol is detailed below based on previous 

studies.210 Note that this is not necessarily the optimal protocol. Adjustments in the 

multiplicity of infection (MOI), time of infection, and time of compound treatment 

may be needed to gain sensible results.  

Proposed infection protocol for MRSA in osteoblasts 

MC3T3-E1 cells are plated at 50,000 cells/well in MEM alpha media 

supplemented with 10% FBS without pen-strep, referred to as normal growth media, 

in a 24-well plate and incubated for 48 h before use. MRSA USA300 strain is taken 

from an exponentially growing culture (OD600 of ~0.5) and washed twice with 1X 

PBS pH 7.4. Pre-osteoblasts are infected with 1x107 bacteria in normal growth media 

to achieve an initial infection of approximately 100 bacteria per cell (MOI = 100). 

After a 2 h incubation, the infected cells are washed twice with PBS and further 

incubated for 1 h in normal growth media containing 200 mg/L gentamicin and 10 

mg/L lysostaphin to rapidly eliminate all extracellular but not intracellular bacteria. At 

3 h post infection, cells are washed twice with PBS, and CPOT-antibiotic conjugates 

are added to the infected cells and incubated for 24 h. At the end of the incubation 
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period, pre-osteoblasts are washed twice with PBS, and the cells are lysed with 0.1% 

Triton-X in PBS. The cell lysate is diluted 10X in tryptic soy broth and plated in a 96-

well plate. The plate is incubated at 37oC with agitation. The growth curve kinetics is 

generated from the absorbance measurements at 600 nm taken every 5 min for 14 h. 

In addition, it may be beneficial in the long run to consider using engineered 

bacteria strains that can express fluorescence or luminescence. Using these strains 

would allow us to have a straight-forward, immediate read-out at the end of the 

infection assay without doing an intracellular bacteria growth curve. This would also 

shorten the length of the assay and make it less labor-intensive. If a standard curve of 

fluorescence/luminescence versus bacteria count was available, we could compare the 

read-outs to the standard curve to obtain a more quantitative measurement, i.e., 

reduction in colony forming units per mL (CFU/mL).  

 

6.1.4 The Use of a Rapidly Cleaved Self-Immolative Linker  

As discussed in section 5.2.5, the release kinetics of the dinitrophenyl disulfide 

linker is relatively slow given that it took up to 1 h for conjugate P2 to finish 

regenerating unmodified vancomycin, while that process of P1 took more than 4 h. 

These results motivate the investigation into other self-immolative linkers with faster 

release kinetics. While faster release benefits efficacy, it is important to note that the 

naked oligoTEA itself can be cytotoxic to the host cells (section 5.2.4). However, 

we’ve demonstrated that capping the primary amine of the oligoTEA reduces 

cytotoxicity. Therefore, a release approach where the self-immolation of the thiolate 

only happens on the cargo side would be beneficial for maintaining release and 
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reducing cytotoxicity. The design of a new reducible conjugate that meets these 

criteria is depicted below (Scheme 6-1). This conjugate would cleave under a reducing 

environment inside the host cells. The thiolate on the cargo would undergo self-

immolation and regenerate the unmodified cargo, whereas the PEO-thiol on the 

oligoTEA would stay pristine, capping the primary amine to diminish its cytotoxicity 

against the host cell. 

 

Scheme 6-1. Proposed reduction cleavage and self-immolation mechanism for cargo-

SS-oligoTEA 

 

The assembly of this suggested reducible conjugate is shown below (Scheme 

6-2). First, the oligoTEA would be capped with a thiol-PEO2-carboxylic acid, which is 

commercially available. Second, the cargo would be connected to the proposed linker, 

which could be synthesized under previously reported reaction conditions (Scheme 6-

3).211 Finally, the linker-cargo would be conjugated to the thiol-capped oligoTEA via a 

disulfide exchange reaction. The release kinetics of this disulfide linker is relatively 
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fast with complete release observed at 15 min and 45 min under 100 and 0.5 mM of 

reducing agent, respectively; though it seems to depend on the cargo size and type.211 

Moreover, a longer thiol-PEGn-carboxylic acid (n = 2-12, Broad Pharm or Quanta 

Biodesign) could be used to improve the water solubility of whole conjugate, 

especially for hydrophobic cargoes.  

 

Scheme 6-2. (i) 2.8eq of oligoTEA, 30eq  N-methylmorpholine (1 M), and 20eq 

HBTU (0.5 M), 1:1 DMSO:DMF, 15 min, RT; (ii) 1.5eq linker, 3eq DIPEA, DMF, 

overnight, RT; (iii) 4.4eq cargo-linker, AcOH/EtOH, 24 h, RT 

 

 

Scheme 6-3. Assembly of the redox (i) 3eq LiAlH4, dry THF, 0°C, 16 h; (ii) 2.3eq 

2,2'-dithiobispyridine, AcOH/EtOH, 12 h, RT; (iii) 1.4eq 4-nitrophenyl chloroformate, 

0.4eq 4-Dimethylaminopyridine (DMAP), 5.7eq Et3N, dry THF, 15 h, RT  
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6.2 Investigation on the Biophysical Interactions of CPOTs and the Cell 

Membrane 

Biophysical interactions can be studied by observing oligoTEA-membrane 

interactions with surface plasmon resonance (SPR). We expect this characterization 

will reveal additional design parameters including a qualitative and quantitative 

understanding of the binding kinetics revealing at a minimum a binding affinity. These 

biophysical characteristics can then be related back to the oligomer properties to 

understand the effects of sequence and composition. The parameters revealed can 

likely better connect to the final functional properties of cytotoxicity and cellular 

uptake of CPOTs. Small unilamellar vesicles (SUVs) with mammalian cell 

compositions will be used and deposited onto the surface of the L1 chip as a 

membrane.212–214 Additionally, membrane fluidity can be quickly modified by utilizing 

other SUV compositions with cholesterol, to provide additional testing of our 

hypothesis about the influence of the membrane fluidity on oligomer translocation. 

Ultimately, these correlations will serve to develop design principles for the next class 

of efficient cellular transporters. 

 

6.3 Expanding the Applications for OligoTEAs: Development of Antiviral Agents 

TAT-PEG4-Chol mixtures with HA-PEG4-Chol as well as TAT-HA-PEG4-

Chol have been shown to display improved viral fusion inhibition due to improved 

endosomal uptake. Previously, a postdoctoral researcher, Dr. Mintu Porel worked on 

making a new cleavable TAT-PEG-oxime-Chol to trigger endosomal disassembly at 

low pH. Endosomal disassembly should lead to improved accessibility to the HA 
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peptide present in the TAT-PEG4-Chol/HA-PEG4-Chol formulation, which in turn 

should improve the inhibitory activity.  

Although cholesterol and tocopherol have been shown to dock the fusion 

inhibitory peptide into the cell membrane, these lipids are very difficult to modify and 

thus cannot be used to evaluate the effect of hydrophobicity and/or lipid valency on 

inhibitory activity. In addition, we are interested in identifying new potent lipid 

conjugates. Thus, this work is focused on creating alternative lipids to cholesterol and 

tocopherol, which are able to insert the peptide into the cell membrane. To achieve 

this goal, we will utilize our versatile CPOT that are lipid-like (Figure 6-2). We have 

shown that these lipid-like oligoTEAs can efficiently and rapidly deliver fluorescein 

into a variety of cell lines via direct membrane translocation.215 Thus, we hypothesize 

that the conjugation of a lipid-like oligoTEA to a large peptide via a PEG linker would 

allow the peptide-lipid oligoTEA conjugate to be docked in to the cell membrane, 

exposing the peptide to the extracellular matrix to promote viral-fusion inhibition.   

 

Figure 6 - 2. Library of lipid-like oligoTEAs 
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Peptides for Flu 

KC-49 (HA peptide): Ac-KADNAAIESIRNGTYDHDVYRDEALNNRFQIKGVE-

LKSGYKDWGSGSGC-Am 

YC-63 (TAT-HA peptide): Ac-YGRKKRRQRRR-GSG-KADNAAIESIRNGTYDH-

DVYRDEALNNRF-QIKGVELKSGYKDW-GSGSGC-Am 

 

Peptides for Ebola          

YC-44: Ac-YGRKKRRQRRR-GSG-IEPHDWTKNITDKIDQIIHDFVDK-GSGSGC-

Am 

CK-44: H-CGSGSG-YGRKKRRQRRR-GSG-IEPHDWTKNITDKIDQIIHDFV-DK-

Am     

 

Peptides for Para flu          

CI-42: Ac-CGSGSGVALDPIDISIVLNKIKSDLEESKEWIRRSNKILDSI-Am  

VC-42: Ac-VALDPIDISIVLNKIKSDLEESKEWIRRSNKILDSIGSGSGC-Am  

 

Peptides for Measles          

PC-42: Ac-PPISLERLDVGTNLGNAIAKLEDAKELLESSDQILR-GSGSG-C 

CR-42: Ac-C-GSGSG-PPISLERLDVGTNLGNAIAKLEDAKELLESSDQILR 

 

Preliminary results 

OligoTEAs were synthesized, purified via RP-HPLC, and characterized via 

LC-MS. OligoTEAs were then conjugated to the TAT-HA and HA peptides via a Mal-

PEG4-NHS linker, as shown in Scheme 6-4. Peptide-PEG4-oligoTEA conjugates were 

also purified via RP-HPLC and characterized via LC-MS or MALDI-MS (Appendix 

F).  
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Scheme 6-4. Synthetic scheme for the assembly of peptide-PEG4-oligoTEA 

conjugates. Reaction conditions: (i) 5 eq Mal-PEG4-NHS, 10eq triethylamine, 1h, RT; 

(ii) 2eq Mal-PEG4-oligoTEA, 10eq N,N-diisopropylethylamine, 9mM in 1:1 

DMSO:DMF, 24h, 37oC 

 

The presentation of the peptide-PEG4-oligoTEA conjugates on/in the cell was 

assessed via immunofluorescence staining with anti-HA primary antibodies and Alex 

Fluor 568 (AF-568) secondary antibody. The confocal microscopic images of TAT-

HA-(PEO4-B) and TAT-HA-(BDT4-P) are shown in Figure 6-3, and those of TAT-

HA-Cholesterol, HA-(PEO4-B) and HA-(BDT4-P) are shown in Figure 6-4. Figure 6-5 

shows only the AF-568 images of all conjugates for a side-by-side comparison. In 

general, all peptide conjugates appear to be predominantly dispersed in the cytoplasm, 

though the TAT-HA conjugates seem to express higher signals than the HA 

conjugates, suggesting that the TAT-HA conjugates internalized better than the HA 

conjugates. The fluorescence signals of TAT-HA-(PEO4-B) and TAT-HA-(BDT4-P) 

look comparable to that of TAT-HA-Cholesterol. In addition, the AF-568 images of 
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the HA conjugates, especially that of HA-(BDT4-P), show more punctate spots, 

indicating that they may be localized in certain cellular compartments.  

Altogether, these data demonstrated cellular uptake of TAT-HA and HA 

peptides by PEO4-B and BDT4-P. This is a very critical milestone that highlights the 

extensive delivery capability of oligoTEAs. Thus, studies into oligoTEA’s ability to 

deliver proteins and possibly antibodies are worth investigating.  It would also be 

interesting to determine the range of compartments where conjugates reside. This 

could be done by co-treating the cells with the conjugates and some compartment-

specific fluorescent probes, for example, transferrin for early and recycling 

endosomes, dextran for macropinosomes, and lysotracker for acidic compartments 

such as lysosomes. However, this may require using another secondary antibody with 

a different fluorophore to avoid overlapping and/or bleaching of fluorescence signals. 

Moreover, the same conjugation strategy could be applied to other fusion inhibitory 

peptides such as para flu, measles, and ebola so that we would be able to examine the 

effects of lipid oligoTEAs on the cellular uptake or membrane anchor of these 

peptides, which impact their antiviral activity. 
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APPENDIX A: General Procedures  

Materials and instrumentation 

General chemicals were purchased from Sigma Aldrich. Precursors for the monomer 

synthesis were purchased from Aldrich, Alfa Aesar, Fisher and Santa Cruz 

Biotechnology. Fluorous BOC-ON (C8F17 BOC-ON) and fluorous silica were 

purchased from Boron Specialties. The peptide R6 (Ac-RRRRRRK-Am) and R9 (Ac-

RRRRRRRRRK-Am) were purchased from GenScript. NHS-fluorescein (5/6-

carboxyfluorescein succinimidyl ester, mixed isomer) was purchased from Thermo 

Fisher. 

CellTiter 96® AQueous Non-Radioactive Cell-Proliferation Assay (MTS) solution was 

purchased from Promega. Single donor human red blood cells (RBC) were acquired 

from Innovative Research.  

1H NMR spectra were recorded on the INOVA 400 MHz, Bruker 500 MHz, or 

INOVA 600 MHz and spectrometers. NMR data were analyzed by MestreNova 

(version 10.0.0). 1H NMR chemical shifts are reported in units of ppm relative to 

residual solvent peak.  

HPLC purification was performed on a 1100 Series Agilent HPLC system equipped 

with a UV diode array detector and a 1100 Infinity analytical scale fraction collector 

using a reverse phase C18 column (9.4 x 250mm, 5 µm). 

LCMS experiments were carried out on a Poroshell 120 EC-C18 column, 3x100 mm, 

2.7 µm from Agilent Technology monitoring at 210 and 254 nm with positive mode 

for mass detection.  Solvents for LCMS were water with 0.1% acetic acid (solvent A) 

and acetonitrile with 0.1% acetic acid (solvent B). Compounds were eluted at a flow 
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rate of 0.6 mL/min with a linear gradient of 5% to 100% solvent B over 12 min, 

constant at 100% solvent B for 2 min before equilibrating the column back to 5% 

solvent B over 1 min.  

 

Boc-protected guanidine monomer synthesis 

 
 

One equivalent of 2-(2-aminoethyl)-1,3-di-Boc-guanidine was dissolved in dry DCM 

for a final concentration of 150 mM. 1.2 equivalents of triethylamine was added and 

the mixture was stirred on ice for 10-15 min. 1.1 equivalents of acryloyl chloride 

diluted in DCM was added dropwise over 1 h, then the reaction was stirred for an 

additional 1 h on ice and 1 h at room temperature. The reaction mixture was washed 

twice with water and once with a saturated brine solution. The organic layer was then 

dried over anhydrous Na2SO4, filtered, and dried under reduced pressure.  The crude 

product was used without additional purification. The acylation product was dissolved 

in dry N,N-dimethylformamide (DMF) for a final concentration of 200 mM. 4 

equivalents of sodium hydride was added and the mixture was stirred at room 

temperature for 15 min.  2.5 equivalents of allyl bromide diluted in DMF was added 

dropwise over 15 min and the reaction mixture was stirred for 1 h at room 

temperature. The reaction was quenched with water and extracted with diethyl ether. 

The combined organic layers were washed with saturated brine solution and dried over 
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anhydrous Na2SO4. Solvent was removed under reduced pressure, and the product was 

purified by silica column flash chromatography. The product was eluted with 25% 

ethyl acetate in hexanes. Purity was confirmed as previously reported by 1H NMR and 

LC-MS.216 

 

Butyl monomer synthesis 

 

One equivalent of butyl amine was dissolved in dry DCM to a final concentration of 

150 mM. 1.2 equivalents of triethylamine was added and the mixture was stirred on 

ice for 15 mins. 1.1 equivalents of acryloyl chloride diluted in dry DCM was added 

dropwise over 1 h, then the reaction was stirred for an additional 1 h on ice and 1 h at 

room temperature. The reaction mixture was washed twice with water and once with a 

saturated brine solution. The organic layer was then dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was used without additional 

purification.  

The acylation product was dissolved in dry N,N-dimethylformamide (DMF) to a final 

concentration of 200 mM. 1.5 equivalents of sodium hydride was added and the 

mixture was stirred at room temperature for 15 mins. 1.5 equivalents of allyl bromide 

diluted in dry DMF was added dropwise over 15 mins, and the reaction mixture was 

stirred for 45 mins at room temperature. The reaction was quenched with water and 

extracted with diethyl ether. The combined organic layers were washed with water and 

a saturated brine solution and dried over anhydrous Na2SO4. Solvent was removed 
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under reduced pressure, and the product was purified by silica column flash 

chromatography. The product was eluted with 2% methanol in DCM. Purity was 

confirmed as previously reported by 1H NMR and LC-MS. 

 

Boc -protected amine monomer synthesis 

 
One equivalent of Boc-bromoethylamine was diluted in dichloromethane (DCM) and 

added dropwise to a mixture of 50 equivalents of allylamine and 6 equivalents of 

K2CO3. The reaction was stirred at room temperature for 3 h, then quenched with 

water and extracted with DCM.  The combined organic layers were washed with 

saturated brine solution and dried over anhydrous Na2SO4. Solvent was removed 

under reduced pressure, and the product was used without additional purification. 

Purity was confirmed by 1H NMR and LC-MS.  Tert-butyl (2-

(allylamino)ethyl)carbamate was dissolved in DCM for a final reaction concentration 

of 150 mM. 1.1 equivalent of triethylamine was added, and the mixture was stirred on 

ice for 10-15 min.  2 equivalents of acryloyl chloride diluted in DCM was added 

dropwise over 1 h, then the reaction was stirred an additional 1 h on ice and 1 h at 

room temperature.  The reaction mixture was quenched with water and extracted three 

times with DCM.  The combined organic layers were washed with saturated brine 

solution and dried over anhydrous Na2SO4. The crude product was purified by silica 

column gel chromatography and eluted with 55% ethyl acetate in hexanes. Purity was 

confirmed as previously reported by 1H NMR and LC-MS.217  
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OligoTEA synthesis, purification and characterization 

OligoTEAs were synthesized using alternating thiol-ene and thiol-Michael addition 

reactions, followed by cleavage of the fluorous tag. Completed oligoTEAs were 

purified using reverse-phase HPLC and verified using LC-MS and 1H NMR. 

Thiol-ene reaction: Thee equivalents of dithiol and 2,2-dimethoxy-2-

phenylacetophenone (DMPA, 5 mol % of dithiol) were added to a solution of 

corresponding fluorous-olefin (100 mM) in methanol. 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). 

Thiol-Michael addition: Two equivalents of corresponding monomer and dimethyl 

phenyl phosphine (Me2PhP, 5 mol% of monomer) were added to the fluorous-thiol 

(100 mM) in methanol eluted from the purification of last thiol-ene reaction. Methanol 

was removed by reduced pressure in 1-1.5 h. The time required for the evaporation of 

methanol was enough for the quantitative conversion of Michael addition. The 

reaction mixture was purified by FSPE.  

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 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. 

Fluorous tag cleavage reaction: Fluorous-assembled oligoTEAs were dissolved in a 5 

mM 1:1 trifluoroacetic acid (TFA):DCM mixture and stirred for 1 h at room 
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temperature. TFA and DCM was removed under nitrogen, and the oligoTEAs were 

purified using reverse-phase HPLC. 

HPLC purification: OligoTEAs were purified on a 1100 Series Agilent HPLC system 

equipped with a UV diode array detector and a 1100 Infinity analytical scale fraction 

collector using reverse phase C18 column (9.4 x 250 mm, 5 µm). The column 

compartment was kept at 30ºC during fractionation. Solvents for HPLC were water 

with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B). On a standard 

gradient, oligoTEAs were eluted at a flow rate of 4 mL/min with 5% solvent B, 

followed by a linear gradient of 5% to 100% solvent B over 30 mins, and finally 100% 

solvent B for 10 mins before equilibrating the column back to 5% solvent B over 3 

mins. OligoTEAs were collected based on their absorption at 230 nm. The fractionated 

oligoTEA was transferred to a vial, dried and stored under argon until further analysis. 

 

Synthesis of fluorescein-oligoTEA conjugates  

Pure, cleaved oligomers (10 mg/mL in DMSO) were reacted with 6.5 equivalents of 

NHS-fluorescein (mixed isomers of 5- and 6-carboxyfluorescein succinimidyl ester at 

7.5 mg/mL in DMSO) and 10 equivalents of triethylamine for 1 h at room 

temperature. The reaction mixture was then purified via HPLC. Fluorescein-oligoTEA 

conjugates were collected based on their absorption at 230 and 460 nm. The 

fractionated oligoTEA was transferred to a vial, dried and stored until further analysis. 

The conjugates were quantified by their fluorescence signals (Ex./Em.: 493/515 nm) 

using a standard curve of NHS-fluorescein. 
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APPENDIX B: Supplementary Materials for Chapter 2 

 

Figure B1. HPLC traces showing the retention times of purified oligoTEAs in the 

combinatorial library 

 

 

 

Figure B2. HPLC traces showing the retention times of purified oligoTEAs with 

different backbones and pendant groups 
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Figure B3. Cytotoxicity of oligoTEAs in (A) HeLa cells via MTS assay and (B) red 

blood cells via hemolysis assay. For the MTS assay, cells were treated with 5 µM of 

purified oligoTEAs for 24 h at 37oC. For the hemolysis assay, cells were treated with 

1.25-40 µM of purified oligoTEAs for 1 h at 37oC 
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APPENDIX C: Supplementary Materials for Chapter 3 

 

Figure C1. HPLC traces showing the retention times of all purified oligoTEAs used in 

this study 

 

 

 

 

Figure C2. Positive mode LCMS of DTT-G with the corresponding mass spectra; 

HPLC trace indicating purity is shown in Figure S1. Calculated mass [M+H] 1458.65, 

observed mass [M+H] 1458.48; [M+2H] 730.07; [M+3H] 486.99; [M+4H] 365.58 
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Figure C3. Positive mode LCMS of DTT-B with the corresponding mass spectra; 

HPLC trace indicating purity is shown in Figure S1. Calculated mass [M+H] 1342.64, 

observed mass [M+H] 1342.19; [M+2H] 671.72  

 

 

 

 

 

Figure C4. Positive mode LCMS of BDT-B with the corresponding mass spectra; 

HPLC trace indicating purity is shown in Figure S1. Calculated mass [M+H] 1214.68, 

observed mass [M+H] 1214.55; [M+2H] 607.90 
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Figure C5. Positive mode LCMS of PEO1-B with the corresponding mass spectra; 

HPLC trace indicating purity is shown in Figure S1. Calculated mass [M+H] 1274.70, 

observed mass [M+H] 1274.44; [M+2H] 637.80 

 

 

 

 

 

Figure C6. Positive mode LCMS of PEO2-B with the corresponding mass spectra; 

HPLC trace indicating purity is shown in Figure S1. Calculated mass [M+H] 1334.72, 

observed mass [M+H] 1334.60; [M+2H] 668.13 
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Figure C7. Positive mode LCMS of PEO3-B with the corresponding mass spectra; 

HPLC trace indicating purity is shown in Figure S1. Calculated mass [M+H] 1394.74, 

observed mass [M+H] 1394.50; [M+2H] 697.95 

 

 

 

 

 

Figure C8. Positive mode LCMS of PEO4-B with the corresponding mass spectra; 

HPLC trace indicating purity is shown in Figure S1. Calculated mass [M+H] 1454.77, 

observed mass [M+H] 1454.50; [M+2H] 727.84 
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Figure C9. Positive mode LCMS of R9-fluorescein with the absorbance at 230 nm 

(top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 1951.10, 

observed mass [M+2H] 976.13; [M+3H] 651.12; [M+4H] 488.61; [M+5H] 391.11; 

[M+6H] 326.12 
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Figure C10. Positive mode LCMS of fluorescein-DTT-G with the absorbance at 230 

nm (top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 

1816.69, observed mass [M+2H] 908.80; [M+3H] 606.13; [M+4H] 454.87 
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Figure C11. Positive mode LCMS of fluorescein-DTT-B with the absorbance at 230 

nm (top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 

1700.69, observed mass [M+2H] 850.50; [M+3H] 567.60 
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Figure C12. Positive mode LCMS of fluorescein-BDT-B with the absorbance at 230 

nm (top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 

1572.73, observed mass [M+H] 1572.40; [M+2H] 787.03 
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Figure C13. Positive mode LCMS of fluorescein-PEO1-B with the absorbance at 230 

nm (top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 

1632.75, observed mass [M+H] 1632.60; [M+2H] 816.90 
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Figure C14. Positive mode LCMS of fluorescein-PEO2-B with the absorbance at 230 

nm (top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 

1692.77, observed mass [M+2H] 846.70; [M+3H] 564.90 
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Figure C15. Positive mode LCMS of fluorescein-PEO3-B with the absorbance at 230 

nm (top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 

1752.85, observed mass [M+2H] 876.87; [M+3H] 584.95 
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Figure C16. Positive mode LCMS of fluorescein-PEO4-B with the absorbance at 230 

nm (top) and the corresponding mass spectra (bottom). Calculated mass [M+H] 

1812.81, observed mass [M+2H] 906.90 
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Figure C17. Trypan blue quenching of external fluorescence. Cells were treated for 1 

h with 5 µM fluorescein conjugates (100 nM of Transferrin-Alexa Fluor 488 was 

used), washed 3-times with 1X PBS and treated with a trypan blue solution (or 1X 

PBS) at room temperature for 10 min prior to reading 
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Figure C18. Effect of capping cellular exofacial thiols with DTNB (1mM, 24hrs) 

prior to cell uptake experiments 
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Figure C19. HPLC traces showing the retention times of Atto-488 versus fluorescein 

(the two peaks in the fluorescein spectra are the 5- and 6-isomers) 
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Figure C20. Trypan blue quenching of external cell surface fluorescence. Cells were 

treated for 1 h with Atto-488 PEO2-B conjugates (5 µM) 

 

 

 

 

Figure C21. Cellular uptake of R9-fluorescein and fluorescein-PEO2-B in HeLa, 

SKOV-3 and HEK293 cells, measured by flow cytometry. All cells were treated with 

5 µM of fluorescein conjugates for 1 h 
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Figure C22. Cytotoxicity of oligoTEAs in (A) HeLa cells via MTS assay and (B) red 

blood cells via hemolysis assay. Cells were treated with 1-40 µM of purified 

oligoTEAs for 1 h at 37oC 
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Figure C23. Dose dependent uptake of PEO4-B (0.5 - 5 µM) in HeLa cells 
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APPENDIX D: Supplementary Materials for Chapter 4 

 

 
Figure D1. 1H NMR (600 MHz, CD3OD) of the BDT-3G product obtained from the 

TFA cleavage of the fluorous-BDT-3G after HPLC purification; “*” and “■” represent 

the residual proton signals of H2O and CD3OD, respectively. 
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Figure D2. 1H NMR (600 MHz, CD3OD) of the BDT-4G product obtained from the 

TFA cleavage of the fluorous-BDT-4G after HPLC purification; “*” and “■” represent 

the residual proton signals of H2O and CD3OD, respectively. 
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Figure D3. 1H NMR (600 MHz, CD3OD) of the BDT-5G product obtained from the 

TFA cleavage of the fluorous-BDT-5G after HPLC purification; “*”, “■” and “” 

represent the residual proton signals of H2O, CD3OD, and acetonitrile, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



126 
 

 

 
Figure D4. 1H NMR (600 MHz, CD3OD) of the PDT-4G product obtained from the 

TFA cleavage of the fluorous-PDT-4G after HPLC purification; “*” and “■” represent 

the residual proton signals of H2O and CD3OD, respectively. 
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Figure D5. 1H NMR (600 MHz, CD3OD) of the BDT-4A product obtained from the 

TFA cleavage of the fluorous-BDT-4A after HPLC purification; “**”, “*” and “■” 

represent the residual proton signals of an unknown impurity, H2O and CD3OD, 

respectively.  

 

 

 

 

Figure D6. LCMS of BDT-3G, calculated for [M+H] 1012.53, observed for [M+H] 

1012.40; [M+2H] 506.80; [M+3H] 338.30; [M+4H] 254.03 
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Figure D7. LCMS of BDT-4G, calculated for [M+H] 1330.68, observed for [M+H] 

1330.51; [M+2H] 665.94; [M+3H] 444.38; [M+4H] 333.60 

 

 

 

 
Figure D8. LCMS of BDT-5G, calculated for [M+H] 1648.84, observed for [M+2H] 

825.09; [M+3H] 550.57; [M+4H] 413.21 
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Figure D9. LCMS of PDT-4G, calculated for [M+H] 1274.62, observed for [M+H] 

1274.36; [M+2H] 637.75; [M+3H] 425.61; [M+4H] 319.55 

 

 

 

Figure D10. LCMS of BDT-4A, calculated for [M+H] 1162.60, observed for [M+H] 

1162.38; [M+2H] 581.80; [M+3H] 388.26 
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Figure D11. Propidium iodide (PI) translocation assay performed on E. coli to 

measure extent of membrane destabilization and permeability. Cells were allowed to 

equilibrate for 2 min in the presence of PI before the compounds were added 

 

 

 
Figure D12. Cell growth kinetic measurements (kill curves) of E. coli exposed to 

varying concentrations of PDT-4G (2-8X MIC) and antibiotic controls; melittin, 

daptomycin and vancomycin. At the high concentrations of 25uM and 50uM, melittin 

contributes to the A600 signal as seen in the t=0 time point 
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APPENDIX E: Supplementary Materials for Chapter 4 

 

Figure E1. Solubility of selective oligoTEAs in 1X PBS at pH 7.4. The hazy point is 

the concentration at which a faint cloudiness is observed and corresponds to an 

absorbance of ~ 0.05 at 600 nm  

 

Synthesis of Non-Reducible Vancomycin-(PEO4-B) Conjugate 
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Figure E2. RP-HPLC trace of the reaction between vancomycin and PEO4-B 

 

 

Figure E3. Positive-ion mode LCMS of vancomycin-(PEO4-B) with the TIC (top) and 

the corresponding mass spectra (bottom). Calculated mass [M+H] 2884.19; observed 

mass [M+2H] 1443.76, [M+3H] 962.71 

Synthesis of BODIPY-vancomycin-(PEO4-B) Conjugates 
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Figure E4. RP-HPLC trace of the reaction between BODIPY-vancomycin and PEO4-

B 
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Figure E5. Positive-ion mode MALDI-MS of BD-VC. Calculated mass [M+H] 

1722.55; observed mass [M+Na]+ 1740.46, [M+H-F]+ 1698.71 
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Figure E6. Positive-ion mode MALDI-MS of BD-VC-(PEO4-B) P1. Calculated mass 

[M+H] 3158.29; observed mass [M+2H-F-B]2+ 1564.16 
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Figure E7. Positive-ion mode MALDI-MS of BD-VC-(PEO4-B) P2. Calculated mass 

[M+H] 3158.29; observed mass [M+Na]+ 3181.69; [M+2H-F-B]2+ 1564.16 

 

Synthesis of the Dinitrophenyl disulfide Linker 
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Figure E8.  RP-HPLC trace of the reaction between BD-VC and PEO4-B 

 

Synthesis of Reducible Vancomycin-SS-(PEO4-B) Conjugates  

 

  



136 
 

16 18 20 22 24 26 28 30 32
0

400

800

1200

1600

0

20

40

60

80

100

Time (mins)

A
b

s
o

rb
a

n
c

e
 (

a
.u

.) %
 A

C
N

+
0
.1

%
T

F
A

A230 % ACN+0.1%TFA

P1

P2

 

Figure E9. RP-HPLC trace of the reaction between vancomycin and linker-(PEO4-B) 
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Figure E10. Positive-ion mode MALDI-MS of VC-SS-(PEO4-B) P1. Calculated mass 

[M+H] 3108.17; observed mass [M+H]+ 3111.72 
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Figure E11. Positive-ion mode MALDI-MS of VC-SS-(PEO4-B) P2. Calculated mass 

[M+H] 3108.17; observed mass [M+Na]+ 3131.16, [M+H]+ 3109.15 

 

 

 

Figure E12. 1H NMR (500 MHz, CH3OD) of VC-SS-(PEO4-B) P1 
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Figure E13. 1H NMR (500 MHz, CH3OD) of VC-SS-(PEO4-B) P2 
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Figure E14. Cellular uptake of fluorescein cargo by PEO4-B and R9 in A549, 

J774A.1, and MC3T3-E1 cells measured by flow cytometry. All cells were treated 

with 5 μM of fluorescein conjugates for 1 h 
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Figure E15. Cellular uptake of BD-VC cargo by PEO4-B in J774A.1 cells. Cells were 

treated with (A) 0.5 μM and (B) 1 μM of conjugates for 1 h 
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Figure E16. MIC assays done on (A) MRSA 33591 and (B) E. coli DH5 alpha in 

cation-adjusted media 
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Figure E17. MIC assay of DL-DTT on Listeria monocytogenes DP-L1942 
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Figure E18. Cytotoxicity of in J774A.1 cells via MTS assay. Cells were treated with 

15-120 µM of compounds for 4 h at 37oC 
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APPENDIX F: Supplementary Materials for Chapter 5  

  

Figure F1. LCMS spectrum of HA-PEG4-(PEO1-B) 

 

 

 

Figure F2. LCMS spectrum of HA-PEG4-(PEO2-B) 
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Figure F3. LCMS spectrum of HA-PEG4-(PEO4-B) 

 

 

 

Figure F4. LCMS spectrum of HA-PEG4-(BDT4-P) 
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Figure F5. MALDI-MS spectrum of TAT-HA-PEG4-(PEO4-B) 
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Figure F6. MALDI-MS spectrum of TAT-HA-PEG4-(BDT4-P) 
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