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Fluorescence-based Investigations of the Dynamics and Properties of Cell Penetrating 
Peptide Cellular Uptake Mechanisms 

 
 
 

by 
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Doctor of Philosophy in Chemistry 
 
 

University of California, San Diego, 2012 
 
 

Professor Roger Y. Tsien, Chair 
 
 
 

 Therapeutic drug delivery to diseased tissues and organs specifically and without 

toxicity to the body is a huge challenge in the field of medicine and pharmaceutical 

chemistry.  Researchers are investigating a variety of methods to overcome the various 

membranous biological barriers to gain entry into a diseased cell.  Cell penetrating 

peptides (CPPs) received a lot of attention in the last two decades as a tool that could 

solve the drug delivery problem.  Although there has been broad and continued interest in 

CPPs for their ability to innocuously and efficiently deliver therapeutics into individual 
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cells, there is still much to understand about the cell entry mechanism and methods to 

evaluate the efficiency of entry have been lacking.  To provide a thorough analysis of the 

CPP delivery efficiency, clarify the details of the mechanism, and characterize the 

pathway of cell entry, here we present an analysis of one CPP, D-arginine9 (r9).  Using 

unique fluorescence based and FRET assays we show that r9 is able to enter the cytosol 

and delivery a cargo at a rate and concentration that indicates that it can be potentially 

very useful for drug delivery.  Additionally, we have discovered that intramolecular 

dimers of r9 molecules can escape into the cytosol at rates 4-6x fold better than 

monomers.  Furthermore, we discovered that endocytic vesicles containing the r9 

molecules are rapidly acidified within 28 minutes and furthermore there is indication that 

acidification prevents the release of these peptides into the cytosol.  To provide reference 

to a non-peptide drug delivery technology, we compare the rate of r9 cytosolic entry to a 

non-peptide guanidinium molecular transporter, Guanidinylated Neomycin using the 

same FRET assay.  Finally, using common biochemical inhibitors of various aspects of 

endocytosis, we provide some evidence of the promiscuity of the endocytic routes by 

which r9 may be gaining entry to the cytosol.  It is our hope that these data provide some 

insight for future directions of the drug delivery field of study. 



 

 1 

Chapter One 
 

Introduction 
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 Delivery efficiency and efficacy is a major challenge in the usage of peptide, 

protein, and nucleic acid based therapy for human diseases.1  Another challenge to drug 

therapy is localized targeting to the site of action of a disease inside the infected cell.1  

These major barriers keep many drugs from getting past the discovery stage of 

pharmaceutical research and development, thus preventing them from ever reaching 

therapeutic and clinical trials necessary to treat patients with the disease.  For this reason, 

the medical and pharmaceutical industry actively focus on improving therapeutic drug 

delivery. 

 Development of drug delivery methods is constrained by physiological 

requirements:  immunogenicity, size, and usage in clinical practice.  Formulation of drugs 

and drug coatings in the body can result in an attack by the immune system or the size of 

the entire macromolecule containing a therapeutic may be large enough to accumulate in 

macrophage phagocytic system cells in the kidneys and liver before they can reach the 

diseased region.  Pharmaceutical companies have been in search for delivery methods 

that optimize these three requirements and can provide a significant improvement of the 

effectiveness while also reducing the cost of preparation of these molecules. 

Cell penetrating peptides: A new class of delivery molecules 

 Over the past two decades nanoparticles and lipophilic vesicles have been the 

main focus, but are often large in size and even when taken into cells may become 

sequestered in endocytic vesicles and subcellular organelles.2  An unusual class of 

peptides had been noted for the ability to fully overcome the cellular membrane and gain 

entry into the cytoplasm and nucleus of cells, seemingly not sequestered in subcellular 
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compartments as nanoparticles are.  This class of peptides had been first identified from 

natural sequences in HIV-1 trans-activator of transcription protein (TAT peptide) and in 

Drosophila homeobox domain protein antennapedia (Penetratin).3,4,5,6,7 These short 

peptides, designated as cell penetrating peptides (CPPs, Table 1.1), were implicated to 

mediate active cellular uptake and release of their larger protein complexes into cellular 

cytoplasm and nucleus.8 In the case of Penetratin, it was implicated in allowing the inter-

cellular uptake of the full-length antennapedia to bind and promote transcription of DNA 

in adjacent neuronal cells.5  Since the original discovery of TAT and Penetratin, other 

peptides were discovered, developed, and are continually being improved.9,10,11 

CPP categories 

 CPPs can be divided into two main categories based on their chemical properties: 

amphipathic peptides and cationic peptides.  Amphipathic peptides correspond to 

peptides composed of both neutral and hydrophilic amino-acids and cationic peptides 

contain mainly positively charged amino-acids (Table 1.1).  CPPs in both categories are 

widely investigated to delineate the pathway of cellular uptake, efficiency, and efficacy 

of delivery of therapeutic compounds and imaging molecules.  Examples of both 

amphipathic peptides and cationic peptides are shown to deliver covalently bound small 

molecule cargo as well as siRNA through complex formation.12,13,13  These peptides are 

recognized for their potential to deliver bio-active molecules to the inside of cells, but the 

field continues to face many challenges to improve the efficiency and understand how to 

make the most useful delivery vehicle that can target the correct region of the cell.  While 

there appeared to be many different routes and mechanisms of uptake, the consensus is 

that the pathways are all energy-dependent.  To understand the range of molecules that 
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can be delivered by CPPs investigators use a wide range of appended cargoes that diverge 

from Lipinski’s rule to test the utility of CPPs: small molecules13, nucleic acids15, 

proteins7,16, and quantum dots17.  Delivery effectiveness, kinetics, and the endocytic 

pathway of the mechanism were also cargo-dependent and not simply determined by the 

CPP character. 

CPP Mechanism Studies 

 Variability in the pathway of uptake as well as the delivery kinetics ignited an 

interest in the localization and quantification of delivery of CPP into cells and tissues.  To 

achieve this CPP cytosolic entry was monitored by methods and tools used in both 

biological and chemical analysis.18  Tools and methods from biology offer answers 

regarding effectiveness of CPPs to deliver biologically active molecules to the cytoplasm 

by escaping the endosome and interfering with protein expression.7,19 Methods and tools 

from chemistry encompass analytical measurements to quantify and differentiate CPPs 

within specific compartments of the cell using chemical modification. 

 Biological methods to assay CPP effectiveness have monitored responses such as: 

the induction of apoptosis or non-proliferation, splice correction by interfering 

oligonucleotide, Cre-recombinase integration of a functional gene, fluorescence activated 

cell sorting monitoring internalized CPP and cargo, electron microscopy, and live cell 

microscopy.  Dowdy and colleagues reported several full-length proteins conjugated to 

TAT that could be endocytosed into cells and produce a cellular response thus indicating 

that at least some of the peptide and cargo had been released into the cytosol of cells and 

reached the nucleus and DNA.19  However, single cell studies indicate partial delivery of 

these peptides and their cargo to the intracellular compartment of mammalian cells, while 
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others reported the extensive endosomal trapping of the peptide and cargo and 

sequestration of the therapeutic cargo from the target site.20 Biological methods are 

beneficial for understanding the CPP uptake in a live cell or can monitor the actions of 

the cell visually, however these methods often observe these reactions after a delay or, as 

in microscopy, are highly dependent on resolution limits of light. 

 Chemical methods aim to provide an exact number or a relative number for the 

delivery of the CPP molecules.  HPLC, quantitative spectrofluorimetry, and mass 

spectrometry all provided more analytical and quantitative measurement of the CPP and 

its cargo once removed from the biological system.  Bienart’s group used degrees of 

chemical modification to distinguish membrane bound, partially internalized, and 

cytosolic peptide by injecting cell lysates through an HPLC.21  Burlina’s group pioneered 

a quantitative measurement of internalized CPPs using mass spectrometry.22  Chemical 

methods have the advantage of being able to quantify exact amount of peptides that are 

internalized by utilizing highly sensitive analytical instrumentation.  Similar to biological 

methods, chemical methods also require a delay between the cell experiment and the 

quantitative analysis and often require extensive post-experiment manipulation, but 

provide the opportunity for a more exact measurement of the compartmentalized CPP.   

 Although many methodologies have been developed, the CPP uptake process 

continues to be an active field of investigation to uncover the time-resolved finer details 

of the mechanism.  The work presented in this dissertation will address finer details of the 

kinetics and dynamics in real-time of one particular CPP, polyarginine (D-arginine9, r9, 

Table 1.1). 
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 Chapter two addresses the uptake process and the delivery kinetics of the uptake 

process of polyarginine (r9) peptides.  Using FRET and live microscopy the delivery 

kinetics for r9 was elucidated. By applying a mathematical model of cooperativity for the 

delivery rates, the result indicates that the delivery mechanism was triggered by 

cooperative interactions of the peptide.  On the basis of the cooperativity constants a new 

molecule composed of an intramolecular dimer of r9 showed an improved rate of 

delivery.  The monomer and dimer both have relatively fast rates of uptake, but by using 

the dimer to deliver cargo the enhancement of the delivery rate could provide a good 

solution for drug delivery.  Quantitation of the CPP is carried out in these experiments.  

This allowed the exact calculation of the uptake in terms of concentration of r9 and cargo. 

 Chapter three explores the role of endosomal acidity with respect to the uptake of 

polyarginine peptides.  The acidification and maturation of endosomes is considered to be 

a necessary step in the delivery process of polyarginine peptides. By employing an 

inhibitor of vacuolar-ATPases and the acidification that is characteristic of endosome 

maturation, there is noticeable increase in the delivery rate of polyarginine peptide to the 

cytosol.  Endosomes containing polyarginine peptides linked to pH sensitive fluorescent 

dyes become acidic over time, and occasionally are seen to abruptly disgorge their 

contents in real-time as well.  Intracellular calibrations of the dye allowed accurate 

measurement of the pH of the endosomes containing the peptide and indicate that some 

peptides do remain in endosomes over time and do not escape to the cytosol. 

 In chapter four a polyarginine peptide is compared to another cell delivery 

molecule: a guanidinylated transporter.  This chapter compares the efficiency of these 

molecules by their delivery rates using FACS and Fluorescence Microscopy. 
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 Chapter five describes a short study of various pharmacological agents and their 

affect on the delivery rate of a polyarginine peptide.  These agents are understood to 

affect different components of the macropinocytosis pathway of uptake, but were 

implicated to perturb CPP peptide uptake.  These experiments either indicated that r9 does 

not follow only one route of endocytosis or that there are several ways to by-pass certain 

inhibitory components of the endocytic machinery. 
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Table 1.1 – Examples of Amphipathic and Cationic cell-penetrating peptides.  Peptides 
are organized by increasing charge.   
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Chapter Two 
 

Fluorescence-based study of the mechanism, kinetics, and quantitation 
of polyarginine CPP cytosolic delivery
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Abstract 

 Drug delivery continues to be a costly challenge for pharmaceutical companies.  

Candidate therapeutics are often dismissed because of the inability to create a formulation 

that will enable them to be effectively delivered to the site of action inside the cytosol and 

nucleus of cells.  In the past 20 years cell penetrating peptides (CPP) have become a key 

area of study for the therapeutics and research industry because of their unique feature to 

be internalized inside cells by endocytosis even when attached to large charged 

molecules.  Although generally the extensive positive charge on most CPPs is considered 

to be the unique feature that helps them gain entry to cells by mediating a close cell 

membrane interaction, there is little known about the efficiency of CPP cytosolic delivery 

or what allows the peptide to break free of vesicles and endosomes that sequester the 

peptides from the cytosol.  Utilizing a unique FRET based assay the delivery efficiency 

of an example CPP, a nonamer of (D)-arginine (r9), is quantitatively measured.  

Additionally, the r9 CPP entry mechanism and dynamics is probed for cooperativity in the 

mechanism, which is validated by engineering an intramolecular dimer of r9 which 

enhances uptake kinetics 3-15 fold.  Together the measurement of r9 CPP and the 

enhancement of cytosolic delivery with a dimer of r9 provides evidence that r9 may form 

dimers to assist in breaking free of the endosomes that sequester the peptide.  Thus, to 

enhance delivery of normally non-penetrating molecules this evidence suggest that using 

dimers of CPPs could enhance uptake as much as 15 fold. 
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Introduction 

 For CPPs to be useful as a drug and therapeutic delivery method it is dependent 

on their ability to reach a specified location within the cell.  Most therapeutic targets are 

in the cytoplasm and any anti-sense gene therapy must be able to enter the cytosol or the 

nucleus.  Furthermore the process must be relatively quick to ensure that the molecule is 

not degraded or repackaged for exocytosis in the transport pathway.  

 Polyarginine CPP, due to the high level of guanidinylation, has demonstrated an 

excellent ability to be internalized into cells through endocytosis as compared to other 

forms of cationic peptides.1 However, the peptide localization within the cells has been 

ambiguous. Researchers have not been able to quantify the peptides’ ability to deliver 

cargo specifically to the cytosol with most current methods.10 

 Methods that have been developed can be categorized as biological or chemical.  

Biological methods often depend on a secondary response from the cell to determine 

localization.  Visual clues of the cell response, induction of apoptosis, non-proliferation, 

splice correction, interfering oligonucleotides, Cre-recombinase integration of a 

functional gene are all ways that CPP delivery is evaluated.15 Chemical methods aim to 

provide an exact number or a relative number for the delivery of the CPP molecules.  

HPLC, quantitative spectrofluorimetry, and mass spectrometry all provided more 

analytical and quantitative measurement of the CPP and its cargo once removed from the 

biological system.  Some methods can combine biological and chemical measurements to 

determine localization and quantify the peptide in a cellular compartment, but neither of 

these method categories has been able to provide real-time quantitative and localization 

information. 
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 Specifically for the study of CPP localization, fluorescence has become very 

popular for its high sensitivity and the ability to monitor the cell in real-time.  Another 

technique that is very useful is fluorescence resonance energy transfer (FRET).  FRET 

becomes useful especially in this circumstance, as it is dependent on bringing two 

components in close proximity in order to produce a resonant energy transfer and thus an 

optical response that can be measured quantitatively.  This fundamental principle can be 

exploited to evaluate if a peptide molecule is within proximity of another independent 

molecule. In the cell system, initially the two components can be separated by a cell 

membrane and only through a cell process that brings them together can a resonant 

energy transfer process occur.   

 A FRET application to approach the question of CPP delivery was developed by 

the Tsien lab.16,17 This method conjugates the CPP with an initially non-fluorescent 

acceptor molecule called fluorescein biarsenical hairpin binder (FlAsH) and requires the 

cytosolic and nuclear expression of a cyan fluorescent protein encoded on the carboxyl 

terminus with four cysteines (CFP-4Cys) to which FlAsH can specifically bind.  FRET 

from CFP to FlAsH provides a continuous assay of the amount of FlAsH that has reached 

the cytosol and nucleus. 17 

 Here we present this FRET method as an essential tool to determine the efficiency 

of delivery of polyarginine CPP specifically to the cytosol.  Furthermore, any 

modifications to the polyarginine scaffold can be quickly evaluated for its ability to 

improve or diminish the delivery efficiency of the CPP.  The efficiency of the delivery of 

monomeric polyarginine (r9) and a dimeric form of r9 are described here and evaluated by 



 

   

15 

the FRET method of measurement. A unique method for quantification of the peptide via 

calibration of the CFP in the FRET system is also presented. 

 

Results and Discussion 

Optimizing conditions to monitor delivery of r9 CPP.  Fluorescence and FRET is a 

highly sensitive method of detection, but within the cell other variables can affect the 

sensitivity of the fluorescence response.  It is important to use molecules that cause the 

least perturbation to the cell in order to minimize artifacts.33   

 To guarantee the most sensitive response while ensuring that the cell was 

minimally perturbed by the fluorescent protein and 4Cys tag, the protein and tag 

sequence was selected based on photostability and FRET efficiency.  The mECFP protein 

sequence shows the best photostability of the commonly used CFP proteins (CyPet, 

Cerulean, mCFP) and additionally is a stable monomer.33  The 4Cys tag was selected 

based on the optimal FRET efficiency to the FRET acceptor for CFP, FlAsH, a 

fluorescein-based bi-arsenical dye.  Several sequences were determined to have optimal 

binding efficiency to FlAsH as measured by competitive chelation or binding to FlAsH.  

British Anti-Lewisite (BAL) is another term for 2,3-dimercaptopropanol.  BAL can strip 

the FlAsH away from binding the 4Cys target sequence by efficiently binding the arsenic 

groups on FlAsH.  The disadvantage of BAL is that it is also very toxic to cells.  With 

this caveat in mind, the 4Cys sequence was selected for optimal FRET efficiency and 

lower affinity of binding to FlAsH, which would require less concentrated BAL to strip 

FlAsH from the 4Cys.  For our purposes the 4Cys sequence that was determined to 
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produce the best FRET efficiency was –CCPGCC— as indicated by measurements 

published in Martin, B.R., et al.17,18 The –CCPGCC— sequence produces ~75% quench 

of the CFP (unpublished results from B.R. Martin) while only requiring 5mM BAL for 

unbinding FlAsH.  It should be noted that a more optimal sequence for FlAsH binding 

includes modifying flanking regions of the tetracysteine (ie.—FLNCCPGCCMEP—) but 

this sequence has a slightly lower FRET efficiency of ~65% and also requires twice the  

BAL concentration for FlAsH to unbind the tetracysteine sequence. Finally, the FlAsH 

molecule used was in actuality 5-carboxy-FlAsH, which contains an additional carboxyl 

group that allows for a handle to conjugate to the r9 peptide (Fig. 2.1).  This additional 

carboxyl groups did not create any observable variations to the fluorescent properties of 

the dye. 

 Figure 2.2 demonstrates the FRET mechanism between CFP-FlAsH.    Upon 

FlAsH binding to CFP-4Cys (Fig. A1.1), CFP loses most (~75%) of its fluorescence by 

FRET to FlAsH (Fig. 2.2).17,18 Adding BAL removes FlAsH from CFP-4Cys and recovers 

the CFP fluorescence (Fig. 2.2).  The reduction of the CFP fluorescence specifically 

monitors and measures r9 CPP cytosolic and nuclear delivery kinetics without 

interference from r9 bound to the intracellular or extracellular leaflet of the membrane or 

within endosomes (Fig. 2.2).  Recovery of CFP fluorescence by competitively binding 

FlAsH with BAL, ensures that the measured quench is not due to photobleaching or non-

specific interactions.  The lower concentration of BAL slows cell toxicity during the 

recovery phase that completes the experiment. As cytosol expressed CFP-4Cys quenched, 

it indicates the delivery of r9-FlAsH to the cytosol (Fig. 2.3). 
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 Figure 2.3 depicts CFP-4Cys expressing HeLa cell quenched over 65 minutes by 

the delivery of r9-FlAsH at an extracellular concentration of 2 µM.    Because there has 

never been an exact quantification of the total concentration of peptide that could enter 

the cytosol it was necessary to use a sensitive and fast binding molecule, while ensuring 

that the cell could survive washing with BAL. 

 

r9 is delivered to the cytosol at sub-micromolar concentrations.  Because of the high 

cost of therapeutic drugs, insolubility, and poor biodistribution drug delivery is a critical 

component of drug development.32  If drugs can be delivered efficiently then the dosage 

can be reduced (improved efficacy), which also reduces the probability of side effects and 

adverse health effects related to treatment.  Thus, a heavy burden is placed on a drug 

carrier to deliver a therapeutic efficiently to the site of action, while ensuring no toxicity 

or lower toxicity to the system.  This challenge can be approached in two ways: a highly 

potent drug with an inefficient carrier may still provide a reasonable result or a highly 

efficient carrier combined with a less potent drug or a drug mixture could provide just as 

good of a result as a high potency drug.  The latter may be preferred to minimize toxicity 

from over dosage of a potent drug.  To address this latter approach, we tested a range of 

concentrations of r9-FlAsH to determine how efficiently the peptide can deliver a 

molecule to the cytosol.  Additionally, it was a secondary interest to determine the limits 

of the dynamic range of the FRET assay.   

 In order to determine the range in which this method would be useful for r9-

FlAsH, concentrations from sub-micromolar, 0.25 µM, to 2.5 µM were applied to CFP-

4Cys expressing HeLa cells and quench of CFP was monitored by fluorescence 
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microscopy in individual cells over the course of the 60 minutes (Fig. 2.4).  Applying 

0.25 µM r9-FlAsH to the cells results in a slow quench over the 60 minute range 

equivalent to 10% of the maximum measurable change in CFP fluorescence.  At 0.75 µM 

of r9-FlAsH application the quench was reached almost 20% of maximum over 60 

minutes. The CFP-4Cys quench continued to increase as the concentration of applied r9-

FlAsH increased, up to 80% completion at 2.5 µM application of r9-FlAsH.  On average, 

within the 0.25 µM – 2.5 µM range the CFP within cells was not maximally quenched 

(Fig. 2.4), but at higher concentrations of applied r9-FlAsH, intracellular CFP 

fluorescence quenched quickly, but appeared to show signs of toxicity and cell death.  It 

is hypothesized that cell death could be a result of direct permeation of the outer 

membrane resulting in the extrusion of the cell interior fluid.  This destabilization of the 

cell membrane can result in cell death.  Although this could be a useful side effect of r9 in 

killing diseased cells, for the purposes of this study it was not the pursued result as it 

would not achieve any findings that would help elucidate the mechanism of uptake or cell 

entry.  Furthermore, that level of dosage is not feasible in clinical practice. 

 Here it is important to note a caveat that was discovered while developing this 

assay to be useful at low concentrations.  FlAsH as well as r9 are both highly prone to 

adhere non-specifically to surfaces.  Plastic surfaces are hydrophobic surfaces 

particularly well-suited to allow non-specific adhesion and aggregation.  When initial 

tests were completed to note how much of the peptide remained in the soluble portion of 

the plastic dishes, it was noted that almost 25% was lost to non-specific adhesion to the 

well walls within the first few minutes of adding the peptide to the dish (Fig. A1.2, A1.3).   

This phenomena was observed in dishes with cells as well.  The non-specific interactions 
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were amplified for low concentrations of r9-FlAsH but for high concentrations the non-

specific binding did not have as much of an effect in the soluble concentration.  To 

combat this, the assay was modified to include a “replenish” step in which all of the 

soluble volume was removed and replaced with the same concentration of r9-FlAsH.  

This step resulted in measureable uptake for low concentrations especially. 

Rate of r9 cytosolic delivery indicates cooperativity.  The normalized change in CFP 

fluorescence due to r9-FlAsH binding CFP-4Cys indicated that as extracellular 

concentration of r9-FlAsH increased from 0.25 µM – 2.5 µM the rate of CFP-4Cys 

quench increased in a non-linear fashion (Fig.2.4).  The non-linearity is more clearly 

noted when the rate of change of CFP fluorescence is plotted against the concentration of 

applied r9-FlAsH (Fig. 2.4).  There was less than 10% change in the rate of delivery of r9 

peptide from 0.25 µM – 0.75 µM, but the rate of uptake at 1.0 µM increased to 4x greater 

than the slowest rate from 0.25 µM to 0.75 µM then increased linearly until 2.0 µM r9-

FlAsH, and began to have a more steady pace at concentrations greater than 2.0 µM.  To 

avoid any error in the rate calculation from complete saturation of the CFP-4Cys sites 

within the cell the rates were taken within the first 20 minutes of the uptake experiment 

(post r9-FlAsH addition).  Within a 20-minute time frame the concentrations tested were 

unable to completely quench CFP.   

 Figure 2.5 depicts a model to explain the non-linearity that is observed in the 

uptake of r9-FlAsH.  Two assumptions are made; (1) all peptides must be endocytosed to 

release into the cell and (2) once endocytosed there are only 2 fates, to be sequestered or 

to be released.  It is hypothesized that at low concentrations the peptides may partition at 

low density/endosome into a majority of the endosomes and only a minority of 
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endosomes retain a high density/endosome of internalized peptide.  To result in breakage 

and release of their contents into the cytosol the peptide must be at high density.  As 

extracellular concentrations increase, peptides partition at high density into a majority of 

the endosomes and thus a majority of the endosomes release their contents into the 

cytoplasm and a minority of endosomes sequesters the peptides. There is a limitation to 

this hypothesis that is apparent at the highest concentration of r9-FlAsH that is added to 

the outside of the cell.  As the concentration increases the delivery rate begins to reach an 

upper limit for the delivery rate.  With respect to this consideration and the limitation on 

the rate, we propose that there could be two possibilities.  One possibility is that there is a 

physiological limitation on the intrinsic rate of endocytosis and recycling of vesicles and 

membrane.  A second possibility is that the limitation is a result of changes in the 

biochemistry of the endosomes encapsulating the r9 peptide preventing the peptides from 

escaping the endosome.  It is established that in mammalian cells, vesicles are acidified 

by vacuolar proton pumps (vacuolar ATPases)3,11 within endosomes. It is unlikely that the 

D-peptides are being broken down by endogenous peptidases and some CPPs (TAT, 

penetratin) are released more quickly by endosomal acidification,12 but there may be a 

different mechanism for polyarginine peptides escape mechanism at low pH that results 

in endosomal sequestration of the peptides.  

r9 delivery to the cytosol is enhanced by intramolecular dimerization.  The indication 

of non-linearity in r9 cytosolic delivery suggested that there is a cooperative mechanism 

affecting the delivery step of r9.  Aggregation or clustering has been proposed as a 

mechanism by which peptides are clustered by surface HSPGs26,27, however, it has not 

been emphasized for endosomal release.   Figure 2.6 diagrams a model of bi-molecular 
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uptake or dimerization that maybe necessary for cytosolic delivery of r9 and it was 

hypothesized that if the r9 can be engineered to cis-dimerize then the rate of delivery 

would increase by nature of the same density model of release.  This hypothesis was 

tested in other CPP molecules and analogs that showed branched or multimeric molecules 

showed improved uptake into cells.28,29  To test this hypothesis Sigma Plot 10 (Systat 

Software, Inc., Point Richmond, CA) dynamic fit wizard tool was used to fit the data of 

the delivery rate of r9 using 3-parameter Hill Function. From curve fitting of two 

experiments the and the standard error of the independent Hill coefficients, the average 

Hill coefficient and error was found to be 2.02 ± 0.38, which provided good evidence that 

the scheme of escaping endosomes rapidly may require association or aggregation of the 

independent molecules of r9. The result of the Hill coefficient appeared to provide 

support for the proposed model of the mechanism (Fig. 2.6). A FlAsH-labeled dimer of r9 

was synthesized (Fig. 2.1) to test if the bi-molecular hypothesis for the uptake mechanism 

for monomeric r9 could enhance the rate of cytosolic delivery.  The intramolecular dimer 

rapidly enhanced the rate of delivery and by applying the same curve fitting algorithm to 

the cytosolic delivery rate of the intramolecular dimer of r9 resulted in a Hill coefficient 

of 0.98 ± 0.36 (Fig. 1.6).    

 Although dimerizing r9 improves the cytosolic delivery efficiency at all 

concentrations from 0.25 µM to 3.0 µM, the rate at lower concentrations showed and 

average 8x improvement while at the higher concentrations only 3x improvement.  

Furthermore, the measurement and the curve fitting methods appear to indicate that the 

delivery process becomes more linear than sigmoidal as the concentration of the 

dimerized r9 increases.  However, linearity cannot be concluded because of the intrinsic 



 

   

22 

limit on the dynamic range of the assay. Although, investigations show evidence that at 

very high concentrations of r9 and other CPPs cell toxicity is prevelant.  Cell toxicity was 

not observed in the range 0.25 µM and 3.0 µM but may become a problem at much 

higher concentrations.30,31 

 Mechanistic studies proposed that CPPs aggregate in some way to enhance 

cytosolic delivery.  Dix, A., et al found that aggregation of guanidinylated transporters 

may be a result of the heparin sulfate proteoglycan clusters on the cell outer-membrane.  

Arguments have also been made to suggest that aggregation on the surface serve to 

provide a nucleation site for subsequent cellular uptake and that this phenomenon is not 

limited to arginine polymers.34-38
  Although it is unclear whether it is nucleation on the 

cell outer-membrane or within the endocytic vesicle, it is clear that oligomerization plays 

an important role in release of these peptides into the cytosol.  Similar to Figure 2.5, 

Figure 2.6 depicts a mechanism by which the dimerization of the peptides enhances the 

delivery of peptides.  At low concentrations, monomeric peptides may sparsely disperse 

inside endosomes resulting in a largely sequestered population of the peptides, but 

interactions between peptides may enhance the release of the peptides as well.  Thus in 

the dimeric r9 model peptides always have an intramolecular r9 partner to interact with, 

thus resulting in an enhanced release even for sparsely partitioned dimeric r9. 

Quantified intracellular delivery of r9.  The rate of delivery and localized concentration 

of a therapeutic within a target cell becomes important when considering the in vivo 

efficacy of the therapeutic. The delivery of r9-FlAsH can be measured by correlating the 

loss of CFP fluorescence with the efficiency of FRET between CFP and FlAsH upon 

binding using an in vitro calibration of CFP concentration and the calculation that 75% of 
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the CFP Fluorescence can be quenched by FlAsH (Fig. 2.7).16,17 Several concentrations of 

purified CFP protein was calibrated in microcuvettes using the same experimental 

imaging settings used during experiments (Fig. A1.5).  A standard curve was used to 

calculate the concentration of protein within live cells from fluorescent counts emitted 

from the cell (Figure 2.7).  As FlAsH quenches CFP in the cell, using the 75% FRET 

efficiency and the calculation of the concentration will provide a calculation of the rate of 

CPP delivery into the cell as a function of concentration.  As the applied concentration 

increases from 0.25 µM to 2.5 µM, the delivery rate of r9-FlAsH is measured from 52 

pM/min to 650 pM/min.  The cytosolic delivery rate of r9-FlAsH begins to taper off at 2.5 

µM and 3.0 µM as the system achieves a maximal rate.  The r9 dimer further increases the 

rate of delivery of the FlAsH cargo by 3 – 15 times (Figure 2.8). 

 Therapeutic studies aim for an IC50 value between picomolar and micromolar 

range and the data indicate that within this range polyarginine peptides would be useful to 

deliver small molecules to cytosolic targets within the cell.  As monomers r9 peptides 

could deliver as much as 250 pM to 3 nM of a small molecule therapeutic in 5 minutes, 

but as intramolecular dimerized molecules the delivery in the same amount of time could 

be 1.5 nM to as much as 13 nM. 

 

Conclusion 

 CPPs continue to be an active subject of research although there has been very 

few methods to draw conclusions regarding their efficiency of delivery and effectiveness 

in a live cell.  Using fluorescence-based measurement allows for sensitive detection of 
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the most efficient peptides that can enter a cell or tissue, but further information on 

localization can be a challenge when the basis is only cell morphology.  CFP-FlAsH 

FRET becomes a useful method with added proximity information and temporal 

resolution.  Using a CFP-FlAsH FRET assay the preceding results showed that the 

cytosolic delivery rate is concentration dependent and the rate of delivery of r9 CPP can 

be as low as 52 pM/min but as high as 650 pM/min.  Furthermore, the non-linear rate 

measurements led to a re-engineering of the peptide scaffold to form an intramolecular 

dimer.  The dimer increases the rate of delivery to as much as 13 nM of the cargo to the 

interior of the cell in 5 minutes.   This unique FRET assay enabled us to observe the time-

resolved cytosolic delivery rate of r9 CPP live. 
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Materials and Methods 

Peptide synthesis, purification, validation, and fluorophor labeling.  Peptides were 

prepared by standard solid phase Fmoc (9-fluorenylmethyloxycarbonyl) synthesis 

methods with NovaSyn® TGR resin.  Prior to cleavage the peptide was capped by an 

acetyl group on the amino termini with 66% acetic anhydride (Sigma), 17% Lutidine base 

(Sigma), 17% tetrahydrofuran (Sigma), and a catalytic quantity of dimethyl-amino-

pyridine (Sigma) at 5x volume of the resin, mixed for 2 hours at room temperature.  The 

peptide is cleaved from the resin by an acidic solution composed of 94% trifluoroacetic 

acid (TFA, Acros Organics), 2% triisopropylsilane (Sigma), 2% ethanedithiol (Fluka 

Analytical), and 2% thioanisole (Sigma) and mixed for 2 hours at room temperature to 

cleave.  Upon cleavage the carboxyl terminus attached to the resin is released as an 

amide.  The peptide was composed of acetylated D-lysine, aminohexanoic acid (x), and 

nine D-arginines (Ackxr9).  Once cleaved the peptide was analyzed on an Agilent 1100 

HPLC/MS with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 4.6 mm from 

10-90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.0 

mL/min and the peptide mass identified in the positive ion mode at the +3, +4, +5 M+H+ 

(M/z 569.7, 427.7, 342.3).  Preparative purification was carried out on an Agilent 1100 

HPLC with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 10 mm from 10-

90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.8 

mL/min.   

 Similar preparation was used for the dimeric r9, however, it was purified at 5-30% 

acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.0 mL/min and 
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the peptide mass identified in the positive ion mode at the +3, +4, +5 M+H+ (M/z 569.7, 

427.7, 342.3).  Preparative purification was carried out on an Agilent 1100 HPLC with a 

Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 10 mm from 10-90% 

acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.8 mL/min. 

 Succinylated-carboxy-FlAsH(EDT)2 obtained from Dr. Stephen Adams, was 

mixed with 1.5 eq. purified Ackxr9
 or Acr9xkxr9 in DMSO with 1.0 eq. 

diisopropylethylamine (Aldrich) and monitored overnight by Agilent 1100 HPLC/MS for 

completion. The labeled peptide was purified at 10-90% ACN/H2O (0.01%) at a flow rate 

of 1.8 mL/min on a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 10 mm and 

identified by M+3, +4, +5 H+ for the monomer (M/z 799.8, 600.1, 480.4) and M+6, +7, 

+8, +9 H+ for the dimer (M/z 653.6, 560.4, 490.5, 436.2).  

 After FlAsH labeled peptides were purified, samples were lyophilized and 

dissolved in a minimal amount of DMSO.  Peptide-FlAsH was measured by FlAsH 

absorbance in 0.1N NaOH at 510 nm at an extinction coefficient of 69,500 M-1cm-1 on a 

Varian Cary 3E UV/Vis Spectrophotometer. 

Cell Culture.  HeLa cells were maintained in Dulbecco’s Minimum Essential Medium 

(Life Technologies) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin.  Cells were passaged when reaching 90% confluency.  Cells 

were plated on #1 glass coverglass-bottom dishes 48 hours prior to imaging into 8-well 

Nunc Lab-Tek™Chambered Coverglass (Thermo Scientific). 

Transfection of Cells.  Transfection solution was prepared with pCDNA3 vector 

containing CFP-4Cys (Appendix 1) gene insert.  Fugene HD (Roche) was used according 
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to commercial protocol.  Cells were transiently transfected 36-48 hours before imaging 

experiment. 

Live cell epifluorescence imaging.  FRET Imaging experiments to measure cytosolic 

delivery of r9-FlAsH or r9-FlAsH-r9 was completed on an Axiovert 200M (Carl Zeiss 

Micro-Imaging, USA) inverted epifluorescence microscope with a Plan NeoFluar 40x oil 

immersion objective (1.30 NA).  CFP was imaged with a 420/20 bandpass excitation 

filter, 450 nm dichroic mirror, and 475/40 bandpass emission filter with 1 second 

exposure and 10% Neutral Density filter.  All images were captured with a Photometrics 

Cascade II 1024 CCD camera (Photometrics, Tucson, AZ).  Slidebook 4.0 by  (Intelligent 

Imaging Innovations, Inc.) was used to capture and analyze images. 

 For standard imaging experiments, cells were imaged in 8-well chambers after 

being washed 3x with Hanks Buffered Saline Solution supplemented with 2g/L glucose at 

pH 7.4.  CFP-4Cys transfected cells were imaged for up to 15 minutes prior to adding 

peptide-FlAsH.  After the peptide is added in 10 min the well is washed and the peptide is 

applied again. This is due to peptide-FlAsH non-specifically binding to the plastic 

surfaces as measured by absorbance (Fig. A1.2 – A1.4).   

CFP calibration.  ECFP expressed in pRSETB bacterial protein expression vector was 

purified from E.coli after 24 hours time for expression.  Bacteria were pelleted and lysed 

and supernatant was passed thorough a nickel bead column to capture protein by 

hexahistadine tag on the C-terminus.  Washing was carried out with 10 mM imidazole.  

Purified ECFP was concentrated by 30Kd Centricon concentrating tubes and resuspended 
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in MOPS buffer (pH 6.5).  The protein concentration was calculated using a Varian Cary 

UV/Vis.  Stock concentation was diluted to make 4 separate calibration concentrations. 

Microcuvettes were flowed for 3 minutes to minimize protein sticking to surfaces.  

Finally, cuvettes were capped with optically transparent glue and imaged on as 

epifluorescence imaging protocol dictated.  The width of each cuvette and length was 

calculated to determine the volume and correlated to fluorescence counts for 

concentration.  The camera counts were plotted against the concentration and used for 

later calculation of the change in CFP-4Cys fluorescence counts and the correlated to the 

quantitatively delivery of r9-FlAsH. 

Fluorescence data processing.  After live imaging cell fluorescence was processed in 

Slidebook 4.0 (Intelligent Imaging Innovations, Inc. Denver, CO, USA).  CFP-4Cys 

transfected cells were encircled individually and a mask was generated to track the cell 

over the time course of the experiment.  Additionally, a background region was selected 

in a region without cells.  The sum of the raw CFP fluorescence counts were collected for 

each cell and the background and the area of the cell.  The area of the cell becomes 

important when considering that a cell with greater surface area will have more 

accessibility to the soluble peptide.  The data was exported to a text file and processed 

rapidly through a Java program (Fig. A1.6) that rapidly read in the text file and calculated 

the corrected cell counts of each object with the background level of counts to produce an 

output file of the time, the area, and the corrected cell counts.  The counts were further 

corrected by scaling the area to 1000 µm2.   This number is arbitrary and fluorescence 

could also be calculated as the mean of the fluorescence counts. 
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 The rate of peptide uptake was calculated by taking the change of fluorescence 

over the first 20 minutes of the experiment (post-peptide-FlAsH addition).  This served to 

ensure that the concentration of the CFP-4Cys was in sufficient concentration and 

unsaturated. 
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Figures 

 

 

 

Figure 2.1 – Monomeric and dimeric r9 Peptide scaffolds used for the study. Carboxy-
FlAsH(EDT)2 carboxylic acid was attached via the !-amine of D-Lysine. 
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Figure 2.2 – (above) Scheme of FRET between r9-FlAsH interaction with CFP-4Cys 
resulting in a CFP fluorescence quench and recovery modulated by 2,3-
dimercaptopropanol, BAL. (below) A cartoon depicting r9-FlAsH in the extracellular 
media and the proposed general mechanism of endocytic entry into cells and escape into 
the cytosol or potential sequestration in late endosomes. 
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Figure 2.3 – Real-time monitoring r9 cytosolic delivery to HeLa cells. Timeline of CFP 
fluorescence quench as r9-FlAsH (2µM) is delivered to the cytosol. Green line indicates 
point of r9-FlAsH addition and red line indicates point of BAL antidote addition, 
followed by CFP-4Cys fluorescence recovery. 
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Figure 2.4 – Non-linear relationship of r9 and rate of cytosolic delivery.  (above) The 
time course of 4Cys-CFP expressing HeLa cells is quenched by r9-FlAsH (0.25 µM to 2.5 
µM) delivered to the cytosol.  Each trace is an average of 3 separate experiments of 10-20 
individual cells. (below) Sigmoidal curve fit of the rate of cytosolic delivery of r9-FlAsH 
as a function of applied concentration.  Each point represents an average rate from three 
experiments ± SEM. 
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Figure 2.5 – The non-linear relationship of r9 delivery and concentration may be a result 
of an intrinsic difference of numbers of r9 molecules endocytosed.  At low concentrations, 
r9 peptides partition more sparsely into endosomes, thus resulting in limited release and 
increased sequestration, whereas, at high concentrations r9 peptides partition more 
densely into endosomes and the density is a trigger for release.   
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Figure 2.6 – The effect of dimerization of r9 on cytosolic delivery efficiency.  (above) 
Comparison of the rate of delivery of the intramolecular dimer of r9 ( ! ) and monomeric 
r9 ( " ) as measured by cytosolic delivery of a conjugated FlAsH molecule.  Cooperitivity 
is measured by the Hill coefficient (H ± SEM). (below) Cartoon depiction of the 
proposed r9 mechnism of entry that requires aggregation of r9 molecules, which is 
hypothesized to be expedited by intramolecular dimerization of r9. 
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Figure 2.7 – Quantitation of cytosolic concentration of CFP-4Cys.   
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Figure 2.8 – Quantitation of cytosolic delivery of FlAsH-polyarginine. 
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Chapter  Three 

 
Developing fluorescent tools and methods to investigate the role of 

endosomal acidification and its affect on cytosolic delivery of r9 CPP 
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Abstract 

 Cell penetrating peptides (CPPs) are known to internalize into endocytic vesicles 

by a non-receptor mediated process.  Furthermore, some CPPs are able to escape 

sequestration in endosomes and release into the cytosol by an unknown mechanism.  

Although there is consensus that non-receptor mediated endocytosis is the likely 

mechanism for CPP internalization, details of this process, characterization of the 

vesicles, or the release of the CPPs inside the cell have not been addressed.  Using a 

nonamer of (D)-Arginine (r9) as a model CPP the role of acidification of the endosome 

and its affect on CPP cytosolic delivery is addressed here.  r9 cytosolic release is 

measured by employing FRET.  Measurements indicate that blocking endosome 

acidification by a specific vacuolar-type H+-ATPases inhibitor results in an enhanced 

release of r9 into the cytosol, implying that increased endosome acidity inhibits cytosolic 

release of r9 CPPs.  Using a pH sensitive fluorophore it was possible to calibrate the in 

situ pH of HeLa cells and use the measurement to track and measure the pH of the 

endocytic vesicles containing the pH sensor labeled r9 CPP.  From these measurements 

and qualitative observations r9 CPP cytosolic delivery we conclude that r9 CPP release is 

more efficient in the neutral pH environment of the endosome.  

 

Introduction 

 Cell penetrating peptides (CPPs) are able to enter mammalian cells through an 

active (energy-dependent) internalization mechanism broadly referred to as endocytosis.  

The process by which CPPs are endocytosed begins with their contact to the cell surface.  
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The extracellular surface of cell membrane is decorated with various types of glycans, or 

carbohydrate groups, on lipid head groups or integral, outer leaflet proteins 

(proteoglycans).1  Often these glycan groups are negatively charged while CPPs are 

generally categorized to carry an overall positive charge (arginine, lysine) and can 

interact with the negatively charged membrane.1   

 CPPs are reported to enter by several endocytic routes to gain entry to the cell 

interior.1  CPPs exhibit extensive promiscuity in the uptake pathway and mechanism for 

escape from vesicles as well.  Several groups demonstrated that CPPs do not follow a 

consistent route of endocytosis, but instead the endocytic route is dependent on polarity, 

cargo size, surface interactions, and cell type.1 

 Endocytosis and retention inside endosomes is a major functional barrier that 

keeps CPPs from being broadly useful for therapeutic applications.  Several fluorescently 

labeled CPPs once taken into cells exhibit a punctate appearance within cell.2,3  Thus it 

has been concluded that most CPPs are sequestered in endosomes and excluded from the 

cytosol and nucleus.  However, by FRET we can quantitate that the rate of release of 

polyarginine (r9) CPPs is moderate and within the range of common therapeutic agents’ 

LC50 (Chapter two). 

 Once CPPs are internalized, the endocytic path is often followed by shuttling 

particles within the vesicles to specific organelles or for breakdown and absorption.  

Following endocytosis, vesicles are often combined into larger endosomes and the pH 

can begin to reduce from neutral pH 7.2 to pH 5.5.4  Endosomes are then combined with 

lysosomes or vesicles coming from the trans-Golgi network carrying degradative 

enzymes, in which the lumen can be as low as pH 4.6.4  As endosomes combine with 
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lysozomes, the pH can change rapidly with integral membrane proton pumps rapidly 

pumping protons into the newly formed large endosome, called a late endosome.  

Therapeutics attached to a CPP must remain intact and reach the cytosol in order to serve 

their purpose to treat the cell.  It was demonstrated that within the endosome there are a 

variety of biochemical changes that signal how the endosome should be targeted inside 

the cell; to an organelle or a fate as a lysosome.2  Both endosome fates could result in an 

ineffective drug delivery agent if the ending location is sequestered from the therapeutic 

target.   

 One biochemical trigger following endocytosis and merging of an endosome with 

a lysosome is lowered pH.2  Lower pH is a result of vacuolar-type H+-ATPases (V-

ATPase) in the endo-lysosomal membrane.4,5  pH plays a role in the mechanism by which 

virus particles escape endocytic vesicles as well.  pH also is a key feature of lysosomes 

and thus could lead to decomposition of therapeutics.4,5 

 To improve the confidence and effectiveness of CPPs there must be a better 

understanding of the biochemical changes in the endosome interior, or lumen that result 

in the various fates of an endosome.  Understanding this process and how it effects the 

cytosolic delivery process of CPPs will provide a better basis of how CPPs work with cell 

biochemistry and how to improve CPPs for drug delivery uses. 

 

Results and Discussion 

Attempt to develop a FlAsH based pH sensor.  There is a strong interest to determine 

both the efficiency of cell entry and to gain a better understanding of the state of the 
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peptide within the endocytic environment.  In order to accomplish this an optimal 

reporter must be able to monitor both the delivery efficiency as well as pH.  FlAsH was a 

good reporter for cytosolic delivery efficiency (Chapter two), but is not an optimal 

fluorescent pH sensor.  However, a precursor of FlAsH, so-called FlAsH-O, was 

expected to be more sensitive to pH (Figure 3.1, see Appendix 1 for synthesis of FlAsH-

O).  r9-FlAsH-O showed indications of a variation in the excitation and emission 

wavelength when imaged by confocal microscopy at 488 nm (M505-610nm) and 532 nm 

(M560-595 nm) (Figures 3.1), however the excitation and emission wavelengths were not 

clearly elucidated with pH titrations (Fig. 3.1).  A final attempt was made to understand 

the behavior of the molecule in cells and endosomes with spectral imaging (Figure 3.2).  

Spectral imaging revealed that there were two distinct peaks that appeared with r9-FlAsH-

O in separate regions of the cell.  Although it was apparent that there were 2 different 

species of the molecule the species could not be isolated or deconvoluted by traditional 

analytical methods.  Additionally, without clear understanding of the molecule and its 

behaviour it was not clear how to quantify the molecule.  This molecule was abandoned 

due to the ambiguity of the measurements. 

SNARF-4F pH sensor in situ calibration of pH inside cells.  Any method of 

quantitation inside cells requires a calibration.  To investigate the pH of the vesicles 

inside cells containing the r9 peptide a ratiometric fluorescent pH sensor, SNARF-4F (5-

,6-) carboxylic acid (SNARF-4F), was conjugated to the r9 molecule so that the peptide 

could be tracked in a live cell (Fig. 3.4).  SNARF-4F is especially useful for cell biology 

because the pH inside cells shifts within pH 7.2 to pH 5.0, as described for cytosol, early 



 

48 

endosomes, and lysosomes, which is the same range that the ratiometric dye changes its 

fluorescence emission ratio.   

 The sensor was calibrated in situ within the cell as conjugated to the r9 peptide.  

The pH was calibrated using the “null method” from Eisner, D.A., et al. using trimethl 

amine and butyric acid on a confocal microscope and the maximum projection was used 

to collect the data.  Figure 3.5 depicts the calibration curve that was fitted to the 

individual pH points were.  This curve is useful in determining the pH based on the ratio 

change of fluorescence wavelength at neutral pH to the fluorescence wavelength at acidic 

pH.  With this calibration curve individual endosome pH could be tracked over time. 

pH within endosomes carrying r9 become acidic within 20 minutes.  r9-SNARF-4F 

peptides applied to HeLa cells were observed by confocal microscopy.  Uptake of r9-

SNARF-4F was visible within 10 min. Endocytic vesicles nearer to the outer edge of the 

cells were visible in mostly neutral form, but vesicles nearer to the center of the cell but 

excluded from the nucleus were visible in the acidic form (Fig. 3.6).  In Figure 3.7 arrows 

indicate vesicles just prior to bursting, leaving a puff of red that slowly spreads through 

the cell, and the remaining small green vesicle or the vesicle disappears.  It is important 

to note that some vesicles release some of the r9-SNARF-4F and a small portion appears 

to remain in the vesicle as it become acid (indicated by the green fluorescence shift).  

 Within a 20-minute timeframe most vesicles within the cell shift to the green 

wavelength of SNARF-4F.  In that short timeframe as the vesicles become more acidic 

the waves or bursts of r9-SNARF-4F escaping the vesicles slows.  It appears that only in 

the early stages of endocytosis the r9 can escape the endosomes.  As the vesicle becomes 
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more acidic the r9-SNARF-4F indicates an increase in the population of sequestered 

peptides inside vesicles.   

Determining Bafilomycin A1 dosage to inhibit V-ATPases.  Bafilomycin A1 (BafA1) 

is a macrolide anti-biotic natural product that was found to specifically inhibit V-

ATPases in vivo with very high affinity binding.  Furthermore, BafA1 was shown to be 

cell permeable and thus useful for live cell analysis of the acidification of vesicles.5  In 

order to utilize BafA1 in the HeLa model used for r9 CPP analysis a general assay was 

necessary to determine the concentration of BafA1 that sufficiently inhibits the V-

ATPase in the membrane of endocytic vesicles that have merged with late endosomes or 

lysosomes.  Using the intrinsic property of fluorescent acridine orange (AO) to aggregate 

in acidic organelles it was feasible to determine the minimum amount of BafA1 that 

would diminish the aggregation.  AO will normally fluoresce at green wavelengths (460 

nm) but when aggregated in acidic vesicles or organelles it fluoresces at red wavelengths 

(650 nm) which enables it to be a general marker for acidic vesicles.5,6 

 Figure 3.3 depicts the effect on HeLa cells in response to a range of BafA1 

concentrations from 10 nM to 5 µM.  1 hour of treatment with AO in control samples of 

HeLa cells showed significant aggregation of AO in acidic lysosomes or lysosome-like 

vesicles.  Diffuse green staining was prominent in the cytosol, the nucleus, and slightly 

brighter green staining in the nucleoli (Fig. 3.3).  The red fluorescence from the aggregate 

AO appears to be morphologically similar to similar stains of the trans-Golgi region of 

the cell.    Lysosomes are reported to be approximately pH 5 and this pH is important for 

triggering acid hydrolases that are part of the degradation machinery in lysosomes.4-7  

There was no morphological difference or toxicity among any of the controls in the 
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presence of AO which lends confidence that the cells are not experiencing phototoxicity 

or chemical toxicity due to the presence or aggregation of AO within acidic vesicles.  The 

experimental samples were treated with BafA1 for 1 hour prior to adding AO.  HeLa cells 

indicated no aggregation of AO with as little as 10 nM of BafA1 up to 1 µM of BafA1.  

When BafA1 was added at 5 µM cells developed large vacuole-like, hollow, and non-

fluorescent vesicles that took 20-90% of the intracellular space in some cells (Figure not 

shown).  This is hypothesized to be a result of slowing or halting in the trafficking 

process to such a great extant that the cell vacuoles were gorged with fluid from the 

extracellular media.  To avoid the large vacuoles 10 nM of BafA1 was used to minimize 

any toxicity while obtaining the needed effect from the cells. 

Bafilomycin A1 enhances cytosolic delivery rate of r9.  The FRET based measurement 

described in chapter two was used to investigate the affect of blocking acidification by 

BafA1 on the delivery rate of the r9 peptide.  Application of BafA1 during the uptake 

experiment enhanced the delivery rate of 2µM r9-FlAsH as much 1.5x, but the rate 

increase at concentrations below 2µM and above 2µM was less than 1x (Fig. 3.8).   

 It appears from the time-lapse imaging or r9-SNARF-4F that the peptide releases 

in the early stages of endocytosis.  In these early time points of the uptake mechanism 

Figure 3.4 indicates that between 10 and 30 minutes at higher concentrations of applied 

r9-FlAsH, the fastest change in the delivery rate occurs.  This is the same time period 

within which the r9-SNARF-4F molecule is observed to be releasing into the cytoplasm 

of cells.  In the first 15 minutes as the pH in the endosomes is decreasing this could play a 

role to sequester the peptides further rather than, as previous reports suggest, to release 

the peptide.  We can extend this hypothesis to explain the role of BafA1 and the ability to 
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enhance release or r9-FlAsH in the early time period of the experiment.  By inhibiting the 

acidification of endosomes with BafA1, thus halting their maturation, the rate of cytosolic 

release is moderately enhanced.  This effect indicated the r9 peptides were likely 

becoming more sequestered as endosomes matured.  Thus by blocking the pH and 

inhibiting maturation of the early endosome, peptides were allowed more time to allow 

for their release from the early endosome.  Additionally, it appears that it is unlikely that 

the peptides are able to release from late endosomes or more acidic organelles 

(lysosomes).   

 

Conclusion 

 Research in the field of CPP studies has reached a consensus that the most likely 

route of uptake is endocytosis.  Endocytosis, although an umbrella term for various 

mechanisms of uptake, results in endocytic vesicles that share certain characteristics.  

One characteristic that characterizes maturing and matured endosomes is pH.  The pH 

inside endocytic vesicles begins at a neutral state and as newly formed endocytic vesicles 

are fused with endocytic vesicles or late endosomes already present, V-ATPase pump 

protons into the vesicle resulting in the rapid acidification of the vesicle. pH is a variable 

that has not been characterized in CPP uptake.  Here we analyzed and characterized the 

pH inside endosomes by studying a pH sensor labeled CPP.  The main goal was to 

investigate the potential role of pH and its affect on cytosolic release of r9 CPP from 

endosomes into the cytosol.  
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 SNARF-4F responds to both neutral and acidic pH within the physiological range 

(pH 7.4 – pH 5.0) inside endosomes.  This unique feature enabled in situ calibration of 

the pH within endosomes thereby enabling the measurement of the pH of vesicles that 

specifically contained the r9.  The r9-SNARF-4F CPP was tracked over real-time to 

observe the pH and localization of the peptide inside the cell.  Additionally, using a 

FRET assay and a specific V-ATPase inhibitor, BafA1, provided a method to study the 

direct affect of pH on the rate of cytosolic release. 

 Cytosolic release is the rate limiting step that keeps CPPs from being beneficial to 

drug delivery.  Thus the rate of cytosolic release is of particular interest in the field of 

CPP research.  Inhibiting the acidification of endosomes with BafA1 moderatley 

enhanced the rate of cytosolic release.  This effect indicated the r9 peptides were likely 

becoming more sequestered as endosomes matured indicating that it is unlikely that the 

peptides are released from more acidic organelles and vesicles.  This result is in contrast 

to previous studies with other non polyarginine CPPs that implicated low pH as a trigger 

for peptide release.9   

 SNARF-4F pH sensor was extremely useful in determining the pH of the 

endocytic vesicles containing r9 peptides.  r9 is taken into endocytic vesicles that are 

acidified from 7.3 to pH 5.5 - 6.0 in over 28 min.  This was concluded from real-time 

images collected showing pH changes in endosomes dropping uniformally in vesicles 

selected at approximately the same starting pH but in different cells.  Additionally, r9 

release into the cytosol is more pronounced at the early stages of endocytosis while the 

pH is between pH 6.5 and pH 7.0.   This was extrapolated from images taken over 35 
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minutes in which vesicles were seen bursting and leaving behind dimly fluorescent 

vesicles that slowly indicated an acidic pH change.  

 From the data collected it appears that r9 CPP is clearly taken into endocytic 

vesicles and furthermore, these vesicles are acidified in under 30 minutes.  It can be 

concluded that pH plays an inhibitory role in the cytosolic release, thus peptide release is 

most efficient in the early timepoints of the uptake mechanism while pH remains neutral.  
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Materials and Methods 

Peptide synthesis, purification, validation, and fluorophore labeling.  Peptide was 

prepared by standard solid phase Fmoc (9-fluorenylmethyloxycarbonyl) synthesis 

methods with NovaSyn® TGR resin.  Prior to cleavage the peptide was capped by an 

acetyl group on the amino termini with 66% acetic anhydride (Sigma), 17% Lutidine base 

(Sigma), 17% acetic anhydride (Sigma), and a catalytic quantity of dimethyl-amino-

pyridine (Sigma) at 5x volume of the resin, mixed for 2 hours at room temperature.  The 

peptide is cleaved from the resin by an acidic solution composed of 94% trifluoroacetic 

acid (TFA, Acros Organics), 2% triisopropylsilane (Sigma), 2% ethanedithiol (Fluka 

Analytical), and 2% thioanisole (Sigma) and mixed for 2 hours at room temperature to 

cleave.  Upon cleavage the carboxyl termini attached to the resin is converted to an 

amide.  The peptide was composed of acetylated D-lysine, aminohexanoic acid (x), and 

nine D-arginines (Ackxr9).  Once cleaved the peptide was analyzed on an Agilent 1100 

HPLC/MS with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 4.6 mm from 

10-90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.0 

mL/min and the peptide mass identified in the positive ion mode at the +3, +4, +5 M+H+ 

(M/z 569.7, 427.7, 342.3).  Preparative purification was carried out on an Agilent 1100 

HPLC with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 10 mm from 10-

90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.8 

mL/min.   

 SNARF-4F was activated with ethyldicarbodiimide (Fluka Analytical) (1.0 eq.) 

and sulfosuccinimide sodium salt (Fluka Analytical) (5.0 eq.) in 100 mM 2-(N-
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morpholino)ethanesulfonic acid (MES) buffer at pH 5.9.  Reaction was monitored by 

Agilent 1100 HPLC/MS for completion over 2 hours with a Phenomenex Luna® 5 µm 

C18 100 Å LC Column 250 x 4.6 mm from 10-80% acetonitrile (Sigma) and water 

mixture with 0.01% TFA at a flow rate of 1.0 mL/min.  The purified Ackxr9 was added at 

1.0 eq. to the solution and mixed overnight with a catalytic amount of 

dimethylaminopyridine.  The labeled peptide was purified at 10-80% ACN/H2O (0.01%) 

at a flow rate of 1.8 mL/min on a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 

x 10 mm and identified by +3, +4, +5 M+H+ (M/z 799.7, 600.1, 480.3). 

 

Cell Culture.  HeLa cells were maintained in Dulbecco’s Minimum Essential Medium 

(Life Technologies) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin.  Cells were passaged when reaching 90% confluency.  Cells 

were plated on #1 glass coverglass-bottom dishes 48 hours prior to imaging into 8-well 

Nunc Lab-Tek™Chambered Coverglass (Thermo Scientific). 

 

Transfection of Cells.  Transfection solution was prepared with pCDNA3 vector 

containing CFP-4Cys (Appendix one) gene insert.  Fugene HD (Roche) was used 

according to commercial protocol.  Cells were transiently transfected 36-48 hours before 

imaging experiment. 

 

Live cell epifluorescence imaging.  FRET Imaging experiments to measure cytosolic 

delivery of r9-FlAsH or r9-FlAsH-r9 was completed on an Axiovert 200M (Carl Zeiss 

Micro-Imaging, USA) inverted epifluorescence microscope with a Plan NeoFluar 40x oil 
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immersion objective (1.30 NA).  CFP was imaged with a 420/20 bandpass excitation 

filter, 450 nm dichroic mirror, and 475/40 bandpass emission filter with 1 second 

exposure and 10% Neutral Density filter.  All images were captured with a Photometrics 

Cascade II 1024 CCD camera (Photometrics, Tucson, AZ).  Slidebook 4.0 by  (Intelligent 

Imaging Innovations, Inc.) was used to capture and analyze images. 

 For standard imaging experiments, cells were imaged in 8-well chambers after 

being washed 3x with Hanks Buffered Saline Solution supplemented with 2g/L glucose at 

pH 7.4.  CFP-4Cys transfected cells were imaged for up to 15 minutes prior to adding 

peptide-FlAsH.  After the peptide is added in 10 min the well is washed and the peptide is 

applied again. This is necessary to maintain an accurate concentration of the peptide in 

solution due to peptide-FlAsH non-specifically binding to the plastic surfaces, depleting 

the soluble concentration (Appendix one). 

 

Live cell confocal microscopy.  HeLa cells were plated in a similar fashion to 

epifluorescence imaging experiments but remained untransfected.  Cells were imaged 

using a Zeiss Observer.Z1 equipped with an LSM 5 Live confocal processor.  SNARF-4F 

was excited with 532 nm laser and imaged with C-Apochromat UV-Vis-IR 40X water 

immersion lens.  Fluorescence from the dye was collected with a 650 LP filter and 550-

615 BP. 

 

r9-SNARF-4F in situ calibration.  r9-SNARF-4F was applied to HeLa cells at 2 µM 

concentration.  Cells were given 25 minutes to endocytose the r9-SNARF-4F.  

Internalized peptide and fluorophore were calibrated using the “null method” as 
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described by Eisner et al.8  The pH was set at several points and the ratio of the two 

wavelengths emitted by SNARF-4F was measured from captured images from the 

confocal microscope.  The measurements were then fit to a curve using Sigma Plot 10 

(Systat Software, Inc., Point Richmond, CA).  Measurements of endosomes were tracked 

and were extrapolated to the pH by the ratio measurements. (Appendix one) 
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Figures 

 

 
 
 

 
 
 
Figure 3.1 – (above left) FlAsH-O precursor to FlAsH.  (above right) r9-FlAsH-O imaged 
by confocal microscopy shows two species, one excited by 488 nm laser and one excited 
by 532 nm laser. (below) pH titration excitation and emission spectra of r9-FlAsH-O. 

 
 



 

59 

 

 
 
Figure 3.2 – r9-FlAsH-O imaged by spectral imaging shows two separate species.  
(above)(r1) is within the nucleus, (r2) near the edge of the cell membrane.  (below)  
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Figure 3.3 – Acridine orange accumulation in acidic vesicles/endosomes in HeLa cells is 
inhibited by Bafilomycin A1. Green is indicative of diffuse acridine orange dye and red is 
indicative of concentrated acridine orange inside acidic punctate vesicles, endosomes, 
and lysosomes. 
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Figure 3.4 – r9 peptide scaffold used for the study. SNARF-4F (5-,6-) carboxylic acid 
was attached via the !-amine of D-Lysine. 
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Figure 3.5 – In situ intracellular calibration of pH by SNARF-4F emission ratio response 
to pH changes as induced by “null method” for pH calibration. 
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Figure 3.6 – r9 peptide is endocytosed into endosome vesicles. (above) Maximum 
projection of HeLa cells taking up r9-SNARF-4F over 25 minutes and indicates that the 
endosomes are initially neutral pH (red) and become acidified (green) over time. Scale 
bar is 10µm.  (below) Time lapse pH measurement of endosomes containg r9-SNARF-4F 
in HeLa cells (n = 8). 
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Figure 3.7 – Time lapse of r9-SNARF-4F uptake into HeLa.  Arrows and circled regions 
indicate several vesicle bursts of r9-SNARF-4F released from endocytic vesicles.  Frames 
spaced 30s apart viewed from top left to bottom right. 
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Figure 3.8 – Bafilomycin A1 (10 nM) affects the delivery rate of r9-FlAsH. 
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Chapter Four 

 
Comparison of localization and delivery efficiency of r9 and non-peptide 

guanidinium-rich molecular transporters 
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Abstract 

 The guanidinium groups of arginine amino acids mediate the interaction of cell 

penetrating peptides with heparin sulfate proteoglycans on the surface of cells.  

Guanidinoneomycin and D-Arg9 were synthesized and studied to discern their ability to 

localize in the cytosol of live cells. A cell-based FRET assay was used to extrapolate 

kinetic data and quantify the molecules in the cytosol.  The data demonstrate that 

although these two transporters maintain similar overall cellular uptake, the rate at which 

they release into the cytosol is quite distinct.  Furthermore, we are able to quantify the 

transporter delivered specifically to the cytosol. 

 
 

Introduction 

 Since the discovery that guanidinylation can lead to increased cellular uptake, 

numerous guanidinium based molecular transporters (GRTs) have been developed on an 

array of scaffolds.1-4  While initial attempts in the field were aimed at deciphering a single 

model of internalization and shared delivery properties, it is growing increasingly clear 

that each class of transporters maintains its own distinct delivery profile.5  Typically, 

studies revolve around overall cellular uptake as determined by flow cytometry, or 

intracellular delivery monitored by microscopy.6  However, it is difficult to visualize and 

characterize the uptake pathway or kinetic data of cytosolic delivery in live cells.  

Transporter localization and kinetic information is crucial for the growing effort to utilize 

these types of molecules as therapeutic delivery agents, as most intracellular therapeutics 

require cytosolic delivery.7,8   



 

70 

 Literature data suggest that while GRTs can deliver cargo to the cytosol, although 

the specific mechanism by which this process occurs is unknown,9 endosomal trapping is 

a primary issue preventing these molecules from being useful for therapeutic drug 

delivery.8  Additionally, it is unclear how much and at what rate the cargo reaches its 

targeted destination.10,11  While current methods exist to evaluate this information, they 

suffer from a lack of sensitivity or an inability to observe data in real time.12-15  In this 

report, we analyze and quantify the rate of cytosolic-delivery of these two transporters, 

using confocal microscopy and a cell-based FRET assay.  Specifically, D-Arg9 (r9) and 

guanidinoneomycin (Gneo, Figure 4.1) are investigated for their ability to present into the 

cytosol.  

  

Results and Discussion 

 Utilizing orthogonal dyes, confocal microscopy studies were performed using 

TAMRA-Gneo and Cy5-r9 (Figure 4.2) to determine their independent and combined 

distribution inside live cells.  In agreement with previous reports, puncta formation is 

largely prevalent for both transporters.  The guanidinoneomycin-TAMRA conjugate 

displays significantly more punctate localization than its r9-Cy5 counterpart at similar 

concentrations.  Interestingly, the transporters appear to co-localize.  Based on these 

images, however, it is difficult to discern how much of the transporters are present in the 

cytosol. 

 To expand our ability to characterize intracellular events, a cell-based FRET assay 

described by Tsien and co-workers was used to determine and quantify the rate at which 
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the transporters localize into the cytosol.16,17  The assay utilizes bi-arsenical fluorescein 

(FlAsH)-labeled conjugates that, only upon internalization and exposure to the cytosol, 

bind to the tetracysteine tag expressed on cyan-fluorescent protein (CFP-4Cys).18-21  

FlAsH conjugates binding to CFP-4Cys results in the formation of a reportable FRET 

pair, where CFP acts as the FRET donor and FlAsH as the FRET acceptor.18  By 

monitoring the rate at which the fluorescence changes over time, kinetic information can 

be extrapolated and quantified in live cells.22  The assay, however, cannot take into 

account which pathway the transporters use to gain entry to the cell and eventually 

present in the cytosol.   

 FlAsH-labeled conjugates of Gneo and r9 were synthesized and exposed to CFP-

4Cys-transfected HeLa cells.16,20,23   The initial rates, in pM/min, were obtained and 

plotted in Figure 4.3.23,24  The r9 conjugate demonstrates a 2–4 fold improved rate of 

cytosolic delivery compared to Gneo.  It is worth noting that at concentrations of 5µM 

and above the r9 conjugates were found to be cytotoxic, whereas the Gneo conjugates 

were not.8,25  The cytosolic rate of r9 uptake appears to attenuate and become constant, 

this is perhaps due to a maximum rate of endocytosis or transporter release.  Gneo, 

however, continues to increase linearly in this range.   

 The data suggests that while both transporters internalize similarly, their rate of 

release into the cytosol is quite distinct.  Indeed, it appears that Gneo suffers from 

endosomal trapping more than r9.  The tendency of Gneo to be trapped is reported and 

hypothesized to be a result of its selective affinity toward heparan sulfate 

glycosaminoglycans.26,27 Arginine-rich transporters, however, do not share this 

selectivity.25 



 

72 

Conclusion 

 Overall, the data support the trend that various guanidinylated scaffolds have 

distinct, but not entirely unique, delivery profiles.  While r9 displays superior cytosolic 

delivery to guanidinoneomycin, it can alternatively be stated that guanidinoneomycin is a 

superior vector for delivery to endosomal/lysosomal vesicles.  This technique has already 

been utilized for therapeutic treatment of lysosomal storage diseases.27   
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Materials and Methods 

Peptide synthesis, purification, validation, and fluorophor labeling.  Peptide was 

prepared by standard solid phase Fmoc (9-fluorenylmethyloxycarbonyl) synthesis 

methods with NovaSyn® TGR resin.  Prior to cleavage the peptide was capped by an 

acetyl group on the amino termini with 66% acetic anhydride (Sigma), 17% Lutidine base 

(Sigma), 17% acetic anhydride (Sigma), and a catalytic quantity of dimethyl-amino-

pyridine (Sigma) at 5x volume of the resin, mixed for 2 hours at room temperature.  The 

peptide is cleaved from the resin by an acidic solution composed of 94% trifluoroacetic 

acid (TFA, Acros Organics), 2% triisopropylsilane (Sigma), 2% ethanedithiol (Fluka 

Analytical), and 2% thioanisole (Sigma) and mixed for 2 hours at room temperature to 

cleave.  Upon cleavage the carboxyl termini attached to the resin is converted to an 

amide.  The peptide was composed of acetylated D-lysine, aminohexanoic acid (x), and 

nine D-arginines (Ackxr9).  Once cleaved the peptide was analyzed on an Agilent 1100 

HPLC/MS with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 4.6 mm from 

10-90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.0 

mL/min and the peptide mass identified in the positive ion mode at the +3, +4, +5 M+H+ 

(M/z 569.7, 427.7, 342.3).  Preparative purification was carried out on an Agilent 1100 

HPLC with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 10 mm from 10-

90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.8 

mL/min.   
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UV-Vis. Concentrations for FlAsH and Cy5 labeled compound solutions were 

determined using Nano Drop 2000C and literature values for extinction coefficients.   

 

Flow Cytometry.  75000 HeLa cells were counted by using a hemocytometer, 

transferred to 48-well plates, and incubated in DMEM (300 µL of media; with a 1% 

solution of penicillin/streptomycin and 10% FBS) overnight at 37°C. The cells were then 

washed with PBS and treated with a solution of the corresponding compound (75 µL; 

DMEM containing 10% FBS) and incubated. Following this, the cells were washed twice 

with PBS to remove any remaining extracellular compound. The cells were then detached 

with trypsin/EDTA (50 µL), diluted with medium (50 µL) and FACS buffer (50 µL), and 

analyzed by flow cytometry. Cellular uptake was quantified by the mean fluorescence 

intensity; the crude data were interpreted by using FlowJo v8.8.6 wherein the median 

value was determined and later plotted and further analyzed by using OriginPro 8.  

 
Preparation of r9-Cy5.  Cy5-NHS, 4-dimethylaminopyridine, and N,N-

diisopropylethylamine were added to r9 in DMF for 12 h at RT.  The crude product was 

purified on a C-18 reverse phase HPLC column using a gradient of 10–90% acetonitrile 

(0.1% TFA) in water (0.1% TFA) over 20 minutes (3mL/min).  The compound eluted as 

a TFA salt at 6.2 min.  HR-ESI-FT-MS calculated for C101H178N42O19S2 [M+4H]+4 

586.8418 and found 586.8416. 

 

Preparation of r9-FlAsH. Succinylated-carboxy-FlAsH(EDT)2 obtained from Dr. 

Stephen Adams, was mixed with 1.5 eq. purified Ackxr9
 or Acr9xkxr9 in DMSO with 1.0 
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eq. diisopropylethylamine (Aldrich) and monitored overnight by Agilent 1100 HPLC/MS 

for completion. The labeled peptide was purified at 10-90% ACN/H2O (0.01%) at a flow 

rate of 1.8 mL/min on a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 10 mm 

and identified by HR-ESI-TOFMS calculated for C93H155As2N40O23S2 [M+3H]+3 799.3247 

and found 799.3235.   

 

Cell Culture.  HeLa cells were maintained in Dulbecco’s Minimum Essential Medium 

(Life Technologies) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin.  Cells were passaged when reaching 90% confluency.  Cells 

were plated on #1 glass coverglass-bottom dishes 48 hours prior to imaging into 8-well 

Nunc Lab-Tek™Chambered Coverglass (Thermo Scientific). 

 

Transfection of Cells.  Transfection solution was prepared with pCDNA3 vector 

containing CFP-4Cys (Appendix 1) gene insert.  Fugene HD (Roche) was used according 

to commercial protocol.  Cells were transiently transfected 36-48 hours before imaging 

experiment. 

 

Live cell epifluorescence imaging.  FRET Imaging experiments to measure cytosolic 

delivery of r9-FlAsH or r9-FlAsH-r9 was completed on an Axiovert 200M (Carl Zeiss 

Micro-Imaging, USA) inverted epifluorescence microscope with a Plan NeoFluar 40x oil 

immersion objective (1.30 NA).  CFP was imaged with a 420/20 bandpass excitation 

filter, 450 nm dichroic mirror, and 475/40 bandpass emission filter with 1 second 

exposure and 10% Neutral Density filter.  All images were captured with a Photometrics 
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Cascade II 1024 CCD camera (Photometrics, Tucson, AZ).  Slidebook 4.0 by  (Intelligent 

Imaging Innovations, Inc.) was used to capture and analyze images. 

 During imaging experiments, cells were imaged in 8-well chambers after being 

washed 3x with Hanks Buffered Saline Solution supplemented with 2g/L glucose at pH 

7.4.  CFP-4Cys transfected cells were imaged for up to 15 minutes prior to adding 

peptide-FlAsH.  After the peptide is added in 10 min the well is washed and the peptide is 

applied again. This is due to peptide-FlAsH non-specifically binding to the plastic 

surfaces as measured by absorbance (Fig. A1.2-A1.4). 
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Figure 4.1 – Structures of A) r9 , and B) guanidinoneomycin.  R = Cy5, FlAsH, or 
TAMRA. Guanidine groups are highlighted in blue.  
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Figure 4.2 – Confocal microscopy images highlighting co-localization and 
internalization of guanidinoneomycin-TAMRA and Arg9-Cy5.  A) DIC image, B) 0.75 
µM transporters, C) DIC image, D) 2.0 µM transporters.  Images are taken after 60 
minutes. 
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Figure 4.3 – Comparison of the rate of endosomal escape.  Key: r9 !, and gneo !. Note 
that r9 was toxic at 5µM (ʘ).   
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Chapter Five 
 

Studies of the affects of pharmacological agents on the cytosolic delivery 
of r9-FlAsH 
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Abstract 

 Many proteins govern the endocytosis machinery.  Each protein function 

independently, but interact to control critical steps of the machinery without which the 

mechanism would be incapacitated.  Biochemists have used various pharmacological 

inhibitors to attempt to elucidate the steps of the endocytosis mechanism.  In the field of 

CPP, biochemists have equally employed pharmacological agents to attempt to undestand 

the mechanisms that enable the entry of these peptides into a cell.  Here we present a 

study of three pharmacological agents that are inhibitors or agonists of proteins 

implicated in the critical steps of endocytosis of CPPs.  Using wortmannin, PMA and 

chloroquine, we explore how the effects of these molecules on the cell affect the 

cytosolic release of r9 CPP. 

 

Introduction 

 Since a clear consensus established that cell penetrating peptides (CPPs) are 

internalized by various endocytic processes the various endocytic routes have been 

probed through pharmacological agents that perturb the endocytic mechanisms.  The 

various endocytic mechanisms are a result of coordination of many hundreds of proteins.  

Some proteins have equivalent roles in endocytosis like actin or microtubules, but others 

only play specific roles in trafficking or maturation of vesicles.1-3   

 In the endocytic mechanism the internalization process is dependent on 

cytoskeletal components but also sorting proteins.  Cytoskeletal components like actin 

and microtubules create the tracks and motion of the endocytosed vesicles throughout the 
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cells, while other proteins ensure that vesicles continuously move through the process of 

degradation or trafficking to the correct organelle.  Two proteins that play a main role in 

the trafficking process are phosphatidyl-inositol-3-OH kinase (PI(3)K) and protein kinase 

C (PKC).  Both are implicated in steps of the endocytic processes that also internalize 

CPPs.2 

 PI(3)K is implicated in several points of the trafficking of endosomes.  PI(3)K 

may be involved with the fusing of early endosomes with late endosomes as well as in the 

cycling of receptors to the surface of cells.4,5  By using an inhibitor for PI(3)K, 

wortmannin (Fig. 5.1), in a model of CPPs of arginine8 (R8) Nakase et al. concluded that 

a reduction of delivery of the peptide by indirect measurement of reduced cell death as 

compared to a control.  In contrast to Nakase et al. Duchardt et al. notes that wortmannin 

had no effect on the internalization of R9 peptides.4,6   

 PKC plays various roles in cell growth and proliferation.  With respect to CPP 

endocytosis, PKC is an activator of macropinocytosis, which is the implicated endocytic 

pathway for polyarginine endocytosis.7,8  There is some evidence to indicate that phorbol 

(phorbol 12-myristate 13-acetate, PMA, Fig. 5.1) stimulation of PKC can enhance the 

fusion of endosomes as well.9   

 Within the scope of pharmacological agents that can be tested a question remains 

as to the efficiency of some supposed endosome breaking agents, or lysosomotropic 

agents.  Chloroquine is a common lysosomotropic agent used to investigate peptide 

release into the cytoplasm (Fig. 5.1).  Chloroquine can perturb vesicles by either slowing 

acidification or by accumulating counterions in the endosome and eventually causing the 

breakage and release of the vesicle contents. 
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 Using a measure of D-arginine9 (r9) entry into endosomes (see Chapter two), we 

investigate the affect of PMA, wortmannin, and chloroquine on the rate of r9 release into 

the cytosol and nucleus.  PMA enhanced the rate of delivery slightly of r9, while 

wortmannin had no significant measureable effect on the delivery rate of r9.  Chloroquine 

did indicate an increased rate of delivery of r9.  

 

Results and Discussion 

 The delivery efficiency and delivery rate of r9 is an important aspect of the utility 

of this molecule to be useful as a drug delivery molecule.  In order to better understand 

how this molecule may be useful the mechanism by which it is taken into cell is a critical 

characteristic to elucidate.  In hopes of learning more about the mechanism of uptake and 

the affect on the efficiency of the delivery rate of r9 to the cytosol, PMA, wortmannin and 

chloroquine were used to perturb proteins or the biochemistry of the endocytic 

mechanism.   

PMA stimulation results in an average increase in the rate of r9-FlAsH cytosolic 

delivery.  PMA was expected to stimulate membrane ruffling which can also enhance the 

level of endocytosis.  PMA is also implicated to enhance vesicle fusion after endocytosis.  

Stimulation of membrane ruffling was expected to enhance peptide uptake and thus 

increase the probability of release from endosomes, whereas it was not clear that vesicle 

fusion should enhance endosomal release or uptake. 

 PMA use in CFP-4Cys transfected HeLa cells enhances the delivery rate of r9-

FlAsH (Figure 5.2).  The enhancement by PMA did not pass the student’s t-test for 
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significance, but there is an average increase in the uptake that could be a result of the 

increased ruffling.  The rate of delivery in presence of PMA was increased slightly as the 

concentration increased over the range of concentrations from 0.75µM – 2µM.   

Stimulation by PMA is not enough to increase uptake of the low extracellular peptide 

concentrations compared to the rate of uptake of high extracellular concentrations of 

peptide in control samples. 

Wortmannin does not significantly inhibit or enhance the delivery rate of r9-FlAsH.  

Vesicle cycling and trafficking is affected by PI(3)K.  Wortmannin (WM) can block the 

cycling of vesicles and may provide more time in the early endosome state preventing 

fusion to late endosomes.  Figures 5.3 presents data which indicates no statistically 

significant effect on the rate of r9-FlAsH delivery.  On average the highest improvement 

in the delivery rate is at 3µM.  This conservative improvement of r9-FlasH delivery may 

be attributed to the prevention of vesicle cycling and fusion, providing slightly more time 

to enhance r9-FlAsH release.  At all other tested concentrations WM had little or no 

significant effect on the delivery rate of r9-FlAsH. 

Chloroquine enhances endosomal sequestered r9-FlAsH delivery.  Endosomal escape 

is the limiting step of r9-FlAsH delivery.  To enhance delivery lysosomotropic agents are 

expected to be a very useful.  Chloroquine (CQ) is commonly used to show that CPPs are 

sequestered predominantly in endosomes.  Although CQ is the standard method of 

breaking endosomes it is very dependent on acidity of vesicles containing CPPs in order 

to break endosomes.  It is not clear that all CPPs follow the same endocytic route thus all 

peptides may not be endocytosed into vesicles that become acidic.  To gain a better 
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understanding of the role of CQ with respect to r9, r9-FlAsH delivery was tested in 

presence of CQ. 

 In presence of CQ r9-FlAsH delivery rate was enhanced minimally at 0.75 µM r9-

FlAsH application (Figure 5.4).  As r9-FlAsH concentration increased to 1µM and higher, 

CQ appeared to have an increased affect (2.5x) on the delivery rate.  Thus, the indication 

was that CQ may be breaking the endosomes inside which r9 is sequestered.  The affect of 

CQ does appear to taper off at 3µM, but this was the highest concentration tested in this 

assay.  The data confirm that CQ enhances cytoslic release of r9-FlAsH but not to the 

extent that has been reported previously. 

 
 

Materials and Methods 

Peptide synthesis, purification, validation, and fluorophor labeling.  Peptide was 

prepared by standard solid phase Fmoc (9-fluorenylmethyloxycarbonyl) synthesis 

methods with NovaSyn® TGR resin.  Prior to cleavage the peptide was capped by an 

acetyl group on the amino termini with 66% acetic anhydride (Sigma), 17% Lutidine base 

(Sigma), 17% acetic anhydride (Sigma), and a catalytic quantity of dimethyl-amino-

pyridine (Sigma) at 5x volume of the resin, mixed for 2 hours at room temperature.  The 

peptide is cleaved from the resin by an acidic solution composed of 94% trifluoroacetic 

acid (TFA, Acros Organics), 2% triisopropylsilane (Sigma), 2% ethanedithiol (Fluka 

Analytical), and 2% thioanisole (Sigma) and mixed for 2 hours at room temperature to 

cleave.  Upon cleavage the carboxyl termini attached to the resin is converted to an 

amide.  The peptide was composed of acetylated D-lysine, aminohexanoic acid (x), and 
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nine D-arginines (Ackxr9).  Once cleaved the peptide was analyzed on an Agilent 1100 

HPLC/MS with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 4.6 mm from 

10-90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.0 

mL/min and the peptide mass identified in the positive ion mode at the +3, +4, +5 M+H+ 

(M/z 569.7, 427.7, 342.3).  Preparative purification was carried out on an Agilent 1100 

HPLC with a Phenomenex Luna® 5 µm C18 100 Å LC Column 250 x 10 mm from 10-

90% acetonitrile (Sigma) and water mixture with 0.01% TFA at a flow rate of 1.8 

mL/min.   

 

Cell Culture.  HeLa cells were maintained in Dulbecco’s Minimum Essential Medium 

(Life Technologies) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin.  Cells were passaged when reaching 90% confluency.  Cells 

were plated on #1 glass coverglass-bottom dishes 48 hours prior to imaging into 8-well 

Nunc Lab-Tek™Chambered Coverglass (Thermo Scientific). 

 

Transfection of Cells.  Transfection solution was prepared with pCDNA3 vector 

containing CFP-4Cys (Appendix 1) gene insert.  Fugene HD (Roche) was used according 

to commercial protocol.  Cells were transiently transfected 36-48 hours before imaging 

experiment. 

 

Live cell epifluorescence imaging.  FRET Imaging experiments to measure cytosolic 

delivery of r9-FlAsH or r9-FlAsH-r9 was completed on an Axiovert 200M (Carl Zeiss 

Micro-Imaging, USA) inverted epifluorescence microscope with a Plan NeoFluar 40x oil 
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immersion objective (1.30 NA).  CFP was imaged with a 420/20 bandpass excitation 

filter, 450 nm dichroic mirror, and 475/40 bandpass emission filter with 1 second 

exposure and 10% Neutral Density filter.  All images were captured with a Photometrics 

Cascade II 1024 CCD camera (Photometrics, Tucson, AZ).  Slidebook 4.0 by  (Intelligent 

Imaging Innovations, Inc.) was used to capture and analyze images. 

 For standard imaging experiments, cells were imaged in 8-well chambers after 

being washed 3x with Hanks Buffered Saline Solution supplemented with 2g/L glucose at 

pH 7.4.  CFP-4Cys transfected cells were imaged for up to 15 minutes prior to adding 

peptide-FlAsH.  After the peptide is added in 10 min the well is washed and the peptide is 

applied again. This is necessary to maintain an accurate concentration of the peptide in 

solution due to peptide-FlAsH non-specifically binding to the plastic surfaces, depleting 

the soluble concentration (Appendix 1).  Wortmannin was to a final concentration of 75 

nM added 30 minutes prior to imaging and imaging was continued as normal.  PMA was 

added with r9-FlAsH concentrations at 2.5 µM.  Chloroquine was added 20 minutes 

before the experiment was started at 75 µM.  All concentrations of pharmacological 

agents were added at the same concentration to the bath at refresh step. 
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Figures 

 

Figure 5.1 – (top) Phorbol 12-myristate 13-acetate, (middle) wortmannin, (bottom) 
chloroquine 
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Figure 5.2 – The effect of PMA application on the delivery rate of r9-FlAsH. 
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Figure 5.3 – The effect of Wortmannin (WM) application on the delivery rate of r9-
FlAsH. 
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Figure 5.4 – The effect of Chloroquine (CQ) application on the delivery rate of r9-FlAsH. 
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Appendix One 

Gene sequence of CFP-4Cys coded as CFPPG777 

CFP-PG777 pCDNA3 construct flanked by T7 promoter and SP6 Reverse 
sequencing promotor 
 
   1  M   V   S   K   G   E   E   L   F   T   G   V   V   P   I   L   V   E   L   D  
 280 ATG GTG AGC AAG GGC GAG GAG CTG TTC ACC GGG GTG GTG CCC ATC CTG GTC GAG CTG GAC 
 
  21  G   D   V   N   G   H   R   F   S   V   S   G   E   G   E   G   D   A   T   Y  
 340 GGC GAC GTA AAC GGC CAC AGG TTC AGC GTG TCC GGC GAG GGC GAG GGC GAT GCC ACC TAC 
 
  41  G   K   L   T   L   K   F   I   C   T   T   G   K   L   P   V   P   W   P   T  
 400 GGC AAG CTG ACC CTG AAG TTC ATC TGC ACC ACC GGC AAG CTG CCC GTG CCC TGG CCC ACC 
 
  61  L   V   T   T   L   T   W   G   V   Q   C   F   S   R   Y   P   D   H   M   K  
 460 CTC GTG ACC ACC CTG ACC TGG GGC GTG CAG TGC TTC AGC CGC TAC CCC GAC CAC ATG AAG 
 
  81  Q   H   D   F   F   K   S   A   M   P   E   G   Y   V   Q   E   R   T   I   F  
 520 CAG CAC GAC TTC TTC AAG TCC GCC ATG CCC GAA GGC TAC GTC CAG GAG CGT ACC ATC TTC 
 
 101  F   K   D   D   G   N   Y   K   T   R   A   E   V   K   F   E   G   D   T   L  
 580 TTC AAG GAC GAC GGC AAC TAC AAG ACC CGC GCC GAG GTG AAG TTC GAG GGC GAC ACC CTG 
 
 121  V   N   R   I   E   L   K   G   I   D   F   K   E   D   G   N   I   L   G   H  
 640 GTG AAC CGC ATC GAG CTG AAG GGC ATC GAC TTC AAG GAG GAC GGC AAC ATC CTG GGG CAC 
 
 141  K   L   E   Y   N   Y   I   S   H   N   V   Y   I   T   A   D   K   Q   K   N  
 700 AAG CTG GAG TAC AAC TAC ATC AGC CAC AAC GTC TAT ATC ACC GCC GAC AAG CAG AAG AAC 
 
 161  G   I   K   A   H   F   K   I   R   H   N   I   E   D   G   S   V   Q   L   A  
 760 GGC ATC AAG GCC CAC TTC AAG ATC CGC CAC AAC ATC GAG GAC GGC AGC GTG CAG CTC GCC 
 
 181  D   H   Y   Q   Q   N   T   P   I   G   D   G   P   V   L   L   P   D   N   H  
 820 GAC CAC TAC CAG CAG AAC ACC CCC ATC GGC GAC GGC CCC GTG CTG CTG CCC GAC AAC CAC 
 
 201  Y   L   S   T   Q   S   A   L   S   K   D   P   N   E   K   R   D   H   M   V  
 880 TAC CTG AGC ACC CAG TCC GCC CTG AGC AAA GAC CCC AAC GAG AAG CGC GAT CAC ATG GTC 
 
 221  L   L   E   F   V   T   A   A   G   I   T   L   G   M   D   E   L   Y   K   A  
 940 CTG CTG GAG TTC GTG ACC GCC GCC GGG ATC ACT CTC GGC ATG GAC GAG CTG TAC AAG GCC 
 
 241  E   A   A   A   R   E   A   C   C   P   G   C   C   A   R   A   *  
1000 GAG GCC GCC GCC AGG GAG GCC TGC TGC CCC GGC TGC TGC GCC AGG GCC TAA 
 

Figure A1.1 – Gene sequence of CFP-4Cys coded as CFPPG777. 
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Figure A1.2 – Loss of soluble r9-FlAsH to non-specific binding to plastic in dishes 
without and with cells.  The adherence to cells is not significant 
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Figure A1.3 – Depletion of r9-FlAsH in wells at 2 different concentrations.  Low 
concentration (red line), high concentration (black line), initial time (solid), final time (60 
minutes) (dashed). 
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Figure A1.4 – Fraction of r9-FlAsH that is depleted from solution in wells (3 µM and 1 
µM).   
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Figure A1.5 – (above) CAD rendering of micro-cuvettes used for calibration of 
fluorescent molecules.  (below) Fluorescent image of micro-cuvette filled with 
fluorescent liquid as seen in epifluorescence image. 
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Figure A1.6 – Main method of program to process the data written in JAVA 
programming language.  The main method runs the main portion of the program from a 
command prompt window. This portion of the code creates data structures to organize the 
data from each cell and position (continued on the next four pages).  
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Figure A1.6 – Main method of program to process the data written in JAVA 
programming language. (Continued) 
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Figure A1.6 – Main method of program to process the data written in JAVA 
programming language. (Continued) 
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Figure A1.6 – Main method of program to process the data written in JAVA 
programming language. (Continued) 
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Figure A1.6 – Main method of program to process the data written in JAVA 
programming language. (Continued) 
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Figure A1. 7 – Cell class file of program to process the fluorescence counts data 
collected from each cell; written in JAVA programming language.  Class that creates a 
cell object holding all data values of each cell. (continued on the next four pages).    
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Figure A1. 7 – Cell class file of program to process the fluorescence counts data 
collected from each cell. (Continued) 
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Figure A1. 7 – Cell class file of program to process the fluorescence counts data 
collected from each cell. (Continued) 
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Figure A1. 7 – Cell class file of program to process the fluorescence counts data 
collected from each cell. (Continued) 
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Figure A1. 7 – Cell class file of program to process the fluorescence counts data 
collected from each cell. (Continued) 
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Preparation of r9-FlAsH-O.   
 
 15 nmol r9-FlAsH(EDT)2 was mixed with 39 nmole Mercuric acetate (HgAc2) in 

THF.  Reaction results in a cloudy mixture.  Mixture was centrifuged and supernatant 

was checked for full reaction on UV/Vis (525 nm).  Reaction appeared complete.  

Supernatent was lyophilized and resulted in a shiny gold residue. 




