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ABSTRACT OF THE DISSERTATION 
 

Activatable Cell Penetrating Peptides and their use in Clinical Contrast Agent and 

Therapeutic Development 

by 

 

Todd Anthony Aguilera 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2009 

Professor Roger Y. Tsien, Chair 

 

 

 

Activatable cell penetrating peptides (ACPPs) are polycationic cell penetrating 

peptides (CPPs) whose cellular uptake is minimized by a polyanionic inhibitory domain 

and then restored upon proteolysis of the peptide linker connecting the polyanionic and 

polycationic domains. Local activity of proteases able to cut the linker causes amplified 

retention in tissues and uptake into cells.  This ACPP platform has been specifically 

designed to meet 3 major criteria for contrast and therapeutic agent development.  The 

first criterion was to target a wide spread disease process and mechanism that is inherent 

to cancer progression, in this case, matrix metalloprotease activity.  Secondly, the 

platform was designed with an amplification mechanism that can deliver multiple 

molecules per target; in this case the targets are cancer proteases.  Thirdly, the ACPP 

platform is not limited to a single enzyme target, imaging modality, or therapeutic 

playload.  We show the validation of the ACPP concept from tissue culture to systemic 

administration in tumor bearing mice.  ACPPs have enhanced biodistribution compared 
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to the CPP counterpart and they yield MMP dependent contrast in multiple tumors and in 

metastases.  ACPPs can be conjugated to macromolecular weight carriers to further 

enhance the biodistribution profile by prolonging plasma half-life resulting in enhanced 

tumor uptake and providing clinically significant contrast as an 111In radiotracer.  The 

second part of the dissertation focuses on translation from imaging agents into therapeutic 

agents.  We describe the challenges of cell penetration, drug conjugation, stability, and 

the resulting animal testing using doxorubicin conjugated dendrimers that yielded some 

promising results.  Lastly, we describe the simple attachment of ACPPs to clinically 

approved therapeutic nanoparticles. This approach has resulted in ACPP based targeted 

doxorubicin liposomes that have significant anti-tumor activity compared to untargeted 

liposomes.  We conclude that because of preclinical successes, ACPPs have significant 

potential in the development of a targeting portfolio of imaging and therapeutic agents 

that could one day be useful in the clinic.     

 



 

1 

 

CHAPTER 1: Introduction 

1.1 The Importance of Imaging and Therapeutic 
Development in Oncology, the Big Picture 

Cancer is the second leading cause of death in America each year as reported in a  

2006 Center for Disease Control study.1 In the past 35 years, the 5-year survival for 

cancer patients has increased from 50% to 65%.  This progress has been as dramatic as 

75% to 90% in breast cancer patients and 68% to nearly 100% for patients with prostate 

cancer.  These improvements have to do with an increasing number of combination 

therapies and the approval of over a dozen molecularly targeted therapies as well as early 

detection.2  Further improvement of patient outcomes can only continue to be made 

through effective prevention, better diagnostics, earlier detection, and better therapeutic 

options.  New molecularly targeted agents will contribute to this progress.  When 

designing future imaging and therapeutic agents it is important to maximize the potential 

impact based upon rational criteria that are supported by sound biological and chemical 

principles.  

This dissertation focuses on the development of a platform of molecules that 

could impact clinical oncology by providing new options for the detection, surveillance, 

and treatment of tumors and metastases through a protease based molecular targeting 

mechanism.  The molecules discussed herein have been engineered to specifically target 

proteolytic activity, an intrinsic mechanism which is well documented to be important 

during tumor progression and metastases.  This is in contrast to other targeting 

approaches based upon accidental correlations of particular tumor markers for specific 

types of cancer.  Secondly, the proposed platform utilizes an amplifying mechanism 

wherein each molecule of target enzyme can activate or localize multiple molecules of 

contrast agent or chemotherapeutic drugs.  Finally, it is important that the targeting  
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mechanism can work with more than one protease substrate, imaging modality, or 

therapeutic payload.  This provides flexibility in the platform to change imaging 

modalities, therapeutics, or even disease applications.  With these criteria the potential for 

‘personalized medicine’ informed by detection through imaging may be realized.  

Because ACPPs fulfill these criteria, we believe they can impact clinical medicine during 

the current molecular revolution as will be further introduced and discussed throughout 

this dissertation.  

 

1.2 Clinical Oncology from Imaging to Treatment 

Diagnostic imaging and therapy are essential components of clinical oncology.  

From the time a patient is first diagnosed with cancer, imaging plays an important role.  

This could be as simple as anatomic imaging with computed tomography (CT), magnetic 

resonance imaging (MRI), or ultrasound (US) to molecular and physiologic imaging with 

contrast using single photon emission computed tomography (SPECT) or positron 

emission tomography (PET).  In addition to being used for diagnostic purposes imaging 

is often used for surveillance of disease whether for detection of recurrence or monitoring 

progression of disease. 

Cancer therapy plays an important role in clinical oncology because it is the first 

line of defense after diagnosis.  Cancer therapy can take the form of surgical removal of a 

tumor, radiation therapy, drug treatment, or a combination of two or three of these 

approaches.  There are many drug options such as classic cytotoxic chemotherapies, 

antibody therapies, targeted small molecules aimed at receptors, kinases, to name a few.  

Treatment plans vary greatly and each has a significant level of risk or toxicity, side 

effects, and comorbidities, conveying the need to decrease risks and increase efficacy 

with new treatments. 
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Imaging and therapy are almost always intertwined in some form or another in 

oncology.  This is the case when using imaging studies to determine prognosis and 

treatment options.  Imaging is an important component of monitoring therapeutic efficacy 

as has been recently standardized through the response evaluation criteria in solid tumors 

(RECIST).3,4,5  Imaging analyses are now being emphasized as potential endpoint criteria 

in Phase II clinical trials for new experimental cancer drugs.6  Because of this 

interconnectedness we believe that development of imaging and therapeutic agents based 

upon similar principles can inform and complement each other in the clinical setting.  

 

1.3 Clinical Contrast Agent Development for Cancer 

1.3.1 State of the art 

Imaging is often utilized in the clinic for screening, diagnostic tests, and 

surveillance of cancer progression or recurrence.  For screening it is important to have a 

tool that is readily available, relatively inexpensive and has optimal sensitivity and 

specificity.  An example is breast mammography that has been used for screening of 

breast cancer.  This method has a specificity of 87.2% (probability that a negative test is a 

true negative) and sensitivity of 84%  (probability of identifying a true positive compared 

to all positives) using computer aided technology.7 Screening based upon imaging has 

been implemented for many types of cancers. Whether on a population basis or in high-

risk populations, the screening utilizes inexpensive methods and implementation is 

mindful of the cost benefit analyses for the procedure.8,9,10,11 

Diagnostic tests and surveillance utilize more sophisticated and expensive 

imaging technologies.  Clinical imaging technologies including ultrasound, PET, SPECT, 

MRI, and CT are all improving rapidly, however many of these modalities are limited in 

the anatomic resolution, the spatial resolution, or innate tissue contrast.  Enhancement of 
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the tumor to normal tissue ratio will require enhanced sensitivity and contrast agents 

targeting primarily through the continued evolution of molecular imaging.12,13,14  Many of 

these advancements are on the horizon, though some early breakthroughs such as PET 

imaging with fluorodeoxyglucose (FDG) have had a significant clinic impact in recent 

years.15,16 There are multiple imaging modalities either in clinical development or in the 

preclinical stage that have potential for various applications, including various optical 

imaging applications.12,17,18   

Each imaging modality has its inherent benefits and challenges. It is important to 

understand the limitations and the requirements when developing contrast agents for 

clinical development.  Some of the basic characteristics of relevant imaging modalities 

for clinical application are reviewed by Jaffer and Weissleder13 and Frangioni.12 Briefly, 

MRI has the best anatomical spatial resolution but the main limitation is that the 

sensitivity for contrast agents is very poor.  PET and SPECT have excellent sensitivity 

but do not have good spatial resolution.  Because of new PET/CT and SPECT/CT fusions 

and technological advancements of cameras, PET and SPECT imaging is rapidly 

improving.19 For the scope of this dissertation we will focus on optical imaging as a 

means for screening tumor-targeting molecules with the aim to evolve them into nuclear 

medicine agents (PET and SPECT) because the peptide configurations discussed have 

excellent tumor targeting but do not achieve the micromolar concentrations for MRI like 

previous dendrimers based ACPPs.  

1.3.1.1 Optical imaging 

Tagging molecules with far-red or near infrared fluorescent dyes have been very 

useful to researchers in developing targeting agents for the detection of cancer.  Clinical 

development of fluorescent contrast agents to see deep structures, while possible will be 

very difficult because of the limitations of visible light penetration through tissues. 

Imaging in the near infrared window allows the best penetration of optical photons 
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because of the avoidance of absorbance of excitation light by hemoglobin and water.20 

This initially enabled targeting tumors with antibodies labeled with near infrared 

fluorophores such as cyanine dyes.21,22  Since then there has been much work evolving 

imaging systems and contrast agents to detect fluorescence in animals and humans.  Our 

use of this technology has enabled the evaluation or our targeting probes in mice that we 

intend to translate into radiological contrast payloads for MRI or nuclear medicine.  

However, our lab is still very interested in exploiting the use of fluorescence to guide the 

surgical removal of cancer. 

1.3.1.2 Nuclear imaging 

Nuclear medicine is a field of medicine that uses radioisotopes for the diagnosis 

and treatment of disease.  Much of the imaging in this field focuses on SPECT and PET.  

SPECT is a technology where a collimated camera detects radioactive gamma photons 

emitted from a radioisotope after nuclear decay.  Because the photons are emitted in 

random directions the camera must be collimated as to absorb or deflect photons that did 

not come directly from the region of interest.  The technological developments SPECT 

cameras are rapidly improving though they still lack spatial resolution compared to 

MRI.23 Two common clinically used gamma emitting radioisotopes are 99mTechnetium 

(99mTc) and 111Indium (111In) with radioactive decay half-lives of 6.0 hours and 2.8 days 

respectively.  The gamma energies of 99mTc and 111In are 100-300 kilo-electron volts 

(keV), subjecting patients to moderate amounts of ionizing radiation.  SPECT is different 

than planar imaging (scintigraphy) because the camera rotates around the subject as done 

with x-ray detectors for CT scanning.  The data collected can be reconstructed to give a 

3D image of the radioisototope in the organism imaged.  For small animal imaging in 

later studies we used a planar collimated gamma camera for 111In imaging in mice.  This 

camera does not provide tomographic resolution, so the images are less impressive.  
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However, if sufficient tumor contrast can be achieved with planar imaging in mice, 

imaging quality should improve further when using SPECT or going to larger animals.  

PET is different than SPECT in that it detects annihilation of a positron from a 

radioisotope such as 18F.  When a positron is emitted it travels up to a few millimeters 

and collides with an electron, which then emits two gamma photons 180o from each 

other.  Both gamma rays can be detected by cameras positioned around the subject 180o 

from each other, and the likely location of positron emission in 3D space can be 

determined through detection of multiple gamma photons emitted from the subject.  The 

dissertation will not further discuss PET technology though research is actively being 

pursued with the targeting peptides.     

1.3.2 Untargeted agents 

There are many classes of imaging agents that will be touched on briefly, the first 

being untargeted agents.  Untargeted agents are the basis of most of the clinically 

approved contrast agents used in diagnostic radiology.  For tumor contrast these agents 

often accumulate in tumors passively due to the enhanced permeability and retention 

effect (EPR) of leaky tumor vasculature.24,25,26 Clinically approved untargeted agents, 

typically located extracellularly, include iodinated agents for CT,27 and Gadolinum-

DTPA (Magnevist) for MRI.28  There are a number of other agents that are being 

developed in preclinical settings or in clinical trials that conjugate or entrap contrast 

agents on polymers or inside nanoparticles that eventually intend to be used for targeting.    

1.3.3 Targeted agents 

Targeted agents can come in many shapes and forms.  Generally these types of 

contrast agents are not as established in clinical medicine but there are a significant 

number at the conceptual phase, preclinical phase, and clinical trial phase.  The most 

notable targeted agent is FDG for PET imaging, which has affected the way clinicians 
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characterize tumors.15  There are a number of approaches and clinical candidates in the 

literature for targeted agents that include but are not limited to targeted antibodies, 

proliferation agents, metabolic agents, angiogenic agents, protease activatable agents, 

extracellular matrix ligands, and tumor homing peptides.  This literature encompasses a 

broad spectrum of molecular design approaches, various intended imaging modalities, 

different mechanistic targets, and different levels of validation.  Because of the breadth of 

these fields the following reviews from Jaffer and Weissleder,13 Frangioni,12  Pierce et 

al.,18 Margolis et al.,14 and Pomper29 are relevant to provide a deeper background.      

 

1.4 Therapeutic Agent Development for Cancer 

1.4.1 State of the art 

Cancer therapy has traditionally consisted of cytotoxic small molecules that 

preferentially kill dividing cells or cancer cells.  Such drugs have consisted of mustards, 

anthracycline antibiotics, alkylating agents like platinum, antimetabolites that block DNA 

synthesis like methotrexate, vinca alkaloids that block assembly of microtubules, taxanes 

that enhance stability of microtubules, and topoisomerase inhibitors like irinotecan.  Most 

of these drugs have serious disadvantages, because they affect many other dividing cells 

in the body leading to severe toxicities.  In many cases the therapeutic index (lethal dose/ 

effective dose) is very low leading to significant side effects in the cancer patient.  In 

recent decades medical oncologists have been trying to move away from these dangerous 

therapies toward more targeted or tumor specific therapies.  In some cases this has made 

a significant impact, for example imatinib, a kinase inhibitor that inhibits the BCR-Abl 

constitutive kinase, a result of the Philadelphia chromosome translocation has been used 

to successfully treat chronic mylogenous leukemia and other hematologic malignancies.30  
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Frequently novel therapies are being approved that are based upon specific 

targeting mechanisms or untargeted formulations to alter pharmacokinetics.  There are 

now more options than ever but these options are still not ideal.  Cancer chemotherapy 

still suffers from limited efficacy, significant side effects, and toxicities.  It is important 

that chemotherapeutic development continues to evolve to provide either incremental or 

significant advancement in treatment options.  Even incremental advances can make a 

huge impact on thousands of patients.   

1.4.2 Untargeted therapeutics 

As with imaging agents, untargeted chemotherapeutic drug delivery is an area of 

intense research for cancer therapy.  This approach focuses on enhancing the plasma half-

life and preferential accumulation of therapeutic agents in tumor cells based on the EPR 

effect.  As described for imaging agents, the EPR effect enables enhanced accumulation 

of macromolecules in the tumor microenvironment because of leaky vasculature and 

lymphatics that struggle with responding to enhanced interstitial pressure in tumor 

parenchyma which works well for both imaging and therapeutic agents.25  This approach 

of drug delivery includes but is not limited to liposome based drugs,31,32 polymer loading 

of drugs,33  and nanoparticles.34  Two significant advances in drug delivery, which have 

fueled nanotechnology applied to cancer therapeutic development, have been liposomal 

doxorubicin (Doxil)35 and albumin suspensions of paclitaxel (Abraxane).36  

1.4.3 Targeted therapeutics 

Cancer drug discovery and development has grown rapidly as the demand for 

specific targeted therapeutics has become more obvious as we learn more about the 

pathogenesis of cancer.  A wide variety of approaches have been used in the development 

of new therapeutics in recent years.  Targeted therapeutic design includes, but is not 

limited to small molecule cytotoxics like paclitaxel,37 small molecule drugs that target 
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specific pathways gone awry in cancer such as angiogenic38 and kinase pathways,39 

antibody targeting of antigens specifically expressed in certain types cancers,40 and 

prodrugs that are activated by enzymes such as matrix metalloproteinases (MMPs) over 

expressed by many cancers.41 There are many options for targeting whether it is 

developing a drug that only acts upon a tumor specific mechanism, or whether it is 

specifically directing drugs to tumor tissue where they act less specifically.  Our approach 

will seek to combine the untargeted approaches and combine them with this latter 

targeting concept.   

 

1.5 CPPs to ACPPs Background and Challenges 

1.5.1 CPPs history and challenges  

Our introduction into the cancer imaging and therapeutic development fields 

began with a simple concept that focuses on the development and application of novel 

peptides that can bind to and be taken up into cells.  These peptides are known as cell 

penetrating peptides (CPPs) or protein transduction domains (PTDs).  These basic 

polycationic peptides could efficiently bind and be taken up into cells and were initially 

thought to penetrate effectively into the nucleus.42,43,44 Early results were modified by the 

discovery that there were a number of potential artifacts that enabled uptake in culture 

that might not translate into more complicated biological systems.  However, efficacy 

was at times attainable in vivo with direct application of PTDs and CPPs on their target 

tissues.45,46,47,46  However, because of the inherent stickiness of CPPs and PTDs it was 

unclear that the peptides could be effective agents for systemic administration of 

therapeutic and imaging agents especially because clearance of the HIV-1 TAT protein 

PTD from plasma was so rapid.48 In order to take advantage of the cell uptake capabilities 
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of CPPs and PTDs we developed a way of selectively masking the positive charges on 

the peptides which led to the design of activatable cell penetrating peptides (ACPPs).49   

1.5.2 Evolution of the ACPP 

1.5.2.1 Introduction to ACPPs 

Activatable cell penetrating peptides (ACPPs) are cell penetrating peptides 

(CPPs) whose uptake is diminished by tethering a nonaglutamate polyanionic inhibitory 

domain via a peptide linker to a nonaarginine polycationic CPP. To targeting tumor-

associated proteases, a peptide linker was chosen (PLGLAG) that is relatively specific to 

MMP-2 and -9, proteases that are known to be involved in cancer invasion and 

metastases.50,51,52 This design then creates an activatable cell penetrating peptide where 

cleavage of the linker by tumor associated proteases releases the cell penetrating 

component(figure 1.1). Cell uptake in culture was enhanced up to 123 fold after the 

peptide linker had been cleaved.49 

The ACPP structure was verified to form a hairpin by NMR, thus explaining the 

decreased uptake in the absence of cleavage.  However, beyond validation of the 

principle comparing precleaved and uncleaved peptide, the following set of experiments 

consisted of injecting the peptides into mice trying to detect a difference between 

cleavable and scrambled peptides in HT1080 human fibrosarcoma xenografts.  Lastly, 

human squamous cell carcinoma surgical specimens were incubated with peptide yielding 

a 2.7 fold difference in resulting uptake between the cleavable and uncleavable peptides.   

Though these initial data were promising, more validation was needed to further 

characterize how ACPPs work and to what extent.  Therefore a number of studies 

described in the following chapters were pursued.  These consisted of studies involving 

the nature of peptide cleavage and specificity, validation of ACPP uptake in a tissue 

culture model, thorough comparison of ACPP to CPP in vivo, validation of proteolytic 
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specificity in vivo, further evolution of ACPPs as imaging agents and finally translation 

to therapeutic agents.    

 

 
Figure 1.1 Tumor associated proteases can activate ACPPs and enable subsequent cell uptake.  ACPPs 
consist of polycationic (blue- nine arginines) and polyanionic (red- nine glutamates) peptides that are 
connected by a protease cleavable linker.  Upon cleavage by disease expressing proteases, in this case 
tumor expressing matrix metalloproteases, the polyanion can diffuse away allowing the CPP component 
of the polycation to be restored and be taken up into cells by endocytosis.  The ACPP can carry different 
payloads into the cell from fluorophores to drugs (yellow). 

 

1.5.2.2 Basic design and chemistry 

The basic structure for ACPPs consists of a linear peptide of 9 n-terminal 

glutamates (often the peptides were capped with a succinyl group serving as a 

deamidated  ninth glutamate) followed by a protease cleavable linker and then 9 

positively charged arginines with a c-terminal residue to conjugate various payloads.   

The arginines and the glutamates are D-amino acids (written in lower case) designed to 
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render these peptides less cleavable to endogenous proteases.  To synthesize a cleavage 

resistant peptide we changed the protease cleavable linker into a D-amino acid sequence 

(though g=G because glycine has no stereochemistry) e.g. plglag.  Alternatively, the 

linker can be Peg which is truly uncleavable (these peptide designs are described more in 

chapters 4 and 5).  The final structure for our workhorse ACPP with no carrier attached is 

Suc-e8-xPLGLAG-r9-c(Cy5), where Suc is the succinyl cap, x is an aminohexanoyl 

spacer added to the substrate sequence to increase the linker length allow hairpin as well 

as linear substrate for enzyme cleavage, and Cy5 is a far-red fluorophore used for 

fluorescence imaging.  

The basic peptide can be modified in a number of ways as will be described 

throughout the dissertation.  Some common changes consist of synthesizing a free n-

terminus in order to conjugate the peptide to various carriers via amine chemistry.  

Alternatively the c-terminal thiol could be reacted to other payloads or to a carrier 

transforming the nature of the ACPP.  This latter configuration has been the topic of a 

number of imaging molecules described in a different dissertation.53 The basic concept is 

that upon cleavage of the linker, a carrier with exposed polyarginines becomes exposed 

making a cell penetrating carrier that could be independently conjugated to multiple 

contrast agents or drugs.  The carrier of choice for most of our studies has consisted of 

generation 5 PAMAM dendrimers.54  The basic ACPP configurations are depicted in the 

series of schematics in figure 1.2. 
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Figure 1.2 Three configurations of ACPP for the design of cancer contrast agents and therapeutics.  The 
first most simple configuration is the free peptide that is just the ACPP peptide sequence connected to a 
payload.  The second configuration consists of conjugating the polyglutamate end of the peptide to a 
large molecular weight carrier or nanoparticle to modulate plasma half-life and enable cleavage of arg9-
payload off of the construct.  The third configuration consists of conjugating the ACPP to the carrier via 
the polyarginine end enabling the carrier, payload, CPP construct to be endocytosed after cleavage by 
proteases.  
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1.6 Aims of the Dissertation 

This dissertation describes the continued evolution of the activatable cell 

penetrating peptide as a targeting mechanism that can be used in the development of 

clinical contrast and therapeutic agents for the detection and treatment of cancer. 

 

Aim 1: Validation of the ACPP mechanism and their use in various imaging 

applications to detect enzymatic activity. 

(A)  Validate ACPPs for detecting endogenous protease activity in tissue 

culture (chapter 2). 

(B)  Validate topical application of ACPPs for uptake by ex vivo surgical 

specimens (chapter 3).  

(C)  Demonstrate that the polyglutamate inhibitory domain dramatically 

affects properties of the polyarginine when injected systemically into mice 

(chapter 4). 

(D)  Validate that the simple ACPP peptide can specifically detect MMP 

activity after being injected systemically into mouse models of cancer 

(chapter 5). 

(E) Demonstrate that the nature of MMP independent uptake is due to uptake 

by dead cells (chapter 6). 

 

Aim 2:  Further evolve ACPPs to enhance their pharmacokinetic properties in 

vivo to increase tumor uptake.  
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(A)  Try alternative approaches for carrier conjugation that were previously 

reported to enhance synthetic yields and validate the ACPP mechanism in 

this context (chapter 7). 

(B)  Translate optical imaging ACPPs into radioisotope tracers to attain 

clinically significant tumor contrast (chapter 7). 

 

Aim 3: Systematically test mechanisms to enhance potency of ACPP conjugated 

chemotherapeutics as a foundation of ACPP drug design. 

(A) Determine therapeutic potential by characterizing CPP uptake in tissue 

culture cells (chapter 8).   

(B) Test potency of various CPP conjugated chemotherapeutic payloads 

(chapter 9).  

(C)  Test mechanisms of drug release from CPP - whether enzyme, pH, or 

reduction triggered and the effect on potency (chapter 9). 

(D) Test published endosome disrupting agents and their ability to enhance 

endosomal escape of CPPs so that they can be translated to 

chemotherapeutics (chapter 9) 

 

Aim 4: Test ACPP conjugated drugs for in vivo activity in based upon the simple 

ACPP alone or carrier based configurations. 

(A)  Potential for free peptide based drug conjugates (chapter 10). 

(B)  Explore drug conjugation to ACPP containing PAMAM dendrimers for 

anti-tumor activity (chapter 10). 

(C)  Test potent therapeutic conjugates for their potential in various ACPP 

configurations to enhance the therapeutic index (chapter 10 and ongoing). 
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Aim 5: Test the potential of ACPPs conjugated to untargeted clinically validated 

nanoparticles to enhance therapeutic efficacy 

(A)  Determine how to conjugate ACPPs to Doxil and Abraxane in a robust 

reproducible way (chapter 11) 

(B)  Test therapeutic efficacy of ACPPs conjugated to Doxil and Abraxane in 

mice (chapter 11 and ongoing). 

 

1.7 Chapter Summaries 

The chapters of the dissertation are grouped in two parts following the Aims of 

the Dissertation. The first part focuses on the evolution of ACPPs for detecting cancer 

and the subsequent development of clinical contrast agents.  The second part focuses on 

translation of ACPPs into therapeutic agents to treat cancer. 

 

Part 1: ACPPs: peptides for imaging protease activity from cells to clinically relevant 

diagnostic imaging.  

Chapter 2 establishes a 3D tissue culture protocol that validates ACPP activation 

and uptake due to endogenous proteases.  

Chapter 3 discusses the validation of ACPPs for treatment of surgical tumor 

specimens. 

Chapter 4 is an insert of the Integrative Biology manuscript that provides the 

ground-work for injecting ACPPs into mice comparing biodistribution, 

subcellular localization in tissues, and toxicity relative to the polyarginine 

CPP counterpart.   

Chapter 5 is an insert of the Integrative Biology manuscript that serves as an in 

vivo validation of the protease dependent tissue uptake of the free peptide and 

initial evolution toward the macromolecular carrier based delivery of ACPPs. 
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Chapter 6 discusses the observation that ACPPs are often taken up specifically by 

dead or dying cells in culture and in vivo and how this phenomenon could be 

exploited clinically.   

Chapter 7 introduces a new ACPP delivery scheme as an albumin reactive peptide 

that can deliver significant contrast for nuclear medicine modalities.  

 

Part 2:  Translation of ACPPs into therapeutic agents from basic approaches to preclinical 

success.  

Chapter 8 describes the basic characterization of the cell barrier problem that 

hinders efficient CPP delivery of therapeutics.  

Chapter 9 introduces and describes potential mechanisms for enhancing efficacy 

of ACPP conjugated drugs.  

Chapter 10 describes the challenges and limited successes at conjugating drugs to 

our traditional ACPP configurations. 

Chapter 11 introduces conjugation of ACPPs to the surface of clinically validated 

nanoparticles to enhance therapeutic delivery by protease amplification based 

targeting.  
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CHAPTER 2: In Vitro Validation of ACPP Cleavage and 
Uptake by Endogenous Proteases in a 3D Tissue Culture 
Model 

 

2.1 Abstract 

Activatable cell penetrating peptides (ACPPs) were initially reported as cell 

penetrating peptides (CPP) whose cell penetrating properties of positive polyarginine 

charges were diminished by addition of negatively charged polyglutamates with an 

enzyme substrate linking the two.  This design was validated in tissue culture by showing 

that uptake into cells can be enhanced by precleaving the substrate with MMP enzymes.  

Preliminary proofs of principle experiments were performed in mice and human tissue 

though there were a lot of questions left unanswered. Here we describe the development 

of a 3D tissue culture model used to validate the hypothesis that endogenous cancer 

expressing enzymes are capable of cleaving and enhancing the uptake of ACPPs.  We 

show that in tissue culture, cleavage and enhanced uptake is a relatively slow process that 

can be enhanced by decreasing the pH and inhibited using cleavage resistant controls and 

pharmacologic inhibitors.  

 

2.2 Introduction 

ACPPs have been described as exogenous peptides that have the potential to be 

acted upon by disease associated proteases (MMPs) and upon cleavage be preferentially 

taken up into cells for the intended detection of cancer.49  For initial development and 

screening, peptides were precleaved by specific proteases and then cells in suspension 

were treated and amount taken up was compared to uncleaved peptide.  This yielded a 
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123 fold increase determined by FACS after a 10 minute incubation of Suc-e8-

xPLGLAG-r9-x-k(fluorescein), an MMP cleavable peptide similar to the peptide 

described in detail in chapters 4 and 5. Following the screening we injected the peptide 

into HT1080 human fibrosarcoma xenografted animals, which showed up to 60% 

contrast between cleavable and less cleavable versions.  It was hypothesized that the 

enhanced uptake was due to enzymatic activity in vivo, but a lot remained unknown 

regarding ACPP potential in relevant models.  In addition it was unclear why there was 

such a large drop in tumor uptake in mice compared to precleaved peptide cell 

experiments.   

An important unresolved question was whether endogenous MMP enzymes from 

cells could cleave the ACPPs in culture and demonstrate enhanced uptake compared to a 

negative control.  It had been assumed that in standard tissue culture ACPPs would not be 

cleaved and taken up efficiently because excreted MMPs from cells would be released 

into the tissue culture media.  To examine this issue more thoroughly we used two 

approaches to further validate the ACPP mechanism in culture.  The first was to 

determine whether ACPPs could yield differential uptake in monolayer culture and the 

second was to then evaluate ACPPs in 3D tissue culture.   

If we could develop a robust assay to visualize ACPPs in culture there would be 

the potential to ask multiple biologically relevant questions.  Many of these questions 

could query the nature of cell migration and invasion,55,56 provide information about 

important components of tumor stroma interactions,57,58,59 and help determine which 

environmental and pathological conditions affect not only enzyme expression, but also 

activity.60,61 To begin addressing these types of questions with ACPPs, their function in 

tissue culture needed to be further defined.  
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2.3 Methods 

2.3.1 Peptide synthesis  

ACPPs were synthesized on solid phase using standard synthesis as more 

thoroughly described in chapters 4 and 5.  Suc-e9-xPLGLAG-r9-c(Cy5) MMP cleavable 

ACPP, Suc-e9-xplglag-r9-c(Cy5) as cleavage resistant D-amino acid control ACPP, and 

r9-c(Cy5) for CPP control were used for these studies. 

2.3.2 Tissue culture and plating for imaging  

HT1080 human fibrosarcoma (ATCC), MDA-MB-231 human mammary 

adenocarcinoma (Bissell Lab), and MCF-7 human mammary adenocarcinoma cells 

(ATCC) were maintained in EMEM plus 10% FBS at pH 7.2. For cell imaging 20,000 

HT1080 cells were plated in 96 well coverslip bottom plates. For 3D cultures 1-5,000 

cells were mixed with cold Matrigel and plated on top of 40 µL of pre warmed Matrigel 

at 2 mg/mL (BD biosciences) in 96 well plates.  Cells were maintained for 7 to 10 days 

and media was changed every 1-2 days.  Inhibitors were added to cultures 10-15 minutes 

prior to treatment of cells with peptide.  Inhibitors GM6001 (EMD) at 10-100 µM in no 

more than 1% DMSO and inhibitor cocktail III (EMD) at 1x in no more than 1% DMSO 

were used for inhibitor treatments.  Cocktail III is composed of 1mM AEBSF ( inhibitor 

of serine proteases), 0.8 µM aprotinin (serine proteases and esterases), 50 µM bestatin 

(aminopeptidase B and leucine aminopeptidase), 15 µM E-64 (cysteine proteases), 20 uM 

luepeptin (cysteine and trypsin-like proteases), 10 µM pepstatin A (aspartic proteases).  

Tissue culture media were buffered with sodium bicarbonate to pH 6.4, 6.8, 7.2, and 7.4 

when equilibrated in 6% CO2 incubators.  Cells were equilibrated to the new defined pH 

the night before treatment with peptide and kept in that pH range until the cells were 

harvested.   
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2.3.3 Treatment of cells with peptide 

For monolayer imaging, cells were treated with 1.5 µM ACPP of the following 

types: 1) the cleavable Suc-e9-xPLGLAG-r9-c(Cy5), 2) the cleavage resistant D-amino 

acid control Suc-e9-xplglag-r9-c(Cy5), or 3) the CPP positive control r9-c(Cy5) 

overnight. The cells were then washed 3x and imaged on the confocal microscope (LSM 

5 Live, Zeiss). Peptide synthesis and QC is described more in depth in chapters 4 and 5.  

3D cultures were treated for up to 48hrs at 1.5 µM final then transferred to eppendorf 

tubes for centrifugation.  Before washing cells were treated with 10 µg/mL Hoechst 

33342, Calcein Green AM at 1 µg/mL, or propidium iodide (PI) 10 µg/mL for ten 

minutes and then washed in 10x volume 3-4x in HBSS.   

2.3.4 Preparation of 3D cultures for FACS 

Post treatment with PI and washing, 3D colonies were treated with Trypsin EDTA 

at 1x for up to 1 hr until cells dissociated into a single cell suspension. Then cells were 

transferred out of trypsin and prepared for FACS.  5000 cells per sample from duplicate 

or triplicate treated wells were run on a BD FACSDiVa.  Gating of samples was 

determined by the PI signal and Cy5 peptide signals.  High PI cells were excluded as 

dead cells and the average intensity of Cy5 was measured. 

2.3.5 Fluorescent imaging of 3D cultures 

For quantitative imaging, cells were plated in a droplet on slides and imaged at 

low magnification through a fluorescent stereomicroscope (Lumar, Zeiss) with 

appropriate filter sets for Cy5 and counterstains.  Then 3D cluster regions were drawn 

automatically using Metamorph software and average fluorescence and area was 

determined.  20-40 colonies were quantified for each treatment group and each treatment 

group was repeated in duplicates or triplicates.  For confocal imaging, 3D colonies were 

spread out on a cover slip in an imaging dish and then imaged as a 3D stack at 1 µm 



22 

 

 

 

intervals with 400x magnification.  Images for each fluorophore were taken with their 

respective laser and filter combinations and stacks were exported as maximum 

projections for figures.   

 

2.4 Results 

2.4.1 ACPP uptake in monolayer tissue culture 

The PLGLAG ACPP substrate that is relatively specific to cleavage by MMP-2 

and -9 was not anticipated to show differences with the D-amino acid peptide in 

monolayer tissue culture because excreted MMPs would be diluted out in tissue culture 

media limiting specific uptake. In order to test this assumption HT1080 human 

fibrosarcoma cells were incubated with cleavable Suc-e8-xPLGLAG-r9-c(Cy5) and the 

cleavage resistant D-amino acid version, Suc-e8-xplglag-r9-c(Cy5).  Cells were incubated 

with peptide for 1 hour, washed, and imaged revealing low signal with distinguishable 

difference between the two peptides. All uptake appeared to be in endocytic puncta with 

both peptides (figure 2.1A).  It was hypothesized that peptide was being endocytosed 

regardless of whether the peptide was cleaved and that if incubated for a longer period of 

time the cleavage resistant peptide may further increase its uptake.  To test this, cells 

were incubated for 20 hours and then imaged.  This further incubation revealed that 

peptide uptake with both molecules increased substantially and appeared equivalent 

(figure 2.1B).  Therefore, though high concentrations of peptide exposure may induce 

ACPP endocytosis there is only a difference between cleavable and cleavage resistant 

peptides with a short exposure.  It is uncertain whether the ACPP was cleaved pre-uptake, 

or post-uptake in endosomes.  This latter point could be of interest biologically, however 

since such questions are less relevant to the goal of developing ACPPs for imaging and 
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therapy no further experiments were pursued because clear enzyme dependent uptake and 

sufficient dynamic range was observed.  

 

 
Figure 2.1  ACPPs are differentially taken up after short treatment in monolayer tissue culture.  (A) 
HT1080 human fibrosarcoma cells were grown in monolayer tissue culture and treated with cleavable 
Suc-e8-xPLGLAG-r9-c(Cy5) ACPP or cleavage resistant D-amino acid version for 1hr, washed, and 
counterstained with Hoechest 33342 (blue)  for cell nuclei and Calcein Green AM (Green) for viable cells.  
Cells were imaged by confocal microscopy which reveals modest vs very little endocytic uptake in 
cleavable peptides. (B) When cells were treated for 20 hrs with ACPP, the differential between the 
cleavable vs cleavage resistant peptides disappeared. 

2.4.2 Development of 3D culture assay for ACPPs using FACS 

To more directly correlate ACPP uptake with endogenous enzyme activity we 

decided to test a 3D tissue culture model.  In this model tumor cells are suspended in 3D 

extracellular matrix and express proteases that degrade the matrix for invasive 

progression of cell growth.62,63 For this assay when 3D clusters have grown into 

substantial colonies they were pulsed with peptide for a period of time, washed, and 

analyzed for peptide uptake.  There are two methods for peptide analysis, the first is to 
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image the colony as a whole to attain average uptake inside cells, on surface, and 

associated with the colony as a whole.  The second method is to digest the colonies into 

single cells and then assay the amount of uptake into each individual cell by 

fluorescence-activated cell sorting (FACS).  This latter method that will be discussed first 

would theoretically eliminate most matrix and cell surface associated peptide bound to 

surface proteins and predominantly measure peptides that were internalized.   

To measure peptide uptake by 3D cultures, cells were first grown in matrigel for 

5-7 days until each cluster was 75-200 µm in size depending upon the rate of growth and 

number of cells plated.  Cells were then treated with 1.5 µM of r9Cy5, cleavable ACPP or 

D-amino acid ACPP for 2 hours then treated with propidium iodide (PI) at the end of 

treatment to stain dead cells.  The cell suspension was transferred to an eppendorf tube to 

wash in 1 mL final volume and centrifuged to remove supernatant from cells.  After four 

washes the cells were trypsinized for 30 minutes to an hour at 37oC until there was a 

single cell suspension.  Single cells were then analyzed by FACS to determine relative 

levels of peptide uptake per cell excluding cells that were positive for PI (figure 2.2A). PI 

positivity was an exclusion criterion because dead cells were found to have significant 

amounts of peptide uptake regardless of peptide or type of treatment.  A representative 

early experiment after a 2 hour incubation of peptide yielded a 60% increase in uptake of 

cleavable compared to D-amino acid control peptide.  It was found that this difference 

was diminished by incubation with a broad-spectrum MMP inhibitor, GM6001.  Though 

there was a detectable difference between cleavable peptide and D-amino acid peptides 

the uptake was only up to 21% of the dynamic range as defined by r9Cy5 positive control 

divided by the D-amino acid peptide (figure 2.2B).  These data suggested that this 

treatment protocol may not have allowed a sufficient amount of ACPP to become cleaved 

and turn into CPP, to then be taken up into cells.   
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Figure 2.2  ACPP uptake can be assayed by 3D tissue culture and analyzed by FACS.  (A) Schematic for 3D 
tissue culture of cancer cells, treatment with ACPPs, and analysis by FACS for quantitative measurement 
of peptide inside cells.  (B) 3D Cultures of MDA-MB-231 cells grown for 5 days then incubated with ACPPs 
for 2 hours, washed, and trypsinized for 1hr until single cell suspension was attained.  5000 cells were 
counted from each of triplicate treatments by FACS.  Average relative fluorescence intensity per cell is 
plotted on the chart.  ACPP Suc-e9-xPLGALG-r9-c(Cy5)(PLGLAG)  revealed up to 60% more uptake inside of 
cells than the d-amino acid control (plglag).  Peptide uptake was decreased when cells were treated with 
100 µM GM6001 broad spectrum MMP inhibitor for the duration of the treatment.  The positive control 
peptide r9Cy5 revealed an 8 fold dynamic range.  The percent of the r9Cy5 for each treatment is displayed 
at the bottom of the chart; the fold contrast and the dynamic range are listed to the right of the chart.  P-
value determined by t-test comparing different treatments is noted. 
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2.4.3 Validation of 3D culture assay by imaging ACPP uptake 

Initial 3D culture experiments revealed up to a 2-fold increase in uptake of 

cleavable ACPP over control peptide after 2 hour incubation with peptide.  However the 

dynamic range being 8-12 fold (r9Cy5 CPP divided by D-amino acid control), revealed 

that much greater uptake was attainable because if more of the ACPP was cleaved into 

CPP.  To further determine optimal conditions for ACPP treatment in 3D culture we 

decided to return to fluorescent imaging of 3D colonies for two reasons, the first was that 

the assay is much less time consuming compared to the long trypsinization of colonies 

though the quantification is more labor intensive.  The second reason was that we were 

interested in studying peptide uptake throughout 3D clusters to determine whether it was 

matrix associated, cell surface bound or internalized and overall differences in uptake and 

spatial resolution could be determined with microscopy.  Therefore cells were treated the 

same as for the FACS experiment but instead of digestion with trypsin, the colonies were 

plated on cover slips and imaged post washing (figure 2.3).  In follow-up experiments we 

tested three different cancer cell lines to determine their dynamic range (r9Cy5/ D-amino 

acid control) and the fold uptake (Cleavable/ D-amino acid) at 3 and 24hr incubation 

times (Table 2.1).  The cell lines used were MDA-MB-231, an invasive human mammary 

adenocarcinoma; MCF-7, a less invasive human mammary adenocarcinoma; and HT-

1080, a human fibrosarcoma. As expected, all three cell lines had a less than 2-fold 

increase in uptake for the 3 hr treatment, though the dynamic range was 5-15 fold.  

However the uptake dramatically increased for the MDA-MB-231 and HT1080 cells after 

24 hr incubation.   

To further explore effects of the incubation time on rate of uptake, MDA-MB-231 

cells were treated for 12, 24, and 48 hrs.  These data confirmed that 24 hrs was the best 

time point for fold uptake and dynamic range (Table 2.2).  Upon imaging there was a 

clear difference between cleavable, cleavage resistant D-amino acid peptide, and r9Cy5 
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Figure 2.3  Schematic depicting fluorescence imaging of 3D cultures after ACPP treatment.  For 
fluorescent imaging of 3D clusters cells were grown in Matrigel for 4-7 days, treated with ACPP for 
defined time, then washed 3x, counterstained, and imaged.  Cells could be imaged at low magnification 
for quantitation of a large number of clusters or they could be imaged by confocal microscopy to 
determine microdistribution of peptide throughout the 3D environment.   

 

by confocal microscopy (figure 2.4A).  Cells from this experiment were treated with 10 

µM and 100µM of broad-spectrum MMP inhibitor GM6001 which revealed a reduction 

in peptide uptake to approximately 40% of the uptake of the cleavable peptide (Table 

2.2).  The means and standard deviations are shown in a chart in figure 2.4B.  To further 

validate that peptide was being cleaved and that the cleavage was being inhibited by 

GM6001, cells were homogenized and run on a 10-20% polyacrylamide gel in tricine 

buffer.  These data revealed that the majority of peptide associated with the cultures was 

cleaved only after 48 hrs incubation.  Additionally the peptide cleavage was inhibited as 

the inhibitor concentration increased.  It was further found that most of the D-amino acid 

control remained uncleaved but some was adherent within the 3D clusters. As time 
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increased there was evidence that the D-amino acid was being cleaved as a faint band 

appeared just below the main uncleaved band on the gels (figure 2.4C).  These data 

convincingly demonstrate that ACPP can be cleaved in 3D cultures and that this cleavage 

is enhanced by MMPs produced by cells interacting with matrix.

Table 2.2 Summary of ACPP uptake in MDA-231 3D cultures 

Table 2.1 Summary of ACPPs in 3D cultures  

with different cancer cell lines 
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Figure 2.4  Treatment of 3D cultures for longer time greatly enhances ACPP uptake.  (A) Representative 
maximum projections of MDA-MB-231 3D cultures that were treated with cleavable PLGLAG, cleavage 
resistant plglag D-amino acid, and CPP r9Cy5 for 24 hrs (red), washed, counterstained with Hochst 33342 
(blue) and Calcein Green AM (Green), and imaged by confocal microscopy.  (B) Triplicate wells in 96 well 
plate were treated for 12, 24, and 48 hrs with ACPP to determine best time point for cleavable ACPP 
uptake and maximum dynamic range between r9Cy5 CPP and plglag D-amino acid peptides.   Treatments 
included inhibition with broad spectrum MMP inhibitor GM6001 to reveal that uptake can be decreased 
pharmacologically.  Columns represent average of 20-40 clusters from triplicate treatments and error bars 
are standard deviations.  (C) After imaging cells were homogenized in SDS buffer and Tricine buffered 
PAGE was performed revealing differential cleavage status of ACPP from each of the treatments 
demonstrating that fluorescent signal correlated well with cleaved peptide.   
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2.4.4 ACPP uptake in 3D culture is modulated by enzyme inhibitors   

Since even high levels of MMP inhibitor only reduced the peptide uptake to 60% 

of control levels, it seemed likely that other enzymes were cleaving the PLGLAG ACPP 

substrate. To test this hypothesis, 3D cultures were treated with MMP inhibitor in concert 

with an enzyme inhibitor cocktail to determine if uptake could be further decreased.  We 

used an inhibitor cocktail that contained AEBSF for serine proteases, Aprotinin for serine 

proteases, Bestatin for aminopeptidase B and lucine aminopeptidase, E-64 for cysteine 

proteases, Leupeptin for cysteine proteases and trypsin-like proteases, and Peptstain A for 

aspartic proteases.  Surprisingly the cocktail inhibited ACPP uptake as well, if not better 

than MMP inhibitor and the combination further inhibited uptake (figure 2.5A, B).  When 

specific proteases were treated one at a time it was found that the AEBSF had the greatest 

effect on inhibition (data not shown). This would suggest that there is another protease 

involved, perhaps a serine protease, but the confounding factor was that the cocktail and 

high concentrations of AEBSF significantly affected the growth of the cells as they 

appeared balled up at the end of the experiment.  A similar effect was observed with the 

GM6001 but was not as severe as that observed with the cocktail. These growth effects 

could have been due to enzyme inhibition, which may have affected physiology and 

potentially ACPP uptake.  Though these are interesting questions to further pursue we did 

not do so because the data to this point did confirm that inhibition of ACPP cleavage is 

possible, leading to three validated controls: the D-amino acid peptide, the inhibitors, and 

the uncleavable polyethylene glycol (mPeg or (Peg2)2) linker (figure 2.5B).   
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Figure 2.5  Inhibitor cocktail combination further decreases uptake of ACPP into MDA-MB-231 3D 
cultures.  (A) MDA-MB-231 3D cultures were incubated with ACPP for 24hrs with protease inhibitor 
cocktail (EMD cocktail III) and GM6001 and representative confocal maximum projections are show.  
PLGLAG represents cleavable ACPP + the identified combination of inhibitors.  Cells were counterstained 
with Calcein Green AM (Green) and ACPP fluorescence is shown in red.   (B) Chart showing relative 
fluorescence of 20-40 3D clusters with each of the different treatment combinations.  mPeg represents an 
additional uncleavable ACPP linker that has never been observed to be cleaved by cells whereas the D-
amino acid peptide is often cleaved to a minor extent (figure 2.4).      
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2.4.5 3D culture uptake is enhanced by an acidic microenvironment 

The biology of enzyme expression and activation in states of invasion, epithelial 

mesenchymal transition (EMT),64,65 hypoxia,57 and general Warburg effect66 are 

interesting and complicated. There has been a lot of work discussing signaling pathways, 

enzyme activation pathways that ultimately correlated to higher MMP-2, MMP-9, MT1-

MMP, and Cathepsin B.  A big question that remains is whether hypoxia, anaerobic 

metabolism, and increased pH, all aspects of the Warburg hypothesis, can lead to a 

transient changes in enzyme regulation and over expression.  One study demonstrated 

that under low extracellular pH conditions, breast cancer cells showed increased 

movement of lysosomal compartments to the periphery and a decrease in the total 

number of lysosomes, suggesting that cells were triggered to exocytose derivative 

enzymes.67 One final avenue of experimentation with 3D cultures was to determine 

whether there was a differential uptake of peptide based upon extracellular pH.  We 

tested media at pH 7.4, 7.2, 6.8 and 6.4 and equilibrated cells overnight in the appropriate 

pH before treatment.  The assay was carried out as described previously.  Surprisingly, 

there was a substantial increase in the uptake of ACPP in HT1080 and MDA-MB-231 

cells in acidic media down to pH 6.8 (data not shown).  A representative experiment 

showing images from cell grown at pH 7.2 and 6.8 are shown in figure 2.6A and B.  The 

difference in fold uptake in the experiment went from 3 to 6.8 fold with essentially no 

change in dynamic range or cleavage resistant peptide uptake.  These data suggest that 

pH can play a major role in the degradative capacity of cancer cells in a 3D 

microenvironment which may correlate to the physiologic behavior and EMT phenotype 

in the in vivo microenvironment that responds to hypoxia and decreased pH.  
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Figure  2.6 Decreasing the pH greatly enhances the peptide uptake in 3D cultures.  (A) Confocal 
maximum projections of MDA-MB-231 3D cultures testing the effect of pH on uptake of ACPP’s.  Cells 
were counterstained with Calcein Green AM (Green), propidium iodide (blue) and ACPP fluorescence is 
shown in red.   (B) The graph depicts average uptake/ fluorescence intensity of each 3D cluster with 
different treatments at pH 7.2 and 6.8 showing only a significant difference with cleavable peptide.  
PLGLAG (cleavable), plglag (D-amino acid), (PEG2)2 (uncleavable), and r9-Cy5 (positive control) were all 
treated and quantified with these conditions.  (C) Shows that there is no dramatic change in dynamic 
range but that there is a significant increase in cleavable to cleavage resistant fold difference suggesting 
pH 6.8 promotes conditions for enhanced enzyme activity.  
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2.5 Discussion 

ACPPs have significant potential for selective uptake into cells when acted upon 

by extracellular enzymes.  Here we show that endogenous MMPs activate ACPPs in 

monolayer tissue culture as well as in 3D culture.  However, there are a number of 

problems with both models for having a robust readout of degradative power.  The first is 

that the uncleavable peptides are taken up into cells to a substantial extent when 

incubated at low micromolar concentrations.  This can be decreased by rigorous washing, 

which leads to significant differences in uptake, but this prevents easy robust and direct 

readouts in tissue culture.  This is not a problem for systemic injection of ACPPs into 

mice because the targeted tissue is being washed by the continuous circulation where 

peptide is rapidly cleared from circulation by renal or hepatobiliary routes post injection 

(as discussed in chapters 4 and 5).  Until ACPPs are synthesized as quenched or FRET 

probes they will probably not be as useful for basic science questions in tissue culture 

because of their inability to provide a continuous readout for enzyme activity in live cells.  

However, we have been able to validate their mechanism with the 3D culture model as 

discussed in this chapter and again briefly in chapter 4.  

It is rather interesting that ACPP uptake is significantly enhanced by simply 

decreasing extracellular pH.  This could be relevant to the in vivo use of ACPPs and is in 

concordance with numerous studies showing that under proinflammatory conditions, cells 

in culture secrete enzymes that reduce the extracellular pH and enable them to become 

more invasive.  There have been many discussions about this phenomenon in the 

literature, which is why it would be useful to have exogenous probes that can measure 

enzymatic activity with FRET readout.  However, ACPPs may be able to provide a more 

significant piece of the puzzle in a more complicated physiological setting, in living 

animals.  Perhaps the best application of the ACPP design is for a postmortem analysis of 
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tissue using fluorescence histology (Chapter 5)68 or as a readout in live imaging such as 

done by Egeblad et al.,69 though FRET might even be better for the latter goal.  
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CHAPTER 3: Validation of Methods for Direct 
Application of ACPPs to Human Surgical Tissue 

 

3.1 Abstract 

ACPPs have great potential for multiple biological and disease applications in 

which proteolytic enzymes are implicated.  Here we describe the development of 

methods for topical application of ACPPs to cancer tissue to determine whether enzymes, 

in this case tumor associated MMPs, in freshly resected tissue can cleave peptide and 

lead to preferential accumulation of peptide.  Validation of this method includes a 

demonstration of differential uptake between cleavable ACPPs and control peptides at the 

macro and microscopic levels, spatial correlation of this uptake with enzyme activity, and 

biochemical verification of peptide cleavage and enzyme presence in tissues. This 

description herein focuses predominantly on method development in murine models of 

cancer, which will be applied to human surgical tissue.  Such methodology can further 

demonstrate that ACPPs can work in human tissue and may be able to assist surgical and 

pathological decision making during cancer surgeries.   

 

3.2 Introduction 

ACPPs could be useful for multiple applications both in basic science and clinical 

science, in vitro in test tubes and tissues, or for in vivo animal applications.  One potential 

application is the use of ACPP in human surgical specimens, which could serve several 

functions.  The first is the development of assays that validate the ACPP concept of 

peptide cleavage and uptake due to cancer associated proteases in human tissue.  Such 

studies would provide significant evidence as to ACPP potential in human specimens 
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prior to full preclinical testing and FDA approval for a clinical trial.  The second function 

is to test ACPPs for their potential use in surgical margin diagnostics by direct 

application to a surgical field or for use as a pathological diagnostic tool to be used by 

pathologists.  This latter application is important because positive pathological margins 

often correlate with poor prognosis post surgery.70,71,72,73 Outcomes of such assays could 

enable imaging to help determine the extent of tumor containing margins in the in situ 

surgical field, determine if resected tissue has tumor containing margins,  assist 

pathological characterization of resected tissue at the macro fluorescent level, and help 

further define and characterize the pathological margins histologically.  Readouts could 

be quantitative, qualitative, describe areas of enzyme activity, describe the nature of 

tumor stromal interactions, or any other biological information correlated to both enzyme 

activity and the pathological nature of the tissue.  Such successes could have surgical and 

pathological impact in the identification of cancer prognostic factors such as enzyme 

activity (something ACPPs could describe), similar to the detection of tumor specific 

tumor antigens with tumor associated antibodies.74,75,76 

In Jiang et al. we described that ACPPs with a 10 kDa Peg appeared to be taken 

up in human squamous cell carcinoma which was differential in tumor versus normal 

tissue comparisons and in cleavable versus scrambled comparisons.49  However, these 

results were never rigorously reported or further characterized by demonstration of gross 

fluorescent differences of tissue, enzyme activity correlation with uptake, validation that 

peptide was cleaved, or verification that each tissue was equally exposed to peptide based 

on diffusion and depth inside tissue.  In this chapter we further characterize, and validate 

the ex vivo assay of incubation of fresh tissue with ACPP by standardization of protocol, 

gross differential in uptake by macroscopic imaging, correlation with enzyme activity by 

in situ zymography, histological correlation with tissue pathology based upon H&E, and 

independent verification of amount of cleaved peptide in tissue specimens.    
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3.3 Methods 

3.3.1 DQ gelatin in situ zymography 

Frozen tissues were processed using a cryostat and 10 µm thick sections placed 

onto superfrost plus slides (VWR) were hydrated in HBSS for 2-5 min.  DQ gelatin 

(Invitrogen) at 10 µg/mL was incubated on tissue sections at 37oC for 1.5 hrs in a 

humidified chamber in the presence or absence of MMP inhibitors GM6001 (R&D 

systems) or CaDTPA (chemicals prepared with were from Sigma-Aldrich).  After 

incubation, tissues were gently washed 3 times in HBSS, kept hydrated, and then imaged 

with a fluorescence stereomicroscope (Zeiss, Lumar) with green fluorescence filter 

settings.  After sectioning, dried tissues were imaged on the stereomicroscope for tissues 

that had Cy5 ACPP peptide using Cy5 filter settings which were subsequently hydrated 

for DQ staining.  For inhibition experiments 2 tumors from each of 2 different PyMT 

mice were sectioned for a total of 4 tissue regions for analysis.  Serial slices of each 

tumor were used for each treatment for imaging of the 4 different regions from each slide 

for a total of 16 regions imaged per treatment.  Representative serial sections of each 

treatment are shown in figure 3.1A. The average fluorescence intensity was taken from 

the middle area of each image and then averaged and the standard deviation calculated as 

shown in figure 3.1B, regions of DQ gel without tissue were used for background 

subtraction.     

3.3.2 Harvesting and processing of tissues from clinic or mice 

For development of an ex vivo tissue protocol, tumor bearing mice were sacrificed 

and tumors removed.  The tumors were sliced into 1 mm thick slices using a manual rat 

brain slicer and razor blades.  Tissues were incubated with 3 µM ACPP in 100 µL of 
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HBSS in a 96 well plate and rocked for 1 hour.  Tissues were then washed in 5x volume 

3-5 times for at least 3 minutes each wash, then imaged by fluorescence with the Maestro 

small animal imager (CRI, Cambridge, Mass), and frozen at -80oC in OCT compound 

(Tissue-Tek).  Surgical specimens not reported in this chapter were attained from Veteran 

Affairs hospital Head and Neck Surgery, and Thornton Pathology at UCSD according to 

our Institutional Review Board approved protocol.   

3.3.3 Histological imaging 

All tissues were sectioned at 10 µm orthogonally to attain a cross section of the 1 

mm slice of tissue.  For fluorescent imaging of Cy5 labeled peptides, tissues were kept 

dry and imaged using Zeiss fluorescence stereomicroscope with Cy5 filter set.  DQ 

zymography imaging slides were prepared according to the DQ protocol, kept hydrated 

and imaged on the stereomicroscope using the green fluorescence filter set.  Hematoxylin 

and eosin staining was performed on serial sections or after fluorescence imaging and 

imaged using an upright light microscope (Zeiss, Axiovert).  

3.3.4 Peptide gels and gelatin zymography  

Following histological analysis tissues were thawed and homogenized in PBS 

with a pestle.  Homogenates were diluted 1:5 into SDS containing buffer (1% SDS, 

20mM tris, pH 7.6), heated 80oC for 10 minutes, diluted out 1:2 with tricine SDS sample 

buffer (Invitrogen) then heated at 80oC for 10 minutes, and run on a 10-20% 

polyacrylimide gel with tricine buffer (Invitrogen).  Gels were imaged to detect Cy5 

fluorescence peptide to determine if the ACPP was cleaved or uncleaved.  Homogenized 

tissue was further diluted 1:5 in PBS and diluted 1:2 into tris-glycine sample buffer.  

Samples were run on a gelatin zymogram gel (Invitrogen) and developed according to the 

manufacture’s recommendations.  Gels were then stained with commassie blue and 

imaged to visualize enzyme cleavage bands.   
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3.4 Results 

3.4.1 Validation of in situ zymography using DQ gelatin 

Imaging proteolytic activity in culture models and in animals is difficult to 

validate as measuring enzyme activity with spatial resolution is not a trivial task.  Classic 

detection of MMP activity is done by grinding up tissue and running an SDS 

polyacrylamide gel containing gelatin.  After running the gel the protein is renatured, and 

developed allowing enzymes in the gel to cleave away the gelatin.  Zymogram gels can 

then resolve proteins that cleave the gelatin substrate thus allowing determination of the 

pro and active forms of gelatinases.  However, this method provides no information 

regarding the spatial distribution of enzyme activity or the inhibition of active enzymes 

by natural inhibitors.  Because of the difficulty in resolving such information, methods 

have been developed for in situ zymography of histological sections.  We chose to test 

and validate DQ gelatin from Molecular Probes in order to correlate ACPP uptake with 

enzyme distribution.77,78,79,80  DQ gelatin is gelatin that is heavily labeled with fluorescein 

such that fluorescence is quenched until protein is cleaved by gelatinases and the 

fluorescein diffuses beyond the distance of quenching.  Therefore the gelatin becomes 

more brightly fluorescent after cleavage and can be used on cryosections to determine the 

distribution of active MMP-2 and -9.77   

Before using DQ in situ zymography with tissue incubated with peptide or tissue 

retrieved after injection of peptide into the mouse it was important to validate that DQ 

works and can be inhibited.  After incubation of frozen sections we performed the typical 

DQ protocol with unfixed tissue after incubating the tissue for 1-2 hours and imaging for 

enhanced fluorescence.  After incubation the tumor tissue of transgenic mouse mammary 

tumors from the PyMT model showed bright green fluorescence (first panel of figure. 

3.1A).  This cleavage correlated with stromal connective tissue that stained more  
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Figure 3.1 Validation of in situ zymography with DQ gelatin. (A) Histological imaging of DQ staining of 
PYMT tumor tissue showing inhibition with metal chelator of zinc CaDTPA and broad spectrum MMP 
inhibitor GM6001.  Fluorescence images show a representative region of serial sections treated with DQ 
alone or DQ in the presence of said inhibitor.  An H&E is shown to reveal that the enhanced uptake is due 
to the eosinophilic stroma web that is distributed throughout the invasive mammary adenocarcinoma.  
(B) Quantification of relative DQ fluorescence compared to inhibitor treatments.  Multiple regions were 
imaged and averaged because of broad heterogeneity of the PyMT tumors (see methods).  Error bars are 
standard deviations and statistically significant differences by two-tailed t-test are + and †= p < 0.001.                              

eosinophilic than the more basophilic dense cancer cells (lower left of figure 3.1A).  A 

method to further validate this staining pattern would be to use antibody staining of the 

tissue and examine co-localization.  However, antibody staining only determines where a 

particular enzyme is located and not whether enzyme is active. Therefore, for further 
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validation we chose to use enzyme inhibitors to determine whether signal could be 

diminished (though we have shown MMP-2 and -9 antibody staining in PyMT tumors in 

supplemental data of Olson et al.68).  We used both CaDTPA, a chelator of zinc that 

should inhibit zinc metalloproteases, and GM6001 a broad spectrum MMP inhibitor as 

inhibitors of DQ activity.  The CaDTPA is a weaker chelator of MMPs than K3H2DPTA 

which might explain why higher doses of CaDTPA were necessary.  Upon incubating 

serial sections with high concentrations of MMP inhibitor we were able to detect a 

significant decrease in MMP activity on DQ gelatin (figure 3.1A).  However the high 

dose used for GM6001 was so high that enzyme specificity may have been diminished, 

therefore less interpretable. Upon evaluating serial sections by imaging one region from 

each of 4 tumors of 2 different mice we determined that this difference was statistically 

significant, suggesting that some of the increase in DQ fluorescence is indeed due to 

MMP activity (figure 3.1B).  

3.4.2 Experimental protocol design of a new ex vivo assay for 

surgical specimens 

After validation of in situ zymography we designed a protocol to incubate pieces 

of tissue from surgical specimens in ACPP to determine 1) whether uptake of MMP 

cleavable ACPPs can be enhanced, 2) whether staining correlates with the 

microdistribution of enzyme activity (DQ zymography), 3) whether ACPP is cleaved as a 

result of incubation (PAGE and fluorescence imaging), and whether there is active MMP-

2 or -9 in the tissue (gelatin zymography) (figure 3.2).  The basic protocol consists of 

cutting pieces of cancer tissue into 1 mm slices and then incubating serial slices in 3 µM 

of each peptide to be tested for an hour.  Peptide concentration can be varied but 1-3 µM 

yielded the most differential results (data not shown).  Because the ACPP peptide is 

inherently sticky, the tissue needs to be washed thoroughly after incubation (preferably 

more than 3 times).  Before embedding tissue in a cryomold, gross tissue can be imaged 
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using fluorescence and evidence of peptide washing can be visualized by decrease in 

uncleavable peptide during successive washes.   

ACPP incubated tissue is then placed in a cryomold and cut orthogonally in order 

to visualize the thickness of the tissue from each slice as shown in figure 3.2.  

Cryosections can then be imaged at Cy5 wavelengths to detect the distribution of 

fluorescence throughout the tissue.  In addition to fluorescence imaging DQ zymography, 

antibody staining and H&E counterstaining can be performed on the same or serial   

 

Figure 3.2 Experimental protocol for ex vivo testing of ACPPs in surgical specimen.  Surgical specimen is 
cut into 1 mm slices and then incubated in ACPP treatments for 1 hour.  After incubation the tissues are 
washed thoroughly, imaged by fluorescence, and frozen in cryomolds.  The slices are then cryosectioned 
into 10 µm sections orthogonally so that exposed edges of the 1 mm slice can be visualized during post 
processing.  Tissue sections can then be imaged by fluorescence, stained for DQ in situ zymography, 
antibody stained, or H&E counterstained.  Finally slices can be homogenized for analysis by zymogram gel 
or to determine if ACPP peptide was cleaved.  
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sections as the Cy5 peptide imaging.  This protocol allows for a non-biased visualization 

of peptide penetration through a 1 mm thick tissue section, which is often diffusion 

limited in dense tumors.  Following histological processing, final confirmation as to 

whether peptide was cleaved (PAGE) and the presence of MMP enzymes (gelatin 

zymography) can be determined by analysis of parallel tissue or thawed tissue.   

3.4.3 Validation of an ex vivo experimental protocol using PyMT 

transgenic tumors and HT1080 xenografts 

To test the ex vivo protocol of surgical specimens, tumor bearing mice were 

initially used because they served as a good model for dealing with resected tissue and 

this tissue was more readily available than human patient tissue.  After incubating 1 mm 

tissue sections with cleavable ACPP suc-e8-xPLGLAG-r9-c(Cy5), cleavage resistant D-

amino acid peptide Suc-e8-xplglag-r9-k(Cy5), and with Cy5 fluorophore alone mal-Cy5, 

tissues were washed, frozen, and sectioned.  Tissues were imaged at Cy5 wavelengths 

and then stained with H&E revealing that ACPP treated tissue had much greater overall 

fluorescence than the other 2 controls suggesting that cleavage by enzyme enhanced the 

retention of the fluorescence (figure 3.3A).  Additionally, the distribution of peptide 

uptake correlated with stromal connective tissue (light pink).  The stromal tissue had 

enhanced fluorescence when serial sections were treated with DQ gel and the 

enhancement was diminished using CaDTPA to inhibit MMP activity.  Therefore, in 

freshly excised PyMT tissue, ACPPs are probably cleaved by endogenous enzymes and 

staining correlates well with regions of MMP activity (figure 3.3A).  This differential 

uptake when averaged using regions in the center of multiple tissues is not quite 2-fold, 

however we did find statistical significance (p < 0.05) between the cleavable and D-

amino acid versions of ACPP (figure 3.3B).  Furthermore, when the tissues were imaged 

by gross fluorescence post treatment following washing, the differences in 3 different 

tumors with all three treatments was clearly visible (figure 3.4A).  To further validate that 
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tumors did cleave the peptide, the tissue was thawed post histological analysis, 

homogenized, and run on a polyacrylamide gel to determine that the Cy5 containing part  

 
Figure 3.3 Fluorescence imaging of cryosections from PyMT mouse tumors processed using ex vivo 
protocol .  (A) Shows Cy5 fluorescence, DQ zymography fluorescence, and H&E of representative tissues 
treated with Cy5 fluorophore alone, cleavable ACPP, or D-amino acid cleavage resistant ACPP revealing 
differences in peptide uptake but similar levels of MMP activity as show by DQ gel.  Serial sections of DQ 
were treated with CaDTPA to verify the stromal uptake is the enzyme dependent signal.  (B) Quantitation 
of fluorescence imaging revealing differences between the different treatments shown in (A) revealing 
that the differences from averaging areas are not dramatic but are consistent.  This experiment is a 
representation of three different tumor tissues, four sections each for a total of n=12 per treatment.  
Error bars are standard deviations and statistical significance is noted * p-value = 0.0014  as determined 
with two-tailed t-test.  
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Figure 3.4 Gross imaging and post processing of ex vivo experiment from PyMT mouse tumors.  (A) 
Shows Cy5 fluorescence of the three tissues from figure 3.3 post processing and before freezing.  The 
gross imaging more convincingly shows differences between treatments.  (B) A polyacrylamide gel 
fluorescence image of the homogenized tumors revealing that the D-amino acid peptide remained bound 
to tissue but was uncleaved where nearly all of the cleavable peptide was cleaved into one of two 
cleavage fragments.  (C) Shows a zymogram gel of the PyMT tumors revealing that there was no MMP-9 in 
the tumors but that there was a substantial amount of pro and active MMP-2. 

of the ACPP ran as a smaller fragment than the cleavage resistant D-amino acid peptide, 

proving that the peptide linker was cleaved (figure 3.3B). This analysis revealed that the 

D-amino acid peptide stuck strongly to tissues even after washing, though it remained 

uncleaved, which explains the lack of significant fold differences.  Tissue was also 

processed for PAGE gelatin zymography revealing that MMP-2 was present in its 
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inactive and active forms though MMP-9 was undetectable, suggesting that most of the 

peptide could have been cleaved by MMP-2.    

In addition to PyMT tumors, HT1080 fibrosarcoma xenograft tumors were 

evaluated by the same methods.  HT1080 tumors have a much greater density resulting in 

very little uptake of peptide in the center of the tissue.  Fluorescence imaging did reveal 

that there was a increasing gradient towards the edges of the 1 mm section, revealing that 

there was likely a significant diffusion limitation of peptide deep into the tissue (figure 

3.5 A left panels).  Conversely there was sufficient evidence that MMP activity was 

present deep into the tissue as revealed by DQ gelatin (figure 3.5A center panels).  Gross 

imaging of 3 tumor tissues showed little difference (unlike PyMT tumors) between the 

cleavable and the D-amino acid peptide (figure 3.5B).  Upon running a PAGE peptide gel 

and zymogram gel it was confirmed that ACPP was cleaved and that both MMP-2 and -9 

were present in the HT1080 tissue (figure 3.5C, D). 

 

3.1 Discussion 

ACPPs have considerable potential for use in many different applications such as 

ex vivo analysis for evaluating surgical margins of tumors clinically.  In order for ACPPs 

to be useful as a clinical assay for the evaluation of post surgical pathology, multiple 

criteria would have to be met.  Such criteria for the assay might include; 1) equal or 

greater sensitivity and specificity diagnostically compared to the standard of care; 2) 

being well defined and completed in the same or preferably less time than current 

surgical pathology diagnostics (hours); 3) provision of complementary information to 

assist surgical decisions that would either aim to decrease the time delay for attaining 

clear surgical margins or more accurately define clear margins; 4) validation and 

correlation with disease prognosis.  Such criteria could be met with ACPP ex vivo 

methodology but clear, conclusive data has yet to be demonstrated and further rigorous 
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studies need to be performed with human surgical specimens.  To address this point, 

proof of principle experiments have been attempted using squamous cell carcinoma49. In  

 
Figure 3.5 Ex vivo analysis of HT1080 tumor tissue should work but the dense tissue has diffusion 
limitations.  (A) Three tumor slices from HT1080 human fibrosarcoma xenografts were processed through 
the ex vivo protocol, sectioned and imaged for Cy5 fluorescence then stained with DQ, and H&E.  The 
differences were not obvious and the fluorescence sections revealed little to no penetration of peptide 
into the 1mm thick slices.  (B) Gross images of the tumor slices post washing showed very little difference 
between cleavable and cleavage resistant peptides.  (C) Homogenized tissue was run on a polyacrylamide 
gel revealing that the D-amino acid peptide remained uncleaved and that though not huge contrast the 
cleavable peptide was still cleaved.   (D) Zymogram gel revealed that there was a robust level of both 
active MMP-2 and MMP-9 in the tumors though there was not a lot of peptide uptake. 
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the present studies, further methodological validation and criteria for further qualitative 

and quantitative data have been established in mouse models. Further studies are ongoing 

with primary head and neck cancers and human breast cancers.  These directions have 

provided a foundation for validating the ACPP mechanism in mouse and human tissues 

but have yet to demonstrate the level of diagnostic specificity to warrant clinical 

development of such methodology.  To date the best quantitative differences in ACPP 

uptake between cleavable and cleavage resistant peptides have been 1.2-3 fold (figure 3.3 

and data not shown) and contrast between tumor and stroma or adjacent normal tissue has 

not reliably proven to be better.  There are a number of reasons why these data are not 

more impressive and they should be taken into consideration in future testing.   

There are a number of challenges that may affect the robust nature of ex vivo 

analysis of tumor tissues with ACPPs.  Firstly, in order to further understand MMP 

dependent uptake there needs to be an independent means of measuring MMP activity in 

a specimen that could then be correlated with the ACPP signal.  This would enable a 

statistical determination of ACPP diagnostic capabilities for defining MMP activity, 

would normalize for tissues that have little to no contrast and low enzyme activity, and 

would normalize for changes in enzyme activity during surgical excision and post 

surgical time leading up to peptide treatment.  Secondly, further optimization would be 

required to determine diffusion limitations and slice thickness for each type of tissue 

tested.  This is important because dense tissue has been found to severely limit tissue 

penetration of ACPPs.  This severely hinders the ability to interpret enzyme activity in 

tissues where MMP activity may be high but tissue density is too high for ACPP access 

as seen with the HT1080 fibrosarcoma (figure 3.5) and human squamous cell carcinoma 

tissues (data not shown).  Lastly, optimization of ACPP structure, tissue incubation 

protocol, addition of inhibitors to demonstrate specificity, exclusion of non specific dead 
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cell uptake, and washing should be tested in order to more clearly define specific staining 

from non-specific staining with cleavage resistant ACPPs.  These issues are important 

because in each tissue type tested much of the negative control peptide stuck to tumor 

and normal tissue resulting in reduced differences between control and test peptides. 

Thus further analysis and characterization of staining techniques would assist with 

interpretation.   

Despite the challenges, ex vivo analyses have been useful to further make a case 

for ACPP utility in human tissue and to further validate that the differential signal 

observed between control peptides and tumor to normal tissue is scientifically sound.  

None of the comprehensive experiments carried out since our 2004 publication have 

yielded dramatic differences between each of the parameters tested in ex vivo analyses, 

though the differences and correlation to enzyme activity have become more convincing.  

Because of the technical challenges and the limited differences attained with the ex vivo 

assays further studies may not be worth the effort especially because there are a number 

of other directions to take ACPPs.  Perhaps direct application of ACPPs to enzyme 

expressing tissue is less appropriate of an application for ACPPs compared to IV 

injection into living animals whose target tissue is well perfused (enabling delivery and 

constant washing) as will be further discussed in the following 2 chapters.81,68 
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CHAPTER 4: Systemic In Vivo Distribution of 
Activatable Cell Penetrating Peptides is Superior to that 
of Cell Penetrating Peptides 
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 Figure 4.1 ACPPs selectively unmask CPPs upon protease cleavage of a linker, which is selective 
for MMPs when the linker sequence is PLGLAG. 
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 Figure 4.1 MMP cleavable PLGLAG linker built into the ACPP shows uptake due to endogenouse 
proteases in a 3-D tissue culture model. 
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 Figure 4.3 Comparison of pharmacokinetic tissue distribution between CPP and ACPP following 
intravenous injection into HT-1080 tumor bearing nude mice reveals differences in peptide distribution. 
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Figure 4.4 Confocal microscopy of CPP and ACPP in organs revealed peptide localization to endosomes 
in nude mice. 

Figure 4.5 Confocal microscopy reveals no significant nuclear uptake of ACPP or CPP in HT-1080 
xenografts. 
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Table 4.1 Summary of ACPPe toxicity in mice. 
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This chapter is a reprint of the work as it appears in Integrative Biology, 

published June 2009.   
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CHAPTER 5: In Vivo Characterization of Activatable 
Cell Penetrating Peptides for Targeting Protease 
Activity in Cancer 
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Figure 5.1 Uptake of free ACPPs by mice harboring HT-1080 xenografts is protease dependent. 
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Table 5.1 Tumor standardized uptake values for ACPPs of the form suc-e8-

x******r9-c(Cy5) 
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Figure 5.2 Uptake of MMP cleavable ACPPs is significantly reduced in PyMT lacking the genes for MMP-
2 and MMP-9. 
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Figure 5.3 Uptake of MMP cleavable ACPP’s follows the distribution of MMP’s in adenomatous tumors 
and once cleaved, are delivered to the endosomes of stroma and to a lesser extent tumor cells. 
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Figure 5.4 ACPP’s accumulate in spontaneous lung metastases in PyMT mice. 
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Figure 5.5 Free ACPPs accumulate in the cartilage, liver and kidney, as well as the tumor. 
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Figure 5.6 Addition of a large molecular carrier to the polyglutamate results in greater uptake in tumor. 
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CHAPTER 6: Enhanced ACPP Uptake Upon Cell 
Death: Could this be Clinically Useful 

 

6.1 Abstract 

During multiple experiments aimed at validating the ACPP mechanism of action 

in culture and in animals it was observed that ACPPs are dramatically taken up into dead 

cells.  This phenomenon is a significant confounding factor that should be considered 

when using ACPPs for various applications.  However, the mechanism of uptake into 

dead cells could also be exploited for clinical means.  Here we describe the nature by 

which CPPs and ACPPs are taken up into dead cells and necrotic tissue.  It was initially 

found that r9Cy5 CPP is taken up into dead cells rapidly with kinetics that correlated with 

2 independent markers for cell death, propidium iodide and Calcein Green AM.  

Additionally, uncleavable ACPPs are taken up similarly and perhaps more specifically 

while an alternating arginine and glutamate peptide is not taken up into dead cells, 

suggesting that the uptake is dependent on the linear polyarginine sequence of the ACPP.  

Finally we describe that these same uncleavable ACPPs are specifically taken up into 

necrotic tissue of tumors and atherosclerotic lesions suggesting that there is potential to 

exploit this mechanism of ACPPs for clinical applications.  

6.2 Introduction 

ACPPs have been designed as probes that can be specifically taken up into cells 

once the linker between the polyarginine and polyglutamate is cleaved by a specific 

enzyme.  During multiple studies where we were validating ACPPs it had been observed 

that CPPs, and ACPPs seemed to be taken up into dead cells.  This was evident in tissue 

culture, 3D culture (chapter 2), in ex vivo assays of surgical tissue (chapter 3), and with in
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vivo tumor models (chapters 4 and 5).  This became a significant confounding factor and 

a robust undesired signal that needed to be controlled.  Because of this we then felt it was 

important to define parameters by which we witness dramatic uptake into cells and nuclei 

that were associated with cell death or loss of membrane integrity.    

Though the ability to mark dead cells for most of our studies has been undesirable 

the principle could indeed be useful and important for molecular imaging.  There is much 

interest in being able to image cell death in vivo because cell death is correlated to a 

number of pathologies including cancer and atherosclerosis.82,83 A popular probe design 

has focused on targeting annexin V that acts as a shield to the negatively charged 

phosphatidylserine that become exposed at the surfaces of dead or dying cells, 

particularly during apoptosis.84,85,86  We have found that ACPPs, even uncleavable 

versions, are able to be taken up into dying cells particularly the nucleus as there is a loss 

of membrane integrity.  This is likely due to positively charged polyarginines binding to 

exposed negative charges such as DNA.  This surprisingly has revealed a significant 

amount of signal in regions of necrosis in cancer and atherosclerosis.  This chapter aims 

to characterize these phenomena of uptake into dead cells from tissue culture and animals 

and provide a foundation by which further studies could be initiated to determine whether 

ACPPs could be exploited in vivo as markers for necrosis or dead cells in various 

pathologies.  

 

6.3 Methods 

6.3.1 Tissue culture and cell imaging 

HT1080 human fibrosarcoma and MDA-MB-231 human mammary 

adenocarcinoma cells were plated on coverslip bottom imaging dishes.  After 24 hrs 

HT1080 cells were serum starved for 48 hrs.  The peptide used for imaging was the same 
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r9(Cy5) peptide as described in chapters 2 and 4.  After serum starvation, cells were 

treated with Hoechst 33342 for nuclear staining (Invitrogen), propidium iodide (PI) for 

nuclear staining of dead cells (Invitrogen), and then 1.5 µM of r9Cy5 CPP peptide.  Cells 

were imaged by confocal microscopy (Zeiss, LSM 5 Live) using laser and filters settings 

for DAPI, Rhodamine, and Cy5.  For imaging of live HT1080 and MDA-MB-231 cells, 

cells were incubated with Calcein Green AM (Invitrogen) at 1 µM and 10 µg/mL of PI.  

Cells were imaged using the confocal microscope at Calcein (GFP), PI, and Cy5 settings.  

Cells were then treated with 1.5 µM of r9Cy5 and imaged for 45 minutes.  HT1080 cells 

that were in the field of view are much more sensitive to peptide so no added laser was 

used between time points but laser was turned on frequently for MDA-MB-231 cells 

which encouraged the redistribution described in results to occur.    

6.3.2 FACS analysis of dead cells 

For FACS HT1080 cells were grown and trypsinized into suspension.  Cells were 

kept in suspension for 3 hrs with frequent agitation.  At this time point cells were 

incubated with Calcein Green AM and 3 µM of peptide for 15 minutes then washed 3 

times.  r9Cy5 peptide as described in chapter 2 and 4, Suc-e8-(Peg2)2-r9-c(Cy5) (Suc-e8-

Peg-r9-Cy5) as described in chapter 5, and alternating charge Suc-r(er)3-(Peg2)2-(er)4-

c(Cy5)(er4-Peg-er4-Cy5) were synthesized. Methodology was the same as described in 

previous chapters (chapters 4 and 5.)  Cells were finally treated with PI at 10 µg/mL and 

prepared for FACS.  Before FACS cells were filtered and then 5000 cells per sample 

were run for each analysis. Populations of cells were gated as described in the results and 

% dead and % high Cy5 signal was quantified.  

6.3.3 Uncleavable ACPP uptake in necrotic tumors 

MDA-MB-435 clone M4A4 cells were generously provided by David Tarin and 

2x106 cells were injected into the right mammary fat pad of balb/c athymic nude mice. 
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About 4 weeks later 10 nmol of Suc-e8-Peg-r9-Cy5 was injected IV.  Six hours later the 

mouse was imaged and euthanized.  The tumor from each mouse was removed and 

imaged on the Maestro small animal fluorescent imager (CRI, Cambridge, Mass).  Tumor 

tissue was then frozen in OCT compound (tissue-tek) and cryosectioned at 10 µm.  Cut 

sections were imaged by epifluorescence with Cy5 filter settings (Zeiss, Lumar) and then 

stained with hematoxylin and eosin (H&E) revealing necrotic tumor that fluoresced 

brightly with Cy5.   

6.3.4 Uncleavable ACPP uptake in necrotic atherosclerotic plaques 

Two year old C57BL/6 Apoe-/- mice were fed a high cholesterol diet for over a 

year till they had severe atherosclerotic lesions.  They were then injected with 10 nmols 

of the Suc-e8-Peg-r9-Cy5 uncleavable ACPP and sacrificed 6 hours later.  The mice were 

perfused with 50/50 formalin / sucrose and the aortas dissected out and imaged on a 

Maestro small animal imager.  Mice with advanced lesions had some bright areas with 

the uncleavable peptide and those regions were cut out and embedded in paraffin and 

sectioned (UCSD Cancer Center histology core).  Paraffin sections were then imaged for 

Cy5 fluorescence by epifluorescence (Zeiss, Lumar).  Serial sections were then H&E 

stained (UCSD Cancer Center histology core) and compared for distribution of peptide 

uptake.  

 

6.4 Results 

6.4.1 Nuclear uptake is immediate for dead/dying cells and rapid 

uptake correlates with cell death markers 

It was observed multiple times with r9Cy5 CPP that a large number of cells would 

ball up and wash away, perhaps dying after treatment.  In all cases it was observed that 
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those cells had a significantly higher peptide fluorescence signal that was concentrated in 

the nucleus.  This signal was much greater than in the live adherent cells nearby, and the 

signal was diffusely intense in the nucleus as opposed to brighter nucleoli pattern as 

observed in morphologically healthy cells.  To test if CPP uptake is correlated with cell 

death HT1080 cells were serum starved for 2 days and then treated with r9Cy5 CPP.  The 

cells were co-treated with 2 other cellular stains the first being propidium iodide (PI) a 

positively charged small molecule that is a classic marker for cell death. Upon loss of 

membrane integrity PI can enter cells and accumulate in the negatively charged nucleus.  

Secondly cells were counter stained with Hoechest 33342 that labels all nuclei to 

differentiate live from dead cells (PI+ and Hochest+) from live cells (Hochst+ and PI-).  

For this assay cells were treated for 45 minutes with 1.5 µM r9Cy5 and imaged by 

confocal microscopy.  In every case r9Cy5 colocalized in a nearly identical distribution to 

the PI, suggesting that positively charged CPPs reach the nucleus upon death similarly to 

PI (figure 6.1). 

 

Figure 6.1 CPPs are taken up rapidly into dead cells in tissue culture.  HT1080 human fibrosarcoma cells 
were serum starved in tissue culture for 48 hours to induce wide spread cell death.  Cells were then 
treated with 1.5 µM r9Cy5 CPP (red) for 45 minutes then counter stained with Hoechst 33342 for all cell 
nuclei (green) and propidium iodide (PI) for dead cell nuclei (blue).  All dead cells had identical PI and CPP 
nuclear colocalization.  Many Hoechst staining cells did not stain with PI nor CPP suggesting that only dead 
cells (PI+) took up CPP peptide into the nucleus.    
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To further examine the nature of CPP uptake in dead or dying cells we aimed to 

image the process of cell death or at least loss of membrane integrity.  Both MDA-MB-

231 human adenocarcinoma and HT1080 cells were pre incubated with Calcein Green 

AM, to label live cells green with a dye that concentrates if there is intracellular 

membrane integrity.  The Calcein will leak out as cells die.  PI was used as a second 

marker for cell viability, which would be excluded from nuclei when cells are alive and 

then turn the nuclei red as loss of membrane integrity occurs.  The cells were imaged by 

confocal microscopy for up to 45 minutes after addition of r9Cy5 peptide.  The confocal 

laser was turned on frequently in order to introduce stress that may trigger cell death or 

loss of membrane integrity at a faster rate.  By 15 minutes post treatment cells from both 

cell lines began to lose the Calcein Green AM signal and have increased uptake of PI that 

correlated well with increased uptake of r9Cy5 (figure 6.2A, B).  In the case of previously 

live cells PI and r9Cy5 uptake occurred simultaneously as the Calcein Green AM signal 

deteriorated (white arrows figure 6.2A, B).  However in the case of previously dead cells 

PI staining of the nuclei was present before treatment and the r9Cy5 peptide accumulated 

in those nuclei over time (yellow arrows figure 6.2A).   

6.4.2 Uptake of ACPP into dead cells, is dependent on the linear 

polyarginine and polyglutamate peptide.  

Figures 6.1 and 6.2 demonstrate that CPP r9Cy5 gets taken up rapidly with loss of 

membrane integrity but we wanted to ask if the same was true for ACPPs.  We suspected 

this to be the case because it had been observed in 3D culture (chapter 2) and ex vivo 

assays (chapter 3) that there were many dead cells that had nuclear ACPP whether 

cleavable or cleavage resistant, not just the CPP.  ACPP uptake upon cell death was 

tested in tissue culture using FACS because it can be much more quantitative on a cell 

population level.  For this experiment the mPeg/polyethylene glycol uncleavable ACPP 

Suc-e8-Peg-r9-Cy5 was used to test ACPP uptake.  A new control was synthesized that
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Figure 6.2  As cells die membrane integrity is disrupted leading to propidium iodide and CPP uptake and 
loss of Calcein AM signal.  HT1080 human fibrosarcoma cells (A) and MDA-MB-231 human mammary 
adenocarcinoma cells (B) were preincubated with live cell marker Calcein Green AM (green) and  a marker 
for dead cells, propidium iodide (PI)(blue), then imaged by confocal microscopy .  1.5 µM r9Cy5 was added 
to cells, which were imaged for up to 45 minutes.  Cell were imaged no more than 10 times throughout 
the time course but often enough to introduce cell stress due to the laser light.  Cells that were initially 
dead as determined by PI staining had rapid uptake of CPP into nuclei within 45 minutes (orange arrows).  
As cells died CPP uptake was initially cytoplasmic with some nuclear uptake by 30 and 45 minutes which 
accumulated faster than the PI nuclear staining (white arrows).                   
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alternates arginines and glutamates in order to remove the CPP component of the peptide, 

Suc-r(er)3-(Peg2)2-(er)4-c(Cy5)(er4-Peg-er4-Cy5).  If nuclear uptake is dependent upon 

the concentrated positive charges of the linear polyarginines then dead cells would not 

take up the er4-Peg-er4-Cy5 control demonstrating that the polyglutamate alone is 

insufficient to reduce uptake compared to the negative charges exposed from dead cells. 

HT1080 cells were grown in monolayer cell culture, trypsinized, and kept in 

suspension for 3 hours in HBSS.  The cells were then treated with 3 µM peptide for 15 

minutes.  After treatment, cells were washed 3 times and stained with propidium iodide 

(PI) and prepared for FACS sorting.  This protocol provides an independent means for 

determining cell death with red fluorescence, verifying that membrane integrity was 

disrupted resulting in high PI staining of nuclei.  Figure 6.3A shows representative plots 

of PI fluorescence on the y-axis and Cy5 fluorescence on the x-axis of 5,000 cells for the 

er4-Peg-er4-Cy5 scrambled peptide in the left panel and the Suc-e8-Peg-r9-Cy5 peptide in 

the right panel.  The cell population was gated as Cy5lo PIlo (live low uptake), Cy5lo PIhi 

(dead low uptake), Cy5hi PIlo (live high uptake), and Cy5hi PIhi (dead high uptake).  As 

anticipated, the majority of  dead cells did not take up the er4-Peg-er4-Cy5 peptide (left 

panel) whereas they did take up very high amounts of Suc-e8-Peg-r9-Cy5 peptide (right 

panel). 

The experiment was analyzed by determining the percent of cells that were dead 

as determined by PI and then determining the percent of cells that had high peptide 

uptake.  The results shown in figure 6.3B revealed that based upon PI about 10% of the 

cells after all treatments were dead.  For the Suc-e8-Peg-r9-Cy5 ACPP peptide nearly all 

dead cells had a significant increase of Cy5 uptake at 9% while there was only a 1.5% 

increase for the control er4-Peg-er4-Cy5 peptide.  This demonstrated that the ACPP 

peptide is dramatically increased in dead cells and that uptake is dependent on the r9  
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Figure 6.3 ACPPs are taken up into dead cells where alternating arg and glu greatly diminished uptake.  
(A) Representative FACS scatter plots showing ACPP-Cy5 uptake (x-axis) and dead cell propidium iodide 
uptake (y-axis).  These plots show enhanced uptake of Suc-e8-(Peg2)2-r9-Cy5 in nearly all dead cells 
whereas the er4-(Peg2)2-er4-Cy5 was not taken up into dead cells as readily.  (B) This table quantifying 
multiple FACS runs of 5000 cells shows that more dead cells took up linear arg ACPP whereas minimal 
peptide was taken up in dead cells with the alternating arg and glu sequence.  Additionally r9Cy5 is shown, 
revealing that there was greater number of cells with high r9Cy5 CPP uptake than there were dead cells.  

sequence.  Alternatively, when the cells were treated with r9Cy5 peptide 85% of cell had 

high uptake where only 10.3% dead by PI staining post treatment.  When cells were pre 

incubated with Calcein Green AM before peptide treatment, 32.3% of cells lost the 

Calcein signal.  These data suggest that when r9Cy5 peptide is taken up into cells there 

may be a brief loss of membrane integrity that is regained after washing.  This would 
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explain why PI did not enter cells after treatment but Calcein did leak out during 

treatment.  This accounts for another 20% of uptake beyond the expected 10% of dead 

cells. Because there was greater overall uptake of r9Cy5 than 32.3% (Calcein) at 85%, the 

additional uptake was likely membrane integrity independent. 

6.4.3 In mice the uncleavable ACPP is taken up specifically into 

dead or dying necrotic areas of tumors 

When ACPPs are injected into mice the there is almost always a difference 

between the MMP cleavable and cleavage resistant ACPPs as discussed in Chapter 5.  

However, in some models especially when tumors get very large this difference was 

decreased. We found that the difference decreased because the negative control signal 

increased. When large excised MDA-MB-435 human melanoma xenografts tumors were 

cut in half it became obvious that there was bright signal throughout the center of the 

tumor (figure 6.4A).  Tumors were then cryosectioned and imaged by Cy5 fluorescence 

to determine the distribution of peptide uptake.  Uncharacteristically there was a distinct 

bright pattern of uptake in the tumor section that was revealed to be necrosis upon H&E 

staining (figure 6.4B, C).  As the ACPP is taken up into dead cells in culture it became 

evident that there is also significant cleavage-independent uptake into necrotic tumor 

tissue.   

6.4.4 Uncleavable ACPP is taken up into necrotic lesions of 

advanced atherosclerosis 

The same confounding variable of necrosis uptake was found in atherosclerotic 

plaques as we had observed with largely necrotic tumors.  To test whether ACPPs could 

detect enzyme activity in atherosclerotic plaques we had initiated a study injecting MMP 

and Thrombin ACPPs into Apo E-/- mice (data not shown manuscript in preparation).  

Apo E-/- mice that had been on high cholesterol diet for one year and two years were 
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tested.  We found that in 1-year old mice there was a significant amount of ACPP uptake 

with both  

 
Figure 6.4 Uncleavable ACPPs are taken up in tumor areas of active necrosis.  (A) A large MDA-MB 435 
human melanoma cell xenograft tumor excised from a mouse that was injected with Suc-e8-(Peg2)2-r9-
c(Cy5) uncleavable ACPP was brightly fluorescent in the core of the tumor.  (B) Fluorescent imaging of 
cryosections reveal that there were clearly delineated areas of bright Cy5 fluorescence in the tumor.  (C) 
H&E stain of a serial section reveals that the areas of bright fluorescence correspond with areas that are 
undergoing necrosis as shown at low and high magnification.   

the MMP and Thrombin peptides but that the Peg2 negative control was nearly 

undetectable.  However, in 2-year old mice with very advanced disease we found that 

there were bright areas of plaque with the Peg2 peptide (figure 6.5A). The bright lesions 

in the plaque were sectioned and imaged by Cy5 fluorescence to determine what was 

taking up the peptide.  We found that the bright spots of fluorescence correlated well with 

necrotic plaques when counterstained with H&E and compared (figure 6.5B).  This  
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Figure 6.5 Uncleavable ACPPs are taken up brightly in areas of necrotic plaques in the Apo E-/-  -  
atherosclerosis model.  (A) An Apoe-/- mouse fed an atherogenic diet for 2 years had areas of bright 
fluorescence not detected in one year old mice.  The mouse was injected with Suc-e8-(Peg2)2-r9-c(Cy5) , 
sacrificed 6 hours later, perfused, and the aorta was dissected.  (B) Upon fluorescence imaging of 
histological sections and H&E staining of serial sections from outlined area of (A) bright fluorescence was 
identified to be due to necrotic tissue in the plaques. 

 

provided further evidence that the ACPPs are effectively taken up within tissues that are 

well perfused and have negative charges exposed such as during cell death or necrosis. 
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6.5 Discussion 

Though we are less interested in the factors that enable rapid cytosolic and 

nuclear uptake of CPPs, it was particularly interesting that CPPs and ACPPs get taken up 

rapidly into dead cells.  This is important because uptake of peptide into dead cells and 

diseased tissue can be a confounding factor in many of our tissue culture studies (chapter 

2), ex vivo tissue analysis (chapter 3) and in vivo imaging studies (chapter 4 and 5).  We 

have found that CPPs and ACPPs behave very much like PI in that as soon as membrane 

integrity is lost, a dramatic nonspecific uptake into cells is observed.  We have found that 

is highly correlated with multiple in vivo phenomena such as uptake in necrosis of tumors 

and atherosclerotic plaques in the case of ACPPs.   

Beyond describing this phenomena for CPPs and ACPPs in culture and animal 

models there could be a particular interest in developing ACPPs for detection of necrosis 

in pathology.  There are two main areas that such probes could be useful if they were 

further validated in such settings.  The first could be for evaluation of therapeutic efficacy 

of chemotherapeutic drugs.  Current methodology of using response evaluation criteria in 

solid tumors (RECIST) has significant disadvantages especially for a rapid readout of an 

active therapeutic response.5 If a cancer is going to be responsive to a chemotherapeutic 

regimen it would be important to determine the therapeutic time course of resolution in 

hours or days. Imaging cell death or apoptosis could give that level of temporal 

resolution.87  Currently, because of the limited ability to monitor therapeutic effect, many 

cancer patients are entered into aggressive chemotherapeutic schedules that have 

dangerous side effects and negatively affect quality of life.  If there were probes that 

could evaluate efficacy of a chemotherapeutic in the first couple days of treatment 

oncologists could either spare patients unnecessary toxicity from dosing beyond the 

effective dose or spare patients from undergoing ineffective therapy.  Not only could 

patients be taken off ineffective drugs earlier, they could end the use of effective drugs 
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earlier.  Additionally, if a particular treatment schedule is not working patients could be 

moved to an alternative treatment protocol more quickly.  This could significantly save 

precious time in finding an efficacious treatment while cancer progresses. We have 

shown that ACPPs will be taken up significantly in necrotic tumors but important initial 

studies should be performed to determine whether ACPPs can be taken up into cells after 

chemotherapeutic induced death (apoptosis or another mechanism of death).  

A second clinical setting in which imaging cell death or necrosis would be useful 

and could save lives, would be in the advanced stages of atherosclerosis.  Currently, 

intervention for atherosclerosis occurs when there is significant arterial occlusion, 

however many patients die of acute myocardial infarctions when they had apparently 

insignificant disease in the perpetrating arteries, revealing that anatomical criteria by 

angiography is not sufficient to identify patients at risk.88,89 In another study, sudden 

death with moderate stenosis was identified histologically, revealing that these high risk 

patients either had ruptured plaques and thrombus formation or eroded plaques with 

associated thrombus90. Multiple studies like these have provided insights into the 

molecular mechanisms of such high risk pathology.91  If there were a prognostic imaging 

probe that could identify vulnerable lesions and signal the need for intervention there 

would be a chance to save the lives of many patients.  One such prognostic target could 

be imaging of necrosis and dead cells to be able to determine which plaques have 

significant necrotic cores.  Necrotic lipid rich cores are heavily correlated with advanced 

stages of atherosclerosis and vulnerable plaques.92,93 We have shown that ACPPs can 

detect necrosis in advanced stages of atherosclerosis, therefore the potential for detection, 

intervention, and determining clinical impact is a realistic goal as well as further 

examination of the clinical potential for detecting MMP and thrombin activity.   
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CHAPTER 7: Albumin Reactive ACPP for Enhanced 
Uptake in Tumors and Metastases: Translation into a 
Clinically Relevant Radiotracer  

 

7.1 Abstract   

ACPPs have a great deal of potential for targeting to tumors and metastases but a 

number of technological and biological challenges will need to be overcome before they 

are a viable clinical option.  In their free peptide form, the biodistribution is limited and 

rapid.  Though they are greatly improved over polyarginine CPPs alone, there are limits 

the level of tumor targeting possible.  Though attaching ACPPs to carriers has 

significantly enhanced ACPP’s potential as clinical contrast agents and therapeutics, 

there have been disadvantages related to complicated synthesis, difficult quality control, 

possible aggregation, and only a 1.5-4 fold increase in contrast with cleavable versus 

uncleavable peptides.  In this chapter we describe an alternative ACPP configuration 

where the ACPP reacts to albumin in situ after injection or is pre-reacted just minutes 

before injection.  This approach has proven to work rather well at delivering significantly 

greater amounts of contrast to tumors and metastases while remaining a relatively simple 

synthetic strategy.  We additionally show that when peptides are labeled with 111In, they 

provide notable contrast for planar gamma scintigraphy with up to an 18-fold contrast 

between tumor and muscle.  This opens up the potential for further preclinical 

development of these molecules as clinical diagnostic agents. 
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7.2 Introduction.   

Simple ACPP free peptides have great potential for targeting to tumors and 

metastases, but suffer some significant disadvantages when it comes to enhanced contrast 

based upon proteolytic amplification.68  Some of these disadvantages include rapid 

pharmacokinetic distribution with short plasma half-life, broad distribution, and slow 

wash out from multiple tissues with specific and non-specific uptake.  Contrast of tumor 

to muscle and cleavable to uncleavable peptide has been at best 4:1.  These results have 

been sufficient to validate the ACPP mechanism and explore the array applications using 

optical fluorophores, but for the development of clinically useful probes with tumor to 

background/surrounding tissue, contrast could be even greater.   

The major direction taken to address these problems with free peptides was to 

attach the ACPPs to large molecular weight carriers.  There were two major 

configurations by which to attach ACPPs. The first was by n-terminal poly glutamate so 

that the r9-(payload) would be cleaved off, releasing the CPP.49 Alternatively, the ACPP 

could be attached via c-terminal polyarginine such that the poly glutamate would be 

cleaved off, allowing the carrier to have exposed CPP, thus leading to uptake of carrier-

payload conjugates coated with activated CPPs (figure 1.2).53  These configurations 

enabled greater plasma half-life, greater yet slower accumulation of peptide into tumor, 

and greater tumor to background tissue contrast.  Possilbe macromolecular weight 

carriers consisted of polyethylene glycol, dextrans, albumin, and dendrimers, each having 

their own positives and negatives.  In summary, we accomplished µM delivery of 

payload into tumors (dendrimers for Gd imaging), up to 4:1 cleavable to uncleavable 

contrast (albumin conjugates), up to 4:1 tumor to muscle contrast (Gd, In-111, Cy5 

dendrimers, free peptides, and albumin/dextran conjugates), and these modifications 

benefited greatly from the EPR effect.68,53,25,94  However, there have been many 
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challenges regarding ACPP configuration.  These challenges include issues regarding 

validation of synthetic molecules, having consistent and reproducible syntheses, and 

prevention of aggregation.  Therefore a simplified synthetic design with easy quality 

control could provide significant advancement.  Using standard peptide synthesis and 

robust 2-step chemistry, albumin reactive ACPPs were synthesized.  These peptides 

could either be injected into a mouse as a free peptide to react in situ or they could be 

pre-reacted to albumin minutes prior to injection.  

Albumin reactive peptides are based upon a simple finding exploited by Felix 

Kratz for drug development, where his group describes that C34 of albumin is a reactive 

thiol and that a simple thiol reactive linker can readily react with C34 in situ (once 

injected into an animal) or in a test tube.95,96  This technology was initially used for 

delivery of doxorubicin to tumors via a (6-maleimidocaproyl) hydrazone derivative of 

doxorubicin (DOXO-EMCH).  The drug is an albumin reactive, acid-sensitive prodrug 

that has been shown to have superior efficacy and toxicity profiles. It was the first 

albumin reacting prodrug of doxorubicin to enter clinical trials. Patients surprisingly 

tolerated very high doses of the drug in phase 1 trials and all noted toxicity seemed to be 

due to the doxorubicin and not the linker.97 Since these initial designs, the Kratz group 

has evolved their prodrug scheme to include tumor expressing enzyme activation by 

MMPs, PSA, cathepsin B, Plasmin, and Upa activatable prodrugs.98,99,100,101,102,103,104 

Albumin reactive probes and drugs have great potential because the synthesis and 

validation of constructs is relatively easy, the maleimide reaction with C34 so rapid and 

robust that the molecule can be injected IV, and the circulation time in plasma is much 

greater than a small molecule prodrug or peptide.   

For the development of ACPPs we synthesized an albumin reactive ACPP to 

determine whether this technology could provide the carrier properties of previous 

designs but be much easier to synthesize and characterize (figure 7.1A).  This albumin 
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reactive strategy as discussed has been used for prodrug development, but this is the first 

time that the principle has been applied to molecular imaging and tumor targeting via 

ACPPs.  We show that maleimide containing ACPPs can react with albumin in a robust 

fashion similar to previous prodrug strategies and we show that this mechanism greatly 

enhances the accumulation of cleaved ACPPs in tumors in a cleavage dependent manner.  

Additionally, we evolved these ACPPs to not only deliver fluorescent payloads for far red 

florescence imaging of tumors and metastases, but have introduced a radionuclide 

component with 111In which yields sufficient tumor contrast to visualize tumors using 

planar gamma scintigraphy, a relevant imaging modality for nuclear medicine 

applications.  The rationale for nuclear imaging was that because this peptide design 

cannot carry multiple contrast agents per carrier as with PAMAM dendrimers, the clinical 

imaging modality of choice should be more sensitive than a modality like MRI which 

needs micromolar amounts of contrast agent to be detected.  111In is a good alternative 

because gamma emitting radionuclide’s can be detected at tracer levels deep in tissue, 

and the half-life is sufficiently long to be compatible with a long plasma half-life albumin 

bound ACPP.12,13  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

7.3 Methods   

7.3.1 Peptides.    

Peptides were synthesized by solid phase synthesis with free n-termini and c-

terminal cysteine.  Peptide sequence e9-oPLG(Cme)AG-r9-c-NH2 was synthesized for the 

cleavable peptide (o is 5-amino-3-oxapentanoyl linker and Cme is a methylcysteine 

amino acid) and e9-(Peg2)2-r9-c was synthesized for the uncleavable peptide.  This new 

MMP substrate was used because it was found to be better for carrier based ACPP 

targeting in the context of dendrimers.53  After cleavage and purification by HPLC the 
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peptide was reacted in excess with Cy5-monomaleimide in DMF with NMM.  After the 

reaction went to completion, the peptide was further reacted with maleimidopropionic 

acid-PFP ester under the same conditions as the previous reaction.  Reactions were 

monitored by HPLC mass spectrometry and purified by HPLC.  For DOTA labeled 

peptides the peptide was made by adding a (Peg4) to the n-terminus of the peptide and a 

k(Dota) between the arginine and the cysteine on the c-terminal end of the peptide during 

solid phase synthesis.  The sequence for these two dual labeled peptides is Mal-Peg4-e9-

oPLG(Cme)AG-r9-k(DOTA)-c(Cy5) for the cleavable peptide and mal-Peg4-e9-Peg4-r9-

k(DOTA)-c(Cy5) for the uncleavable peptide.  

7.3.2 Reaction with albumin and enzyme cleavage assay 

Maleimide peptides were initially reacted with mouse serum albumin (Sigma) at 

40mg/mL or fresh frozen mouse plasma for one hour.  Samples were run on a tricine 

buffered 10-20% polyacrylamide gel and imaged for Cy5 fluorescence on a UVP gel 

imager.  For the enzyme cleavage assay, Cy5-monomalaimide and the cleavable 

maleimide peptides were reacted as 2 nmol with mouse serum albumin at 40 mg/mL in 

25mM hepes buffer.  The stock was then diluted 1:10 to 5mM with 50nM of recombinant 

MMP-9 (EMD Biosciences) and digested for 20 minutes and 4 hours then run on a tricine 

gel and imaged by Cy5.     

7.3.3 Animals 

Nude mice were injected with 2x106 HT1080 human fibrosarcoma cells in the left 

#2 mammary fat pad.  Experiments were performed 5-7 days post injection.  Polyoma 

Middle T mice (PyMT) were provided by Lesley Ellies and they were injected with 

peptide IV between 9-12 wks of age when medium to large sized tumors were present in 

each mammary fat pad.  One million mouse mammary adenocarcinoma 4T1.2 cells (from 

Robyn Anderson, University of Melbourne) were injected into the left mammary fat pad 



98 

 

 

 

of nude mice (figure 7.4 and 7.7) and Balb/c mice (figure 7.8 and 7.9) and 5-20 days later 

were injected with peptide and imaged.  

7.3.4 Optical imaging and tissue processing 

When tumors were of sufficient size 5-20 days after injection of tumor cells the 

peptide was injected IV and imaged on the Maestro small animal imager (CRI).  Animals 

were sacrificed by overdose with Isoflurane and dissected.  To examine lung metastases, 

the lungs were inflated with OCT cryoprotectant and imaged on the small animal imager.  

Blood measurements were taken by bleeding the tail vein at a specified time point and 

collected in a capillary tube.  The tubes were then imaged for presence of the Cy5 

fluorescent peptide using the small animal imager.  For processing of tissues for gels, 30 

mg of tissue was homogenized in a 1% SDS Tris buffer then heated at 80oC for 10 min 

and centrifuged.  The supernatant was then diluted 1:10 and run on a tricine gel and 

imaged by fluorescence.   

7.3.5 Fluorescence histology   

Tumors and lung from each mouse were frozen in cryo molds in OCT media and 

then cryosectioned at 10 µm slices.  Tissues were then imaged by Cy5 fluorescence on a 

fluorescence dissecting microscope.  The same section or serial sections were then 

stained with hematoxylin and eosin (H&E).  

7.3.6  111In radioisotope experiments  

3.6 nmols of cleavable and uncleavable maleimide ACPPs were reacted with 1.2 

mCi 111In for 1 hour at 40oC in 10 mM NaOAc pH 7.0.  After reaction, 100 nmol of cold 

InCl3 was spiked in and incubated for another hour to be chelated by unreacted DOTA.  

After incubation the peptide stock reactions were centrifuged through a 5 kDa amicon 

column to wash out unreacted cold and hot In.  A gel of the reaction mixture was run and 



99 

 

 

 

exposed using a phosphor imager to verify that all the 111In was reacted with the peptide.   

After column filtration one third of the radioactivity was recovered.  Three mice were 

then injected with 0.3 nmol of peptide with about 50 µCi IV.  The mice were then imaged 

by planar gamma imaging and optical imaging (Optix, GE heathcare) for up to 48 hours 

and were then euthanized.  Mouse tissues harvested, placed into scintillation vials, 

weighed and counted to determine the %ID/g.  For comparison, the ratios of %ID/g was 

calculated and compared to the range from previous comparable experiments conducted 

with dendrimers done by collaborator Edmund Wong.    

 

7.4 Results  

7.4.1 Synthesis of albumin reactive maleimide ACPPs 

Synthesis of albumin reactive ACPPs requires a one step reaction and purification 

beyond standard free peptide synthesis.  Peptide is synthesized as NH2-e9-cleavagesite-

r9-c(Cy5)-NH2 as opposed to a succinyl capped e8 N-terminus.  Next a heterobifunctional 

linker can be reacted to the free amine on the N-terminus in the form of maleimide and 

NHS ester.  The linker could contain a short hydrophilic peg chain or a more hydrophobic 

carbon chain.  Upon initial synthesis a maleimidoproprionic acid PFP ester, a maleimide 

Peg8 succinimidyl ester, and maleimide Peg24 succinimidyl ester were all made.  The 

PFP ester had a significantly faster reaction time and higher yield compared to the classic 

Peg succinimidyl esters.  It was difficult to purify the Peg8 and Peg24 and the reaction 

was inefficient so we focused on the propionic acid linker.  Schematic and peptide 

structure are show in figure 7.1A and B resulting in a final sequence of, mal-e9-

oPLG(Cme)AG-r9-c(cy5).  The peptide was made with the cleavage site of 

oPLG(Cme)AG because it is more hydrophilic and has worked better on carriers than 

xPLGLAG.53  
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Figure 7.1 Albumin reactive ACPPs create a robust reaction with native albumin and the ACPP can be 
cleaved off by MMP9.  (A) Schematic of free peptide ACPPs that have a thiol reactive group that can react 
with C34 of albumin in mice or humans.  (B) Chemical structure of the albumin reactive ACPPs which have 
a c-terminal maleimide group followed by the traditional e9-(MMP cleavage substrate)-r9c(payload) 
sequence, in this case oPLG(Cme)AG is the substrate and Cy5 is the far-red tag.  (C) The albumin reactive 
peptide reacts to both aqueous purified mouse serum albumin and fresh frozen mouse plasma in one 
hour.  The plasma reacted to near completion in a 15:1 ratio of albumin to peptide (50uL of 40mg/mL 
MSA with 2 nmol of peptide).  (D) Reacted ACPP is cleaved off of the albumin to near completion in less 
than 4 hours.  The gel shows albumin bound, uncleaved peptide, and cleaved peptide when it was treated 
with 50 nM MMP-9 enzyme for 20 minutes and 4 hours.   



101 

 

 

 

7.4.2 Validation of maleimide ACPPs and enzyme cleavage in test 

tube 

Malemide ACPP was reacted mouse serum albumin and plasma in aqueous 

conditions to determine that peptide reacts with albumin in a test tube. These data show 

that within an hour of mixing the peptide with the albumin most of the peptide reacted 

with MSA or plasma albumin (figure 7.1C), based upon polyacrylamide gel 

electrophoresis (PAGE).  Plasma seemed to give somewhat more complete reaction.  

After prereaction of maleimide Cy5 and maleimide ACPP to albumin the conjugates were 

treated with MMP-9 to verify that the r9-c(Cy5) peptide was efficiently cleaved off of the 

albumin suggesting that not only does the ACPP react with albumin in physiological 

conditions it can be cleaved by MMPs (figure 7.1D).  

7.4.3 Injection of maleimide-ACPP into tumor bearing mice reveals 

superior contrast than uncleavable peptide and free peptide in 

HT1080 mice. 

With the in vitro mechanism validated, the peptides were injected into HT1080 

human fibrosarcoma tumor bearing mice to determine whether there was superior tumor 

targeting compared with previous versions of ACPP.  Because the maleimide peptides are 

analogous in structure to the free ACPP, a dose of 10 nmols was used for initial 

experiments.  This peptide was found to have a much longer half-life and to have much 

greater uptake in animals compared to free peptide so the dose was decreased to 3 nmoles 

(data not shown).  Two mice each were injected with the cleavable maleimide peptide 

and two mice were injected with uncleavable ACPP Mal-e9-(Peg2)2-r9-c(Cy5).  The mice 

were imaged for up to 24 hours, and images of the two mice for each peptide with skin on 

and after the skin was removed are shown in figure 7.2A.  The uptake was much greater 

with the cleavable peptide compared to the uncleavable peptide.  The tumors and muscle 
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were then homogenized and their supernatants were run on gels to determine if the 

peptide was cleaved, uncleaved, or uncleaved bound to albumin (figure 7.2.B).  As 

expected there was cleaved and albumin bound peptide in the tumors of mice injected 

with the cleavable peptide and there was uncleaved free peptide and albumin bound 

peptide in the mice injected with the uncleavable peptide.  There was no detectable 

peptide in the muscle.  This level of uptake as an albumin reacting free peptide at a low 

dose was significantly greater than the free peptide described in chapters 4 and 5.  When 

an animal was injected with 3 nmols of Suc-e8-xPLGLAG-r9-c(Cy5) the tumor uptake 

was difficult to detect 24 hours after injection (figure 7.2C).  When two PyMT transgenic 

mice (chapter 5) were injected with both the cleavable and uncleavable peptide the 

uptake was significant and differential though this was only in two mice since availability 

of the PyMT mice is limited (figure 7.2D).    

The HT1080 tumors were collected from the mice that were injected with the 

cleavable and uncleavable maleimide peptides and processed for fluorescence histology.  

Frozen sections were imaged for Cy5 fluorescence and serial sections were H&E stained 

to get a better sense of the differential nature of uptake at the microscopic level.  As seen 

before with the HT1080 tumors there was very little uptake in the avascular core of the 

tumor, but rather the peptide was taken up around the periphery at the tumor stroma 

boundary with a little bit of enhanced uptake deeper into the tissues (figure 7.3A).  This 

distribution of uptake is very similar to that which has been seen with the free peptides 

(chapter 4).  The uncleavable peptide did not have nearly as much uptake at the edges or 

deeper inside the tumor parenchyma as was seen with the cleavable peptide (figure 7.3B).  
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Figure 7.2 Albumin reactive peptide creates significant contrast in HT1080 tumor bearing mice and in 
polyoma tumors.  (A) HT1080 mice were injected IV with 3 nmols of albumin reactive peptide on the 
same day with cleavable and uncleavable ACPPs.  Mice were imaged and sacrificed 24 hours later.  
Fluorescence images of 2 mice per peptide with the skin on and skin off are shown with arrows pointing 
to the tumors.  (B) Tumors and muscles were homogenized from the above mice and supernatant was run 
on a gel revealing that there was both cleaved and uncleaved albumin bound peptide in the tumor.  (C) 
When HT1080 mice were injected with the same dose of free peptide and imaged at 24 hours the uptake 
and contrast was negligible compared to the albumin reactive peptide (white arrow points to tumor).  (D) 
The albumin reactive peptide can also be injected into polyoma middle T spontaneous tumors and there is 
difference between the cleavable and uncleavable peptides.  
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Figure 7.3 Histology of HT1080 tumors shows that most of the uptake was at the tumor stroma border.  
(A) Both low and high magnification of fluorescence histology and H&E stains of HT1080 tumors which 
reveal the significant uptake is near the capsule of the tumor at the tumor stroma boundary with the 
cleavable peptide.  (B) The uncleavable peptide had less uptake compared to the cleavable tumors.   
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7.4.4 In metastatic syngeneic mammary adenocarcinoma tumors 

there was differential uptake in large and small tumors with a 

similar distribution as in HT1080s. 

Albumin reactive peptides were then injected into the 4T1.2 syngeneic mammary 

adenocarcinoma tumor model.  This tumor model is advantageous for a number of 

reasons including that fact that the 4T1.2 cells naturally metastasize to distant tissues 

including the lung and the bone, which is potentially useful for determining how well 

ACPPs target metastases.105  Three mice mere initially injected with 3 nmols of the 

cleavable and three mice were injected with uncleavable peptide.  Experiments were 

carried out on one set of mice when the tumors were much larger so as to determine if the 

contrast remains with large tumors and if we could detect metastases in the lungs or 

elsewhere.  After 24 hours the mice were sacrificed and there was an obvious difference 

between the cleavable and uncleavable tumor fluorescence (figure 7.4).  The tumors were 

frozen sectioned as done with the HT1080 tumors in figure 7.3 to reveal that the 

differences were even greater in this 4T1.2 model.  In the mice injected with the 

cleavable peptide there was bright fluorescence uptake throughout the tumor unlike with 

the HT1080s and even brighter uptake in areas of stromal invasion (figure 7.5A).  Unlike 

with the free peptides there was much less uptake in necrotic tumor cells as labeled in the 

lower magnification image this is different than the classic free peptides discussed in 

chapter 6.  In the tumors with the uncleavable peptide there was diffuse uptake that was 

lower than and not as distinct as with the cleavable peptide (7.5B).   

The lungs were dissected from mice with the large tumors shown in figure 7.3. 

There seemed to be small metastases throughout the lungs as seen by fluorescence 

imaging of the lung lobes (figure 7.6A).  The lungs were then frozen sectioned and 

imaged by fluorescence to detect the Cy5 peptide.  This imaging revealed an increased 
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Figure 7.4 Albumin reactive ACPPs yield significant contrast in 4T1.2 mouse mammary adenocarcinoma 
grafts.  Six mice were injected with 3 nmoles of albumin reacting ACPP. Three mice with cleavable peptide 
and three with uncleavable peptide.  Mice were sacrificed after 24 hours, skin was removed, and the mice 
were imaged. Once set of mice were allowed to progress to very large tumors in order to try to detect 
metastatses in the lungs.   

 

uptake of ACPP in metastases of mice injected with the cleavable peptide compared to 

the uncleavable peptide (figure 7.6B).  The uptake was more at the edge of the metastasis 

and it did not seem to penetrated deep into the foci as it had with free peptides in chapter 

5.  However, when smaller micro metastases were identified there seemed to be greater 

ACPP uptake, suggesting that perhaps the albumin peptides were better at labeling the 

exposed edges and smaller metastases than the dense core (figure 7.6C).  To be able to 

describe these observations more conclusively these data will need to be repeated more 

quantitatively.   
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Figure 7.5 Tumor histology of albumin reactive ACPPs in 4T1.2 mice. (A) Shows low and high 
magnification images of fluorescence histology and H&E of 4T1.2 tumor which reveal significant uptake in 
the tumor parenchyma and even greater in areas of stromal invasion of the cleavable albumin reactive 
peptide.  Areas of necrosis did not have significant uptake as seen with free peptide injections in previous 
work.  (B) Shows fluorescence and H&E of tumor from a mouse injected with uncleavable peptide with 
less uptake.   
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The lungs were dissected from mice with the large tumors shown in figure 7.3. 

There seemed to be small metastases throughout the lungs as seen by fluorescence 

imaging of the lung lobes (figure 7.6A).  The lungs were then frozen sectioned and 

imaged by fluorescence to detect the Cy5 peptide.  This imaging revealed an increased 

uptake of ACPP in metastases of mice injected with the cleavable peptide compared to 

the uncleavable peptide (figure 7.6B).  The uptake was more at the edge of the metastasis 

and it did not seem to penetrated deep into the foci as it had with free peptides in chapter 

5.  However, when smaller micro metastases were identified there seemed to be greater 

ACPP uptake, suggesting that perhaps the albumin peptides were better at labeling the 

exposed edges and smaller metastases than the dense core (figure 7.6C).  To be able to 

describe these observations more conclusively these data will need to be repeated more 

quantitatively.   

7.4.5 Albumin reactive ACPPs are as good if not better in creating 

contrast in tumors as the other ACPPs previously described. 

In order to determine whether the albumin reactive peptides were as good or 

better than previously described designs of ACPPs, a set of mice were tested side by side 

at their optimal times and doses.  4T1.2 cells were injected into nude mice and when the 

tumors were about 6 mm in size, animals were injected with the Suc-e8-xPLGLAG-r9-

c(Cy5) free peptide (10 nmols), G5-PAMAM(ACPP)6(Cy5)3 dendrimer (2 nmols),53
 and 

Mal-e9-oPLG(Cme)AG-r9-c(Cy5) (3 nmols).  The free peptide injected mouse was 

imaged and euthanized after 6 hours, the dendrimers at 48 hours, and the maleimide at 24 

hours.  Images with the skin on and the skin off for each mouse were scaled to maximum 

brightness as is shown in figure 7.7 revealing the relative contrast and background uptake 

in various tissues.  These data reveal that both the albumin reactive and maleimide 

peptides work particularly well whereas the free peptide is good, but has significant 

uptake in other tissues as described in chapter 5. 
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Figure 7.6 Albumin reactive ACPPs are taken up by lung metastases in a specific way.  (A) Gross images 
of lungs from mice with large 4T1.2 tumors showing brightly fluorescent speckles throughout the lungs.  
The signal is brighter in the speckles and parenchyma of mice injected with the cleavable peptide 
compared to the uncleavable peptide.  (B) Fluorescence histology and H&E of the lungs confirm the 
presence of metastases.  (C) Small metastases stained brightly with the cleavable ACPP peptide.  
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7.4.6 Further optimization of maleimide peptides and distribution 

characteristics 

When looking at biodistribution of the maleimide peptides, it was revealed that 

most of the peptide went to the kidney after injecting, when injecting them as a free 

peptide for in situ reaction with plasma.  Thinking that pre-reaction would increase the 

plasma half-life and possibly the tumor uptake, we initially tried pre-reacting with mouse  

 
Figure 7.7 Comparison of the three main types of ACPPs reveal that the albumin reactive ACPPs are 
comparable if not an improvement on other configurations. Three 4T1.2 tumor bearing mice shown here 
were used to test three different ACPP designs to determine which provides the best tumor contrast and 
lower in specific uptake in background tissues.  The left panels show the free peptide 6 hours after 
injection when it has optimal contrast, then the PAMAM dendrimers are shown after 48 hours in the 
middle, and the right panel shows the albumin reactive peptide 24 hours after injection.   
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serum albumin.  Counter intuitively this was found to cause a shorter plasma half-life and 

lower tumor uptake (data not shown).  We hypothesized that commercial mouse serum 

albumin might contain ocligomers as was evidenced by gel electrophoresir in some 

chemical state with regard to other molecules bound that it was being cleared more 

rapidly from the mouse blood.  After observing that fresh frozen mouse plasma reacted 

with peptide faster than the mouse serum albumin did (figure 7.1C) we decided to inject 

peptide prereacted with fresh frozen plasma.  Two mice were injected with each of the 

unreacted or plasma prereacted peptide and blood was drawn after 3, 24 and 48 hours.  

Surprisingly there was greater plasma level of peptide at all time points in the mice 

injected with the prereacted peptide than in mice injected with the maleimide (figure 

7.8A).  When the animals were imaged and sacrificed after 48 hours there was clearly a 

greater amount of uptake in the tumors of the prereacted mice (figure 7.8B).  For this set 

of experiments we injected Cy5-monomaleimide as a control for fluorescent non-ACPP 

albumin.  Upon fluorescent imaging of the mice the tumors had significantly less 

fluorescence suggesting that the contrast was not due only to EPR effect but the presence 

of ACPPs (figure 7.8C).   

7.4.1 Dota( 111In) ACPP peptides become clinically relevant with 

sufficient tumor targeted biodistribution for robust contrast.  

To determine if the level of contrast attained with the albumin reactive ACPPs 

was sufficient for clinical imaging, DOTA labeled maleimide peptides were synthesized 

so that the peptide could chelate 111In.  Peptides contained both a Cy5 and DOTA to be 

able to do dual modality imaging.  Peptide was labeled with 111In under aqueous 

conditions and 50 µCi of peptide was injected into each animal at a dose of 0.3 nmols not 

prereacted to plasma (10 times less peptide than used for optical imaging).  Then mice 

were imaged with a planar gamma camera and an optical imager to detect both 

radioactivity and fluorescence at various time points up to 48 hours later.  Figure 7.9A is  
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Figure 7.8 Pre-reacting ACPP to plasma significantly increases the half-life and the tumor uptake.  (A) 
Pre-reacting the ACPP with fresh frozen plasma for 30 minutes before injection into 4T1.2 tumor bearing 
mice significantly increased the blood levels at 3, 24 and 48 hours after injection compared to unreacted 
peptide.  These fluorescent images show capillary tubes of blood drawn at these different time points 
after IV injection if two mice each with unreacted albumin reactive ACPP and plasma pre-reacted ACPP.  
(B) Fluorescence images of 4T1.2 tumors 48 hours after injection with unreacted and pre-reacted albumin 
reactive ACPPs.  There were two mice for each treatment injected at the same time. (C) Cy5-maleimide 
control leads to less accumulation in the tumor than the ACPP peptides.  Images were brightened 5x. 

two mice injected with the cleavable and uncleavable peptide after 48hrs.   The black 

arrows point to the tumor, which showed up with notable contrast and the blue arrows 

point to the kidneys, the organ with the most amount of uptake.  On optical imaging the 

only organ that was detectable was the tumor, the kidney and liver were not visible in the 

intact mouse because of the limit of penetration of the fluorescence (figure 7.9B).  

Biodistribution of excised tissues from the 3 mice per treatment is shown in figure 7.9C 

showing that there was up to 8% ID/g of the ACPP delivered to the tumor with the 

Direct injection 
of maleimide 

 

plasma 
prereacted 
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cleavable peptide.  Unexpectedly the uncleavable peptide was not statistically lower in 

uptake than the cleavable but there was a difference.  To get a sense of how good the 

tumor contrast is compared to other ACPP constructs tested in the past we calculated the 

contrast uptake rations of tumor compared to important nearby tissues for these albumin 

reactive ACPPs and the PAMAM dendrimers.  Tumor to blood, skin, and muscle ratios 

of the albumin reactive maleimide peptides is superior to all the dendrimers we have 

tested in the past via radiolabeling (figure 7.9D).  However the cleavable to uncleavable 

contrast rations are not very impressive.  Much of this could be due to the EPR effect for 

both the maleimide and dendrimer configurations.   

7.1 Discussion 

A primary goal for ACPPs is to evolve them to the point where they can be useful 

and detectable as clinical contrast agents.  This is a challenging task beyond developing 

fluorescent probes that can provide optical contrast to subcutaneous tumors.  In order to 

be able to detect contrast agents in structures deep in human beings one needs to 

administer an agent that can concentrate specifically in a target tissue, it needs to 

concentrate to a sufficient level to be detected by the preferred modality, and it needs to 

have a contrast enhancing component that is specific to the intended imaging modality.  

Such options for contrast and modality might be microbubbles for ultrasound, 

Gadolinium for MRI, Technetium for nuclear imaging, or fluorine for PET.  Each of 

these modalities has their advantages, challenges, and limitations.13  For example MRI 

can provide superior spatial resolution but in order to achieve sufficient contrast with 

Gadolinium (Gd) there needs to be 10’s of micromolar in target tissues.106,107  Two very 

sensitive modalities that do not have high spatial resolution are nuclear imaging and PET 

imaging.  These two modalities detect doses deep in tissue thus enabling practical 

contrast based on physiological micro and nano doses (0.3 and 0.02 pM respectively) of 

signaling molecules, peptides and proteins.12,23,108  Here we describe a nuclear medicine  



115 

 

 

 

 

 
Figure 7.9 Clinical contrast can be attained with 111In labeled albumin reactive ACPPs.  (A) Planar gamma 
images of mice injected with 0.3 nmols of cleavable and uncleavable albumin reactive ACPPs.  Black 
arrows show that the tumor develops nice contrast 48 hours after injection.  The blue arrows show that 
when the peptide was cleared through the kidneys much of the peptide was retained and cleared 
slowly.  (B)  Fluorescence images of tumor from 111In and Cy5 dual labeled albumin binding peptides 
imaged 48 hours after injection.  Tumor fluorescence was able to be detected with a 10 fold lower dose 
than the standard optical dose.   (C) Biodistribution in % ID/g of multiple tissues showing that there was 
a slight difference between the cleavable and uncleavable peptide.  There was only greater peptide 
distribution found in liver and kidney.  (D) A table showing that there was greater tissue contrast with 
the albumin reactive ACPPs compared to the dendrimer based ACPPs tested in previous studies. 
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contrast agent based upon 111In where ACPPs can achieve up to 18 fold contrast in the 

tumor over muscle.  These results present the first data where we can clearly detect a 

primary tumor based on planar gamma scintigraphy of mice.  With the recent significant 

advancements in single photon computed tomography (SPECT) technology imaging 

small lesions in humans should doable with this molecule.19   

In this chapter we spent some time comparing the albumin reactive ACPPs to 

dendrimers.  There have been many technical difficulties dealing with dendrimers in the 

past for nuclear imaging.  Most of these problems have had to do with aggregation of the 

molecule and poor contrast ratios especially with regard to tumor versus blood.  Contrast 

was probably not often achieved because the blood pool of dendrimers was high limiting 

the contrast of tumor to blood.  The albumin peptides are better in this area but they have 

a similar problem in that both sets of molecules need 48 hours for the best contrast.  This 

long half-life may not be optimal for a targeted contrast agent because ideally agent could 

be injected and imaged the same day.  Therefore, for imaging contrast dendrimers may 

not be the best but we still prefer them for drug delivery and for less sensitive modalities 

such as MRI.   

The maleimide approach for in situ reaction of molecules with albumin has been 

demonstrated thoroughly as a mechanism for drug delivery, but what about as a 

molecular imaging agent?  Here we described our attempts to use this technology to 

further enhance ACPPs’ ability to target tumors.  In many of our optical experiments 

there was certainly a difference between the cleavable and uncleavable peptides; however 

the differences were not always so obvious.  This was the case with the 111In experiments.  

The lack of difference could be due to some structural nuance of the ACPP, linkers used, 

DOTA, or it could be due to the fact that oftentimes albumin is very good at tumor 

targeting through the EPR effect26, thus diminishing the differences between cleavable 

and uncleavable peptides.  When we homogenized the tumors after 24 hours about half of 
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the peptide in the tumor was uncleaved attached to albumin and the other half was 

cleaved.  After 48 hours nearly all of the peptide was cleaved (data not shown).  For the 

negative control most of the peptide was bound to albumin.  This suggests that albumin in 

these cases is either doing well at sticking to tumor or the ACPP on the surface of the 

albumin is enhancing the nonspecific sticking, this latter option could be the case if the 

ACPP hairpin was opening up which would lead to cell uptake regardless of cleavage.  

Further studies should be performed to get a better idea of what components are 

contributing to the significant amount of uptake.   

One last design issue is the role of pre-reacting the ACPP to albumin before 

injection.  We found that the results were significantly worse when we pre-reacted the 

ACPP with commercial mouse serum albumin in that the plasma half-life was diminished 

and the tumor uptake was diminished as well. When we pre-reacted with fresh frozen 

plasma, the reaction was more robust and both the plasma half-life and tumor uptake 

were better. In summary fresh frozen plasma prereaction was the best then injecting the 

unreacted maleimide was the next best with prereaction with commercial albumin being 

the worse.  Fresh frozen plasma is likely better because the thiol is likely most reactive 

and the albumin is less oligomerized in plasma versus comercial albumin.  The 

prereaction leads to a greatest amount of peptide reacting with plasma in a test tube 

compared to injecting unreacted peptide because some peptide gets excreted before it 

reacts with albumin in the latter case.  Therefore plasma prereaction is the preferred route 

for moving forward with these molecules because it lowers the high kidney uptake and it 

will increase the tumor uptake which may be more important as we consider therapeutic 

designs based on this platform.    
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CHAPTER 8: Therapeutic Challenges of Cellular 
Uptake with ACPPs 

 

8.1 Abstract 

ACPPs have been validated as targeting peptides that can deliver imaging agents 

to diseased tissue for enhanced contrast during disease detection, but there are further 

issues that need to be considered in order to translate ACPPs to therapeutics.  The first 

major issue that needs to be addressed is: where does the peptide go inside the cell and 

how can this mechanism be exploited?  Therapeutic agents cannot be validated unless 

there is a reasonable chance that a given therapy can reach its target inside the cell.  

Knowing that in vivo peptide uptake is strongly confined to endosomes, we further 

characterized the nature of these endosomes by determining what culture conditions 

enable predictable uptake and the nature of the cellular compartments to which peptides 

localize.  

 

8.2 Introduction 

A long term goal is to translate ACPPs from imaging agents to therapeutic agents 

for the treatment of cancer.  However, this adds another level of complexity because not 

only do the ACPPs have to reach the microenvironment they also have to reach target 

cells and the appropriate cellular compartment for therapeutic activity.  For many 

chemotherapeutics this means that the drug has to reach the cytosol or the nucleus of 

cancer cells.  Therefore it is important to characterize uptake to guide rational design of 

drugs that have a good chance of clinical success.  The overall challenge for systemically 

administered ACPP based cancer therapeutics is that the molecular design must enable 
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sufficient plasma circulation time, allow selective activation to enable uptake into tumor 

cells in the cancer microenvironment, and deliver the attached payload to the appropriate 

cellular compartment.  This chapter describing our approach to ACPP drug therapy will 

focus on the latter issue determining what is necessary for cellular uptake in order to 

guide design options.    

For many years CPPs or protein transduction domains (PTDs) have been 

proposed as a methodology for delivery of bioactive molecules or therapeutics into the 

cytosol or nucleus of cells.  It was initially thought that CPPs or PTDs had the ability to 

efficiently bind to cells, be taken up by a specific mechanism, and then transduce or cross 

cellular membranes to reach the cytosol and nucleus.43,44,109 The binding mechanism of 

uptake that is generally accepted is that molecules with basic cationic residues will 

interact with negative charged proteoglycans on the surface of cells and in the 

extracellular matrix.110,111,112  Then CPPs are taken into endosomes through 

endocytosis.113,114  For years, the efficiency of membrane translocation and actual 

mechanism of uptake of CPPs and PTDs has been discussed and debated.  For a long 

time it had been observed in tissue culture that CPPs can efficiently translocate to the 

nucleus but this was often observed to be correlated with an artifact introduced by 

fixation of cells. 115,116  However, when properly controlled experiments have been 

conducted by eliminating fixation and ensuring cells are living, CPPs have still been 

found to efficiently enter cells in the low to tens of micromolar range.117 When CPPs do 

not penetrate to the nucleus the observation has long been that they are taken up into 

cytosolic punctae, presumably endosomes.  Though there are well known conditions, 

such as very high concentrations, for rapid live cell uptake that seem endosome 

independent, it is understood that most of the peptide is confined to endosomal puncta.  It 

is our observation that both mechanisms are valid and that there is a 1-10 micromolar 

threshold when peptide uptake becomes rapid and endosome independent.  This might be 
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associated with membrane potential as discussed in Rothbard et al.118  In most cases 

when concentrations are lower very little peptide escapes endosomes, but when sensitive 

genetic reporters are used there has been conclusive evidence that some peptide can reach 

the nucleus (Sujata Emani unpublished results).119,113   

Knowing that there is a controversial component of CPP uptake we initiated some 

studies to define parameters of CPP uptake in order to guide our understanding of the 

issues and assist with informed therapeutic design.  We first describe cellular uptake at 

low micromolar concentrations and macroscopic evidence of cellular distribution in live 

cells.  We then describe CPP containing subcellular punctae in relation to endoplasmic 

reticulum, golgi apparatus and acidic vesicles which are predominantly lysosomes.    

8.3 Methods 

8.3.1 Cell imaging with different media conditions 

HT1080 human fibrosarcoma cells were plated on coverslips in 6 cm plates.  

After 24 hours the media was changed to either HEPES buffered saline at pH 7.4 or 

Eagle’s Minimum Essential Medium (EMEM) at pH 7.4, with either 10%, 5%, or no fetal 

bovine serum. When near confluent, cells were treated with 1.5 µM of r9Cy5 peptide for 

4 hours, washed 3x in HBSS and imaged in HBSS.  Cells were imaged on a Zeiss 

Axiovert epifluorescence microscope using Cy5 filter sets.  For comparison of r9Cy5 to 

PLGLAG ACPP cells were grown as described above and were treated with 10 µM of 

peptide for 4 hours, washed as above and imaged.  The cells were counter stained with 

Calcein Green AM to determine whether membrane integrity had been disrupted.  

8.3.2 Imaging CPPs in different ER and golgi 

Cells were plated on coverslips in a 6 cm plate 24 hours before cell treatments.  

For ER stain MDA-MB-231 cells were initially treated for 4 hours with 1.5 µM r9Cy5 
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and r9-GFLG-Cy5 then washed and treated with ER-Tracker Green (Invitrogen) in HBSS 

at 1 µM for 30 minutes.  After treatment, cells were washed with HBSS and imaged by 

confocal microscopy (Zeiss LSM 5 Live).  Cells were imaged with GFP and Cy5 laser 

and filter settings.  For golgi imaging, stable Hela cells containing mannosidase II-GFP 

(MAN-II GFP) fusion proteins were obtained from Ben Giepmans (Groningen 

University) and treated with r9Cy5 and r9-GFLG-Cy5 for 4 hours, washed and imaged by 

confocal microscopy using GFP and Cy5 settings as with the ER imaging.   

8.3.3 Imaging CPPs in acidic vesicles 

Cells were plated for imaging as described above and treated with r9Cy5 at 1.5 

µM peptide for 1 hour.  Before imaging, cells were washed and treated with 1 µM 

LysoSensor Blue (Invitrogen) for 30 minutes then imaged by confocal microscopy using 

DAPI and Cy5 imaging settings.  Cells were imaged after 1, 9, and 24 hours using 

simultaneous acquisition for the two wavelengths through two cameras.  Simultaneous 

imaging was required in order to get better colocalization overlap of small puncta. Images 

were collected as short time-lapses to better distinguish the colocalized signal.  For 

colocalization, quantification of images was analyzed and % Cy5 positive pixels that 

colocalized with LysoSensor signal were determined. 

 

8.4 Results 

8.4.1 Nuclear uptake of CPP is increased by nutrient and serum 

deprivation conditions 

To further understand peptide uptake and distribution, cells were treated with 

r9Cy5 CPP under different culture conditions.  HT1080 human fibrosarcoma cells were 

initially incubated with r9Cy5 peptide at a relatively low concentration of peptide in 
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normal tissue culture media (EMEM) with 10% fetal bovine serum for 4 hours, washed 

and imaged.  As discussed in the literature there was detectable peptide, but it was mostly 

localized in small punctae throughout the cell.117  Upon decreasing serum content or 

changing to nutrient depleted HEPES buffered saline, there was a dramatic increase in 

peptide uptake that stained uniformly throughout the cell body and the nucleus (figure 

8.1). This implies that media conditions as well as serum concentration may play a 

significant role in enabling peptide to get diffusely into the cell cytoplasm and nucleus.  

  

 
Figure 8.1  CPP uptake is diffuse and nuclear in the absence of serum and nutrients.  HT1080 cells were 
either pretreated in HBSS or EMEM in the presence and absence of fetal bovine serum (FBS) at 5% or 10%.  
The cells were then treated with 1.5 µM r9Cy5 CPP peptide for four hours, then washed three times, and 
imaged by fluorescence microscopy.  On evaluation of scaled images, HBSS without serum lead to the 
greatest amount of CPP in the cytoplasm and nucleus.  The nuclear uptake decreased and became more 
punctate as media was changed to EMEM and serum was added.   

 

To test the phenomena with ACPPs we incubated cells with 10 µM of r9Cy5 CPP 

and cleavable ACPP in serum and serum free conditions.  After treatment, cells were 

incubated with Calcein Green AM to detect live cells.  It was determined that the CPPs 
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penetrated deeply into the cells reaching the nucleus, and this effect was decreased in the 

presence of serum.  The ACPP did not have as great an uptake and the peptide inside 

cells was stuck in subcellular punctae (figure 8.2).  In addition, many of the cells that 

remained adherent to the plate appeared to maintain their membrane integrity at the time 

of imaging (shown by calcein green AM).  These data clearly demonstrate that CPPs can 

effectively penetrate cells in the presence of serum but not until higher concentrations are 

used.  The ACPP configuration significantly decreased the ability of the CPP peptide to 

uniformly be taken up such that it remained in endosomal punctae.  This is likely due to a 

lower effective concentration of r9 from the ACPP treatment because very little was 

available due to little cleavage in monolayer cells.  

 

 
Figure 8.2  ACPP uptake does not redistribute into the nucleus as CPPs do.  HT1080 cells were incubated 
with 10 µM of CPP or ACPP in tissue culture media in the presence and absence of 10% FBS.  After a 4 
hour treatment and wash the cells were stained with Calcein Green AM to detect live cells and imaged by 
fluorescence microscopy.  As expected the serum free r9Cy5 CPP had a significant uptake with less from 
the serum containing treatment.  ACPP had no evidence of nuclear uptake and remained at a low level in 
endosomal punctae.  
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8.4.2 When cells are healthy, uptake is confined to endosomes and 

does not correlate with ER or golgi, but does correlate with acidic 

organelles 

With the cellular localization issues defined in the previous section it became 

clear that CPPs can get taken up into living cells, but that the endosomal uptake is more 

physiologically relevant. Therefore determining the nature of the puncta may be 

important.  In addition, we believe that the signal in endosomal punctae is the more 

pertinent one because we found that CPPs cannot be detected in the nucleus in any living 

tissue of a mouse after a systemic injection.  Nuclear uptake is only seen in serum free 

conditions with high concentrations of peptide (chapter 4). This is a reasonable 

determination because living animal tissues are exposed to much greater nutrient rich and 

protein rich media via 100% plasma.  Based on these findings, we carried out several 

experiments describing endosomes to help provide a context for where the CPPs are 

trafficked after endocytosis.  These experiments looked CPP containing puncta in relation 

to the endoplasmic reticulum (ER), the golgi apparatus, and lysosomes or acidic vesicles.   

For cell compartment imaging we visualized the r9Cy5 CPP and r9-GFLG-c(Cy5) 

peptides that are Cathepsin B substrates as will be further discussed in Chapter 9. The 

first round of experiments focused on the ER using ER tracker that localizes to the ER via 

sulfonylurea receptors (Invitrogen).  We found that after hours of incubation the CPP 

peptide was distributed in puncta throughout the ER network of MDA-MB-231 cells, 

seeming to be more highly concentrated in the polar region of the ER at a perinuclear 

position (white arrows figure 8.3). There was no gross difference in distribution of the 

GFLG peptide compared to r9Cy5, though uptake was 3 times greater (r9Cy5 images are 

scaled 3 fold brighter to make comparable with GFLG).  We next treated HELA cells that 

expressed a GFP Mannosidase II (ManII) fusion protein in the golgi.  These data showed 

that peptide containing punctae were in close proximity to golgi structures but there was  
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Figure 8.3 CPP is taken up in punctae that settle amongst the endoplasmic reticulum (ER).  Both r9Cy5 
and r9-GFLG-Cy5 CPP peptides (red) were incubated on HT1080 cells for 4 hours and then treated with ER 
tracker (green) and imaged.  The cells were imaged by confocal microscopy showing that both peptides 
were perinuclear amongst the central density of the ER.  The r9Cy5 was brightened three fold because 
there was less uptake than the r9-GFLG-Cy5 cathepsin cleavable peptide.  An enlarged segment of the 
r9Cy5 image is shown in the right panel to better visualize the endosomal punctae.  White arrows point to 
the area of condensed endosomes amongst the ER.  

 

no obvious colocalization with either the r9Cy5 or the GFLG peptide (figure 8.4).  

Finally we tested the Lysosensor blue dye (Invitrogen) that fluoresces when protonated 

with a pKa of 5.1.  It was important to determine whether CPP punctae colocalized with 

acidic vesicles or lysosomes because changes in pH can be a useful mechanism that 

exploits drug release triggered by pH.  However, the CPP did not colocalize with acidic 

vesicles until 9 hours after initial treatment of MDA-MB-231 cells, such colocalization 

was faster in HT1080 cells (figure 8.5A).  Multiple fields were imaged with both 
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fluorescence channels acquired simultaneously and % pixels of CPP colocalizing with 

lysosensor blue determined.  With these analyses up to 50% of peptide colocalized with 

acidic vesicles at 24 hours for MDA-MB-231 cells compared to only 4% after one hour.  

The CPP containing vesicles in HT1080 cells conversely had up to 30% of the CPP 

containing vesicles colocalizing with an acidic compartment after 1 hour incubation 

which increased to almost 50% by the end of the experiment (figure 8.5B).  

 

 
 

Figure 8.4 CPP peptide does not colocalize with golgi compartments.  Stable Hela cells expressing 
mannosidase II – GFP fusion (green) that is targeted to the golgi were treated with the r9Cy5 and r9-GFLG-
Cy5 (cathepsin cleavable) CPPs (red).  Cells were treated for 6 hours with 1.5 µM peptide,  then washed, 
and imaged by confocal microscopy.  The distribution of the two peptides was similar but the r9Cy5 was 3 
fold dimmer.  There was no evident overlap of golgi with CPP punctae though there were areas that the 
peptides were in close proximity.  An area of the r9Cy5 treatment was enlarged for the right panel to 
better distinguish the punctae and their relation to golgi.  
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Figure 8.5 CPP colocalized with acidic endosomes as identified with lysosensor blue.  (A)To test whether 
CPP peptide localized to acidic compartments cells were treated with 1.5 µM r9Cy5 CPP (red) for 1 hour 
then subsequently treated with lysosensor blue staining (green) for 30 minutes to be able to visualize and 
image at 4 hours post initial treatment.   CPP punctae appeared to correlate with acidic compartments.  
(B) To more quantitatively determine colocalization cells were imaged simultaneously and measured on a 
pixel by pixel basis to determine the % of CPP containing punctae in acidic compartments.  The chart 
shows the results of colocalization after a one hour treatment and subsequent imaging at defined time 
points.  In both cell lines nearly 50% of the CPP peptide containing puncta colocalized with acidic vesicles.   
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8.5 Discussion 

We have observed that nutrient depleted and serum free media conditions enhance 

r9Cy5 uptake beyond endosomes.  There are two possible explanations for this 

phenomenon, the first being that serum is the key component resulting in peptide binding 

to serum proteins thus decreasing the effective concentration of the peptide.  This 

mechanism may or may not involve membrane potential threshold.118 These types of 

serum effects have been described previously by Kosuge et al., demonstrating that 

polyarginines bind tightly to serum proteins and revealing phenomena similar to what we 

found.117 Another possibility is that some cells such as the HT1080s used predominantly 

in this study, are very sensitive to extracellular conditions and depleted media, leading 

increased membrane permeability due to r9Cy5 insult and diminished cellular health.  

These are both valid hypotheses that we did not explore further because we decided that 

we did not want to focus on why uptake happens at high concentrations in culture if it is 

not physiologically relevant.  We believe the observations were not physiologically 

relevant because we have never observed anything but endosomal uptake in live cells of 

living mice after systemic injection (chapter 4).  Therefore, we were more interested in 

attempting to understand the endosomal uptake and how we could develop strategies to 

enhance the therapeutic activity of drugs trapped in endocytic vesicles.  

In addition to understanding culture conditions influencing uptake, we wanted to 

image the ER, golgi, and lysosomal compartments of the cell to gain further insights for 

therapeutic drug development.  We found that the puncta were in close proximity to ER 

membranes and the golgi apparatus but that there was no significant colocalization.  It is 

interesting that endosomes polarized near the center of the ER compartment at a 

perinuclear position over time (as will be discussed with r9-Dox peptides in the chapter 

9).  It was found that endosomal punctae did colocalize up to 40% with acidic organelles 

likely lysosomes.  The kinetics were variable depending upon the cell line and but there 
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was a consistent overlay with the lysosensor dye.  This evidence suggests that drug 

delivery strategies involving pH based activation mechanisms such triggered release of 

drug,120 drug release from liposomes,121 activation of polymers,122 proton sponge effect of 

polymers,123,124 and acid induced peptides for pore formation125 or disruption,126 are 

reasonable avenues for further research with the goal of enabling therapeutic escape from 

endosomes. 
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CHAPTER 9: Deciphering Mechanisms to Enhance 
CPP Drug Conjugate Potency 

 

9.1 Abstract 

In order to translate ACPPs into effective therapies, specific molecular conjugates 

must be considered that directly address known problems of drug delivery.  In this 

chapter we describe some of the molecular mechanisms we pursued in synthesizing 

ACPP based chemotherapeutics.  One such mechanism includes stably conjugating 

potent chemotherapeutic drugs to r9 CPP to enhance the toxicity profile.  However, 

knowing that drugs are often rendered impotent through the presence of linkers, we also 

pursued labile linkers such as enzyme cleavage linkers, acid labile linkers, and disulfide 

bridges.  In addition to focusing on conjugating chemotherapeutics to CPPs we also 

synthesized multiple endosome disrupting agents that could enable the use of any 

therapeutic including nucleotide and protein based macromolecules. These experiments 

yielded multiple insights and some avenues for further development ACPP based 

therapeutics to test in animals which will be discussed further in chapter 10.  

 

9.2 Introduction 

Knowing that CPPs get trapped inside endocytic vesicles, it is important to 

consider this phenomenon as it relates to additional barriers that arise when engineering 

ACPP based therapeutics.  To begin translating ACPP configurations to therapeutic 

designs we must face design issues that are therapy specific.  For imaging the goal is to 

deliver more to the tumor than other areas, whereas for therapy the agent must also be 

therapeutically active or activatable in the target tissue.  This requires consideration of the
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 specific therapeutic payload, its chemical conjugation, and its ability to reach the cellular 

target.   

The first issue to address is the ability to enable payload to reach the cellular 

target. Once the activated CPPs reach the tumor they interact strongly with the cell 

surface, then distribute over the cell surface and become incorporated into endosomes. 

Only a small fraction is able to escape endosomes.127 Therefore, to enhance therapeutic 

capacity one needs to (a) consider how to enable the CPP-drug conjugate to be effective 

if only a small percent reaches its subcellular target, (b) to enable sufficient escape of this 

conjugate from endosomes, or (c) to release the drug in a way that it can reach the target 

once it is in the endosome.   

When beginning to think about therapeutic development we initially limited our 

choices to small molecule cytotoxins.  This decision was made for multiple reasons.  

First, the pharmacokinetics of small molecules are often poor and ACPPs have the ability 

to enhance delivery to tumors especially when conjugated to macromolecules and 

injected systemically.  Secondly, small molecules can be conjugated to ACPPs and do not 

increase the size of ACPPs significantly thus affecting pharmacokinetic distribution, 

whereas proteins and RNA would greatly complicate each of these components in vivo.  

Thirdly, many small molecules have proven clinical efficacy but have significant 

systemic toxicity resulting in a low therapeutic index, because rapid of clearance and lack 

of targeting.  It is reasonable to postulate that ACPPs could decrease the toxicity of a 

drug until it is activated at the tumor thus enhancing efficacy of a poorly efficacious drug.     

Our initial aims for therapeutic targeting with ACPPs had three components that 

would enable determination of the drug and linkers that would be the most promising for 

designing ACPP based therapeutics to try in mice.  The first was to develop nanomolar 

(nM) therapeutics using potent drugs conjugated to ACPPs to create novel biomolecules 

that would enhance the therapeutic index of potent drugs.  Secondly, we aimed to 
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enhance the therapeutic efficacy of drugs conjugated ACPPs by activated release of the 

drug from ACPPs that could be triggered in tumor microenvironments.  Lastly, we 

wanted to explore whether we could enhance the therapeutic activity of drug conjugated 

CPPs by co-treatment with endosomal releasing peptides, proteins, and polymers.  This 

chapter will review the main accomplishments from pursuing these aims, though many 

challenges remain. 

 

9.3 Methods 

9.3.1  Peptide drug conjugates 

Peptides were synthesized on solid phase as discussed in chapters 4 and 5 or were 

purchased from the Yale peptide synthesis core (New Haven, CT), or Anaspec (San Jose, 

CA).  Many of the peptides were synthesized with a free n-terminus or a c-terminal 

cysteine for further conjugation.  After peptides were purified they were reacted with 

drug/drug linker, purified by HPLC, and confirmed by mass spectrometry.  Structures for 

most of the final peptides drug conjugates are shown in Figure 9.1.  

9.3.2  MTS cell viability assay 

HT1080 and MDA-MB-231 cells were plated in 96 well plates at a concentration 

of 2-3,000 or 4-5,000 cells per well respectively.  After 24 hours the cells were treated in 

triplicate with drugs or drug conjugates at half log dilutions spanning 4 orders of 

magnitude near the expected IC50 range.  Cells were treated in 10% FBS EMEM for 2 or 

12 hours then washed 3 times and the media was subsequently changed once a day. After 

72-96 hours of treatment (usually 96 hours -but if cells were overgrown in the untreated 

they were stopped at 72 hours) cells were treated with 20 µL MTS Aqueous one solution 

(Promega), and left in tissue culture media for 2 more hours.  Plates were next measured 
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for absorbance at 490 nm on a plate reader.  IC50 curves were then plotted and IC50 was 

calculated using the Sigmaplot curve fitting algorithm (compiled in Table 9.1).   

9.3.3  Podophyllotoxin and Docetaxel drug conjugate stability in 

tissue culture media 

Podophyllotoxin and Docetaxel r9 conjugates were diluted into tissue culture 

media at approximately 30 µM.  Conjugates tested for stability were both the stable 

maleimide linker and then disulfide linkers being r9-c(Podo), r9-c(ss-Podo), r9-c(Doce), 

and r9-c(ss-Doce) (podo= podophylotoxin and doce= docetaxel).  There was no concern 

about the maleimide or disulfide linkers because they are known to be stable, but the end 

of the linker connecting to the drug is an ester that has the potential to hydrolyze in a 

basic environment.  Samples were set up for automatic analytical runs on HPLC and 

electrospray mass spectrometry.  UV absorbance peaks at 207 nm were used to detect 

peptide conjugates that were confirmed by mass spectrometry.  Examples of degrading 

peptides are shown for r9-c(Doce) and r9-c(Podo) in figure 9.2.   

9.3.4  Imaging of doxorubicin and r9-dox conjugates in cells 

HT1080 and MDA-MB-231 cells were plated in 96 well coverslip bottom plates 

and were treated with 1.5 µM of doxorubicin or r9-dox conjugates for 1 hour the next 

day.  After washing, cells were stained at defined time points with Hochst 33342 for 10 

minutes at 10 µg/mL then washed and imaged by confocal microscopy (LSM 5 Live, 

Zeiss) to detect drug uptake using 488 nm laser excitation and a 550LP emission filter.   

Parallel treatments were imaged 4, 12 and 24 hours post treatment.  Quantitation was 

performed using LSM software, marking regions for the cytosolic compartment and 

nuclear compartment as defined by Hoechst staining.  Average fluorescence units for 3 

cells in each of 3 different imaging fields are represented in column charts (figure 9.3).     
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9.3.5  Cathepsin B Cy5 CPP substrates and cell analyses 

Cathepsin B substrates linked to r9 peptides were synthesized as described in 

chapters 4 and 5.  Peptides were then labeled with Cy5 monomaleimide to make Ac-r9-

c(Cy5), Ac-r9-GFLG-c(Cy5), Ac-r9-GFLGGFLG-c(Cy5), Ac-r9-AGRRAA-c(Cy5) and 

Ac-r9-GIVRA-c(Cy5) (Ac=acetyl capped n-terminus).  Peptides were purified by HPLC 

and then masses were confirmed by mass spectrometry.  All experiments for this study 

were performed in heat inactivated FBS because it was found that there was cleavage of 

GIVRA and AGRRAA Cathepsin B substrates by activated enzymes in serum.  For cell 

imaging, HT1080 and MDA-MB-231 cells were plated in 96 well cover slip bottom 

plates, treated for an hour, washed, and counterstained with calcein green AM 

(Invitrogen).  Cells were imaged for Cy5 and calcein AM detection by confocal 

microscopy (LSM 5 Live, Zeiss).  For cleavage analysis gels, cells were plated in 24 well 

plates. When near confluent they were treated with 1.5 µM peptide for 1 hour.  Cell 

media was then collected and cells were homogenized in 1% SDS Tris buffer.  

Homogenates and supernatants were then diluted into tricine buffer and run on a 10-20% 

polyacrylamide gel.  Gels were then imaged for Cy5 fluorescence in a Gel imager (UVP).  

For the GFLG peptide experiment, cells were treated for 1 hour as before at different 

concentrations, washed, and then harvested at 10 and 24 hours.  Samples were run on gels 

as described above, integrated intensities (Image J) of free Cy5 and intact peptide were 

measured and % peptide cleavage was determined.  

 

9.3.6  In vivo imaging of GFLG ACPP peptide in mice 

To test the biodistribution and uptake of GFLG peptides a GFLG based ACPP 

was synthesized, labeled, and purified as described above for other Cathepsin B peptides 

resulting in Suc-e8-xPLGLAG-r9-GFLG-c(Cy5).  HT1080 bearing xenografts were 
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injected with 10 nmoles of Suc-e8-xPLGLAG-r9-c(Cy5), Suc-e8-xplglag-r9-c(Cy5), and 

the GFLG ACPP. Blood was collected at various time intervals for the first 2 hours to 

determine whether GFLG ACPP had a longer half-life.  Mice were sacrificed at 1 and 2 

hours post injection.  At 2 hours mice were imaged with the skin off and with liver and 

kidney removed using the Maestro small animal florescence imager (CRI).  Livers were 

frozen in OCT cryo embedding media, cryosectioned, and imaged for Cy5 peptide 

distribution (Lumar, Zeiss).  Tissues were then homogenized and the supernatant run on a 

10-20% tricine buffered gel to reveal the cleavage status of GFLG ACPP at 1 and 2 hours 

by imaging on the UVP fluorescence imager. 

9.3.7  Analysis of r9-hydrazone-doxorubicin pH stability 

r9-c(Hyd-Dox) was synthesized and purified as described above.  The peptide was 

kept frozen at very high concentrations of DMSO.  It was thawed and diluted to 20 µM in 

either 20 mM Tris buffer at pH 7.4 or 50 mM NaOAc at pH 5.0.  At different time points 

an aliquot of peptide was removed and diluted into tricine sample buffer then frozen at -

20oC.  After 24 hours samples were run on 10-20% polyacrylamide Tricine buffered gels 

and imaged for doxorubicin fluorescence by excitation at 467/43 nM and emission at 

600nm using the Maestro small animal imager.  Free doxorubicin and r9-c(Hyd-Dox) was 

quantified using integrated intensities by Image J software and the % free doxorubicin 

was calculated at each time point.  

9.3.8  Endosome disrupting agent synthesis and imaging assay 

Various endosome disrupting agents were synthesized with free thiols to react 

with Bodipy-r9-c CPP.  This yielded fluorescent r9 conjugated endosome disruption 

agents with the same fluorescence and CPP conjugated properties.  For the r9 peptide, r9-c 

was reacted with Bodipy fl 490 Succinimidyl ester (Invitrogen) in DMF and NMM base. 

After fluorophore reaction the free thiol was reacted with dipyridyl disulfide to make a 
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reactive thiol.  The peptide was purified and oxidized with endosome disrupting agents in 

DMF and base again and finally purified by HPLC.  Endosome disrupting agents 

successfully tested were EB1 peptide (EB1= acetyl-clir lwsh lihi wfqn rrlk wkkk-

CONH2), GALA peptide (GALA= acetyl-cwea ala eala eala ehla eala eale alaa -CONH2), 

LAH4 peptide (LAH4= acetyl-cKKA LLAH ALHL LALL ALHL AHAL KKA-

CONH2), HA2 peptide (r9-gdim-gewg-neif-gaia-gflg-CONH2), and G5 PAMAM 

dendrimers with an average of 5 free thiol caps per dendrimer.   The PAMAM was 

synthesized by reacting free amines of G5 PAMAM (Dendritech) with free thiol 

containing caps to further react with CPP.  Two different batches of PAMAM dendrimers 

yielded 0.5 r9/ PAMAM (PAM 1) and 2.5 r9/PAMAM (PAM2) ratios, enabling the ability 

to test the differential effect with more r9 peptides.  

HT1080 cells were plated on 96 well coverslip bottom plates and treated with 1 

µM r9-c(Cy5) and varying concentrations of (Bodipy)r9-endosome disrupting agent. 

Cells were then washed and stained with either or both Calcein Green AM and propidium 

idodide (Invitrogen) to assess cell death.  Cells were then imaged by confocal microscopy 

to determine whether any r9-c(Cy5) or any Bodiopy-r9-c reached the nucleus.  The 

number of nuclear uptake cells and dead cells were counted per imaging field from 

multiple triplicate experiments.  Detection criteria were determined by the visibility of 

nucleolar uptake while images were viewed with the same settings.  

 

9.4 Results  

9.4.1 Conjugation of r9 CPP to chemotherapeutics reveals a decrease 

in potency in tissue culture  

To determine if the therapeutic activity of potent drugs could be enhanced by 

linkage to CPPs we initially synthesized relatively stable covalent conjugates of multiple 
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drugs to r9 CPP.  Such drugs included doxorubicin, podophyllotoxin, methotrexate, 2-

pyrrolino doxorubicin and docetaxel.  We were most interested in doxorubicin because it 

has nanomolar potency in tissue culture; there are a number of synthetic conjugation 

options that have been described in the literature; it is fluorescent, which enables imaging 

of uptake in cells and tumors; it has a therapeutic index in humans though it is narrow 

because of significant bone marrow and cardiac toxicity; and finally it has little toxicity 

to the kidneys and liver, tissues that we know accumulate significant ACPPs.  After 

synthesis we tested IC50 curves of the drug itself and the r9 drug conjugate on HT1080 

human fibrosarcoma cells and MDA-MB-231 human mammary adenocarcinoma cells.  

Cells were treated in the presence of 10% FBS for 2 or 12 hours, washed, and 72-96 

hours later treated with MTS tetrazolium dye to determine the % viable cells compared to 

untreated controls.  Figure 10.1 shows the structures of the various drugs tested in this 

analysis and Table 10.1 summarizes the IC50 of the above drugs and conjugates, 

demonstrating that in every case the r9 drug was less toxic than the parent compound.  

Surprisingly doxorubicin potency was decreased 30 (at 3 hour incubation) to 225 fold (at 

12 hour incubation) compared to the parent compound.  

The other drugs tested did have less potency than the parent compounds but the 

reduction was not as dramatic as with doxorubicin.  Methotrexate was 5 to 30 fold less 

potent after a 12 hour incubation with HT1080 and MDA-MB-231 cells respectively, 

though the IC50 was much lower than doxorubicin.  Podophyllotoxin and docetaxel were 

even more potent when synthesized as covalent attachments with a disulfide or stable 

maleimide linker connecting r9 and the drug.  However, when we tested the stability of  
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Figure 9.1 CPP drug conjugates to determine therapeutic potential.  (A) Doxorubicin (Dox) based r9 
conjugates were used for therapeutic studies.  Doxorubicin was conjugated to peptide either through a 
maleimide adapter (used for GFLG peptides too) or disulfide off of the free amine on the sugar.  An 
alternative linker was to conjugate the peptide via hydrazone bond connecting to C13 of doxorubicin.  (B) 
Structure methotrexate (MTX) based r9 conjugates for both the standard and GFLG peptide linkage.  (C) 
Podophyllotoxin (Podo), another drug conjugate was linked to r9-c via ester to maleimide or disulfide.  (D) 
The docetaxel (Doce) was conjugated similarly as the Podo to peptide as an ester to the drug and a stable 
maleimide or disulfide on the peptide end.  
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the r9 conjugates in tissue culture media, we found that the ester linkage between the 

disulfide or maleimide linker and drug (figure 9.1C, D) was unstable at physiologic pH 

because of linker hydrolysis (figure 9.2).  50% of the peptide was degraded in 8 hours 

with the podophyllotoxin conjugates and in 16 hours for the docetaxel (data not shown).  

These results were discouraging because interpretation of IC50 curves became difficult 

and suggested that such linkages in an ACPP configuration may lead to degradation of 

the linker before ACPPs reach the tumor.   

 

Table 9.1 CPP-drug IC50 cell viability assay 
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Figure 9.2  HPLC analysis of CPP docetaxel and podophyllotoxin stability.  To demonstrate the stability of 
CPP r9c-malimide-drug and r9c-ss-drug conjugates were incubated in tissue culture media at 50 µM room 
temperature and injected on HPLC/mass spec every 2.5 hours for 24 hours.  Docetaxel and 
podophyllotoxin conjugates were tested, both of which have an ester between the linker and the drug 
that may be hydrolyzed at room temperature.  Both maleimide linkers HPLC traces and mass spectra are 
shown with (A) docetaxel and (B) podophyllotoxin.  Early middle and late time point UV traces are shown 
in red, green, and blue respectively.  The blue arrow represents the full drug, the green arrow represents 
a degradation product and the red arrow represents the degradation product of the drug.   
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9.4.2 Doxorubicin CPP conjugates reveal endosomal uptake with no 

detectable nuclear targeting 

Doxorubicin is a drug whose most potent mechanism of action is by its affect on 

topoisomerase-2 which results in double stranded DNA breaks in the nucleus and 

formation of DNA adducts.128,129,130 Since doxorubicin is also weakly fluorescent we 

decided to image uptake of r9-dox to determine if we could detect doxorubicin in the 

nucleus after treatment of cells.  Both HT1080 and MDA-MB-231 cells were incubated 

with doxorubicin, r9-dox, or r9-GFLG-dox (GFLG a cathepsin cleavable linker as further 

discussed in the next section) for 1 hour, washed, and then imaged after 4, 12, and 24 

hours.  These results revealed that doxorubicin as expected had a significant amount of 

uptake after 4 hours which became more punctate by 12 hours and almost entirely 

punctate after 24 hours.  These results are consistent with the fact that doxorubicin is 

taken up early into the nucleus but then slowly effluxed out of nucleus the and cell over 

time.131  The r9-dox and r9-GFLG-dox were located in punctate endosomes at 4 hours 

which become fewer but brighter over time with the GFLG having greater uptake than r9-

dox (figure 9.3A).  Neither peptide was significantly detected in the nucleus at any time 

point, but remained in the cytoplasmic compartment in punctate vesicles throughout the 

experiment (figure 9.3B).  These observations were very similar to the disulfide CPP, r9-

ss-dox (data not shown), suggesting that none of these constructs enabled significant 

nuclear uptake, possibly explaining the significantly diminished toxicity compared to 

doxorubicin alone.   
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Figure 9.3 Cell imaging of r9-doxorubicin constructs reveals that there is no significant doxorubicin 
accumulation in the nucleus.  (A) MDA-MB-231 and HT1080 cells were incubated with 1 µM of 
doxorubicin, r9-c(doxorubicin), or r9-GFLG-c(doxorubicin) for one hour, washed, and imaged by confocal 
microscopy at 4, 12, and 24  hours post treatment.  The imaging revealed that all of the r9 CPP remained 
in endosomal punctae where doxorubicin went immediately to the nucleus and was effluxed over the 
next 20 hours.  (B) The cell uptake was quantified in the cytoplasmic compartment (endosomes) and 
nucleus.  The relative cell distribution over time was not favorable to polyarginine compared to 
doxorubicin alone.  
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9.4.3 Drug release from CPP enhances the toxicity of 

chemotherapeutic conjugates when cathepsins cleave the peptide in 

endsomes/lysosomes 

Stable CPP drug conjugates diminish the toxicity of the free drug in every case in 

tissue culture, therefore we considered releasing the drug from the CPP.  One potential 

release mechanism is through enzymatic activation where the drug is cleaved off of the 

CPP by lysosomal proteases which are known to be over expressed in tumors.132  

Therefore we synthesized multiple cathepsin B protease substrates between r9 and the 

Cy5 fluorophore to detect whether there was cleavage and enhanced uptake by tumor 

cells.  The substrates tested in this assay were r9-GF*LG-c(Cy5),133 a repeated r9-

GF*LGGF*LG-c(Cy5) sequence, r9-AGRR*AA-c(Cy5),134 and r9-GIVR*A-c(Cy5).135  

Cells were then treated with each of these peptides for 1 hour, washed, and imaged by 

confocal microscopy to determine the amount of uptake into HT1080 and MDA-MB-231 

cells (figure 9.4A and B).  Surprisingly all four peptides lead to much greater uptake 

compared to r9-c(Cy5) in both cell lines.  HT1080 cells had a significant amount of 

nuclear uptake and diffuse uptake after treatment with GFLG and GFLGGFLG.  It was 

decided that nuclear uptake in this experiment was not important because it was not 

reproducible (data not show); therefore we did not draw significant conclusions from this 

observation.   

It was observed that having the cleavage site for the Cy5 did enhance the uptake 

inside of cells and that this uptake remained punctate, so the next question was whether 

the peptide was cleaved.  To ask this question cells were treated, media isolated, and cells 

homogenized in SDS buffer.  The media supernatant and homogenate were then mixed 

with SDS tricine sample buffer heated to 80oC for 10 minutes and run on an SDS tricine 

gel to visualize whether the peptides were cleaved.  Figure 9.5 shows media supernatant  
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Figure 9.4 Cell uptake of r9-Cathepsin B-Cy5 peptides in cells varies greatly.  Various r9-Cathepsin B 
substrates were synthesized into the CPP peptide and incubated on cells for an hour at 1.5 µM.  Cells 
were washed and imaged by confocal microscopy with CPP peptide in red and calcein green AM in green 
staining for cell viability.  The GFLG peptide had the greatest uptake in both the (A) MDA-MB-231 cells and 
the (B) HT1080 cells.  The AGRRAA and the GIVRA substrates induced significantly more uptake of the CPP 
as with the GFLG compared to the r9-c(Cy5) peptide.  

and cell homogenate from these peptides revealing that a significant amount of peptide 

was cleaved.  AAGRRA peptide and GIVRA both had the most cleaved peptide found in 

the supernatant but the least inside cell homogenates, suggesting that these peptides are 

more efficiently cleaved though it is uncertain from this experiment whether the cleavage 

occurred inside or outside the cells.  The GFLG or GFLGGLFG cleavage was less than 
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the other peptides, with the GFLG having the greatest amount of cleavage found inside 

the cell homogenate, suggesting that its preferential cleavage might have been inside the 

cell.  Importantly, it was found during initial experiments that AAGRRA and GIVRA are 

both cleaved in serum but not plasma or heat inactivated serum.  Therefore, these 

experiments were performed in heat inactivated serum in order eliminate this 

confounding factor. 

 

 
Figure 9.5 Polyacrylamide gels of cells treated with Cathepsin B cleavable CPPs show relative level of 
cleavage.  HT1080 cells were incubated with r9-Cathepsin B substrates-c(Cy5) for one hour as in figure 9.4.  
The culture media was then collected.  The cells were homogenized in SDS Tris buffer, run on a 
polyacrylamide gel and imaged for Cy5 fluorescence to determine if the Cathepsin substrate was cleaved 
during the treatment.  The AGRRAA and GIVRA were cleaved to the greatest extent and most of the 
cleaved and uncleaved peptide was detected in the supernatant.  Alternatively the GFLG was not cleaved 
as much but the majority of the cleaved peptide was cleaved inside homogenates.                                          

 

The sensitivity of cleavage by serum and the lower uptake inside of cells made us 

less excited about AAGRRA and GIVRA as opposed to GFLG.  Therefore, in order to 

get a better feel for the kinetics of GFLG cleavage inside of cells we incubated the r9-

GFLG-c(Cy5) on cells for 1 hour at 3 different concentrations, washed cells, and 

collected supernatant and cell homogenates after 10 and 24 hours.  The samples were 
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repeated in triplicate run on gels and the % cleavage in each fraction was determined by 

measuring the integrated intensity of the cleaved and uncleaved band on the gels.  This 

analysis revealed that the GFLG peptide was cleaved inside the endosomal puncta and 

that the cleavage increased over time up to 50% after 24 hours (figure 9.6).  Interestingly 

up to 50% of the r9-Cy5 peptide was found in acidic vesicles where cathepsins are known 

to be active after 24 hours, as shown in the previous chapter figure 8.5.  As expected r9-

c(Cy5) peptide was not found to be cleaved. 

 

 
Figure 9.6  Cleavage of r9-GFLG-c(Cy5) peptide over 24 hours in HT1080 cells.  To measure time course 
HT1080 cells triplicate wells were incubated with peptide at different concentrations for 1 hour, washed, 
and then media and homogenates were harvested after 10 and 24 hours.   The percent cleavage was 
determined from integrated fluorescence intensity on the poylacrylamide gels revealing that up to 50% of 
the peptide was cleaved inside the cells after 24 hours following 3 µM treatments.  The  r9-c(Cy5) peptide 
was not cleaved after any of the treatments. 

In order to determine whether cleavage of a drug from the r9 peptide would 

enhance therapeutic activity we synthesized an r9-GFLG-doxorubicin peptide.  With this 

peptide we could image cell uptake to determine if doxorubicin is able to escape the 

endosomes or whether the cleavage site enhanced the therapeutic activity.  Unfortunately 
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as seen with the r9-GLFG-Cy5 peptide, the doxorubicin peptide remained inside 

endosomal punctae 4, 12, and 24 hours after a 1 hour treatment (figure 9.3A).  Again the 

uptake was much greater than the r9-Cy5 as seen in figures 9.3B-9.6.  There could be a 

number of reasons why the GFLG uptake is so high in cells even though most of the 

peptide remained uncleaved.  One reason is that the hydrophobic phenyalanine could 

enhance peptide adherence to membranes once interaction occurs, resulting in greater 

uptake.  Though doxorubicin did not reach the nucleus, the potency of r9-GLFG-dox was 

consistently 2-3 fold greater than the r9-dox peptide (table 9.1).  

9.4.4  Enzymatic release of drug could work in an animal as shown 

with Cy5 based ACPP 

Though there was a moderate increase in potency of doxorubicin based GFLG 

CPP peptide we decided to test the design as an ACPP with Cy5 in order to characterize 

distribution and stability of the peptide.  The ACPP was synthesized as Suc-e8-

oPLGLAG-r9-GFLG-c(Cy5) to target tumor associated MMPs.  Animals bearing HT1080 

tumors were injected with 10 nmols of the above, compared with standard cleavable Suc-

e8-xPLGLAG-r9-c(Cy5) ACPP, and D-amino acid xplglag. Blood was drawn from 

anesthetized animals and it was observed that the GFLG peptide had about twice as long 

a plasma half-life (20 min versus 10 min data not show).  This may be due to the fact that 

the hydrophobic phenylalanine interacted with plasma proteins such as albumin, causing 

clearance by the kidney and liver to be delayed.  When animals were sacrificed after 2 

hours and skin removed, imaging of the tumors revealed that tumors from the animals 

injected with the GFLG peptide were nearly as bright as the cleavable xPLGLAG, 

whereas the D-amino acid peptide was much dimmer (white arrows, figure 9.7A).  

During the experiment it was rather striking that the liver was much more fluorescent in 

the animal injected with the GFLG peptide (blue arrow, figure 9.7A)  Upon dissection 

and removal of the organs it became obvious that both the liver and kidneys were much 
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more fluorescent in the animals injected with the GFLG peptide (blue and red arrows 

respectively, figure 9.7B).  However, upon homogenizing the tissue and imaging it was 

clear that the PLGLAG and the D-amino acid peptide had greater fluorescence suggesting 

that there was likely a quenching occurring with those peptides when tissue was intact 

(data not shown).  When the liver was cryosectioned it became clear that direct 

fluorescence from sliced tissue was greater in the PLGLAG and D-amino acid treated 

animals.  The fluorescence distribution was punctate and bright throughout the liver 

lobules. Areas where the GFLG fluorescence was diffuse and dim appeared to correlate 

with areas of blood flow and bile tracts of the interlobular portal space, suggesting that 

the fluorescence was being cleared from those areas (figure 9.7C).  These data revealed 

that the GFLG peptide was cleaved in the various tissues when homogenates were run on 

a gel, showing that the GFLG substrate not only enabled cleavage of the payload off the 

CPP for penetration into the tumor, it also gets cleaved in various organs enabling greater 

clearance of the payload (figure 9.7D).  These data finalized the validation of the GFLG 

peptide as a CPP in culture and as an ACPP in mice; therefore the next logical step was to 

synthesize an ACPP with doxorubicin or another drug to use as a therapy in mice.  These 

pursuits will be briefly discussed in Chapter 10. 
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Figure 9.7  GLFG ACPP is taken up into tumors with evidence of cleavage and washing out of tissue 
when injected systemically into mice.  (A) HT1080 tumor bearing xenograft mice were injected with GFLG 
ACPP.  After 2 hours mice were sacrificed and tumors were imaged with skin removed (white arrows), 
showing that there was equivalent uptake in the tumor with the GFLG ACPP (cleavable with cathepsin B) 
as the MMP cleavable ACPP (no cleavable with cathepsin B between r9 and Cy5).  The liver and intestines 
were more brightly fluorescent than the standard cleavable and uncleavable ACPPs (blue arrows).  (B) 
When the liver (blue arrows) and kidneys (red arrows) were removed both were more fluorescent with 
the GFLG ACPP than the cleavable and uncleavable peptides.  (C) Though with gross imaging of livers the 
GFLG was brighter this was not the case in cryosections.   (D) Tissues were homogenized and run on a gel 
to determine whether the cathepsin B site was cleaved or uncleaved and cleaved peptide could be 
detected in most tissues including tumor.  
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9.4.5  Doxorubicin drug release is triggered by an acidic 

environment 

A second form of drug release beyond enzymatic activation is acid triggered 

release.  This mechanism is attractive because the tumor microenvironment and cellular 

endosomes are known to be acidic.136,137 This property has the potential to trigger drug 

release through a covalent linker that hydrolyzes in the presence of an acidic pH.  One 

linker that we focused on was the hydrazone because it had been used successfully in 

other applications.33,138 For initial evaluation we synthesized CPP hydrazone doxorubicin 

using the same techniques as we did with the other drug linkers to evaluate the toxicity.  

We found that this peptide was the most potent r9 doxorubicin conjugate that we had 

synthesized having an IC50 at 400 nM in HT1080 cells (table 9.1).  However, we 

discovered that this increase in potency could have been due to approximately 10% free 

doxorubicin contaminant in the peptide stock.  This was a significant problem because if 

there is free drug contamination or if the linker is unstable there could be an enhanced 

potency due to the contaminant.  We next demonstrated that the hydrazone mechanism 

worked in vitro and then considered how to utilize the linker for animal applications, but 

were cautious about the linker stability.    The r9-hydrazone-doxorubicin was incubated at 

pH 5 and pH 7.4 for 24 hours and peptide for each time point was prepared by SDS-

PAGE.  The peptide was then run on tricine buffered gels and the % hydrolysis was 

determined by quantifying the integrated intensity of the full peptide and hydrolyzed 

doxorubicin.  It was found that indeed up to 80% of the doxorubicin hydrolyzed in the 

first 24 hours at pH 5 whereas only 20% was hydrolyzed at pH 7.4 (figure 9.8A and B).  

Upon cellular imaging there was some evidence of nuclear uptake but most was in 

punctae (data not shown).  This lack of escape with this design, the disulfides and the 

GFLG could be due trapped r9 peptides. However, even if doxorubicin were to detach 

from the peptide it might not escape an acidic vesicle, which could further cripple 



154 

 

 

 

doxorubicin based release.139,140  Thus, the hydrazone results were encouraging though 

confounded by the instability of the linker.  We revisited this linker as we considered how 

to translate these conjugates to therapeutics for treatment of tumors in mice as discussed 

in chapter 10.  

 

 
 

Figure 9.8  r9-c-hydrazone-doxorubicin was acid cleavable at pH 5.  (A) Time course of % doxorubicin that 
was hydrolyzed off of the r9 peptide after incubation at pH 5 or pH 7.4 over 24 hours.  (B) A 
representative gel showing the appearance of hydrolyzed doxorubicin over time.   
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9.4.6  Drug delivery is enabled by endosome disrupting agents 

Cell penetrating peptides and many drug loaded macromolecules have limited 

therapeutic potential unless there can be enhanced release from endosomes.  An 

additional approach that could enhance endosome release is through disruption of the 

endosomes by co-treatment with additional mediators designed specifically for endosome 

release.  This approach is not limited to small molecule therapeutics, but may be 

integrated with multiple types of therapeutic payloads introduced via ACPPs such as 

delivery of proteins, RNAs, and macromolecules.  We designed a screening assay to test 

multiple endosome releasing mechanisms found in the literature. The aim was to directly 

compare the mechanisms for endosome escape that could be applied to drug delivery 

systems.  The assay consisted of synthesizing the endosomal agent and conjugating it to 

(Bodipy)-r9 via a disulfide bond.  This makes the agent have the cell penetrating 

component and also adds a fluorophore to the CPP portion of the molecule.  These 

molecules can then be used to treat cells in combination with r9Cy5 at varying doses.  

These experiments provided a fluorescent readout of whether the (Bodipy)-r9-endosome 

agent or the r9Cy5 reached the nucleus and at what dose.  Though the assay is not 

definitively quantitative it is relatively quantifiable for comparing different agents under 

similar conditions.   It was important to use calcein green AM or propidium iodide as cell 

viability markers that could be used to independently determine cell death from nuclear 

uptake of r9Cy5. 

Multiple endosome disrupting agents were synthesized for the comparison 

experiment.  One such molecule is the hemaglutinin 2 (HA2) peptide derived from 

orthomyxovirus which has an acid inducible conformation that creates pores in the 

endosomal membrane.141 The molecule was exploited by Wadia et al.,113 who made a 

retro-inverso (reverse sequence and stereochemistry) HA2 peptide which showed 

enhanced delivery of tat-Cre recombinase to the nucleus as a nuclear reporter when co-
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treated at 5 µM concentration.  In earlier studies we had synthesized an r9-HA2 peptide 

which when cotreated with r9-dox at 2 µM, there was a 3-fold lower IC50 than treatment 

with r9-dox alone, suggesting this approach could work (table 9.1).  Other molecular 

mechanisms included were: 1) testing the proton sponge hypothesis with PAMAM 

dendrimers123,124; 2) protein based endosome lysis with listeriolysin-O protein142; 3) basic 

peptides that become amphlipathic in acidic environments such as GALA143; 4) 

polypropylacrylic acid polymer144; 5) EB1 endosomolytic peptide145; and 6) LAH4  anti-

bacterial peptide146. Upon comparison of each approach we considered the optimal design 

as an ACPP macromolecule that incorporates this component for therapeutic delivery. 

  Imaging was performed on HT1080 cells treated for 1 hour with the endosome 

disrupting agents at various concentrations combined with a dose of r9Cy5 at 1.5 µM.  

Figure 9.9A shows representative images of the (Bodipy-r9-c)0.5-ss-PAMAM and -

Bodipy-r9-c-ss-EB1 at 10 µM of endosome releasing agent.  The imaging agent is shown 

in green and r9Cy5 is shown in the grey scale.  Confocal images show that for these 

treatment conditions there was nuclear uptake in many cells (white arrows).  Cells treated 

only with r9Cy5 had no detectable nuclear uptake (figure 9.9A).  In nearly all cases 

nuclear uptake was detected with the r9Cy5 peptide. The Bodipy labeled r9-endosome 

agent rarely relocated to the nucleus of cells. These data were quantified by determining 

the % cells in an imaging field that had nuclear uptake of each concentration of each 

agent (figure 9.10).  The % live cells were determined at the same time using the cell 

viability stains showing that as the number of cells with nuclear uptake increased so did 

the number of dead cells (figure 9.10B).  In order to determine which agent had the most 

uptake and least amount of death, an index was calculated as the product of the 

proportion of living cells and the proportion of cells with nuclear uptake (figure 9.10C).  

These results demonstrated that the r9-HA2 peptide was the most sensitive at enabling 

nuclear uptake of the r9Cy5 tracer causing the least amount of cell death, even revealing 
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Figure 9.9  Imaging of endosome disrupting agents and their ability to enable tracer r9c(Cy5) uptake.  
(A) HT1080 cells were incubated with different proposed endosome disrupting agents conjugated to a 
Bodipy-r9 peptide.  These panels show representative images of 10 µM of (Bodipy-r9)0.5-ss-PAMAM and 10 
µM of Bodipy-r9-c-ss-EB1 (green) treated with 1.5 µM tracer r9-c(Cy5) (grey scale) for 1 hour washed, 
counterstained nuclei with Hoechst and imaged by confocal microscopy.  These treatments show that the 
endosome disrupting agent enabled r9-c(Cy5) to escape endosomes whereas r9-c(cy5) treatment alone 
resulted in solely endosomal punctae.  (B) The Bodipy-r9-c-ss-HA2 (green) conjugate enabled the greatest 
amount of uptake of the tracer r9-c(Cy5) peptide (red) with as low as 1 and 0.3 µM treatments.  However, 
in most cases endosome disrupting conjugate did not escaped the puncta staining as the tracer CPP did.   
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Figure 9.10  Quantification of endosome disrupting agents by their ability to enhance CPP nuclear 
uptake and kill cells.  (A) Quantification of 3 imaging fields for each of duplicate treatments repeated 3 
independent times to determine the % of cells with nuclear uptake after an hour long incubation of 
different concentrations of endosome disrupting agents.  (B) In addition to nuclear uptake dead cells were 
counted and the % live cells per concentration for each treatment were plotted.  Dead cells were 
determined by nuclear uptake of propidium iodide during the experiment.  (C) Cell uptake index was 
calculated as the product of proportion of cells with nuclear uptake and proportion of live cells.  The 
uptake index revealed that the HA2 at low concentrations and the PAMAM1 at high concentrations 
enhanced nuclear uptake without killing the cells or disrupting the cell membranes.      

a substantial amount of uptake after a 300 nM treatment (figure 9.9B).  The PAMAM 

dendrimers were also rather effective because they had very little toxicity, but they did 

not work until a high dose was used.  We were unable to sufficiently test lysterialysin O 

(LLO) and polypropylacrylic acid (PPAA) because of technical difficulties synthesizing 

the conjugates.  LLO was only available for purchase at microgram quantities.  When we 

tried to react it with Bodipy-r9 it precipitated out of solution causing the yield to be too 
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low to effectively execute experiments.  For the PPAA we had technical difficulties 

reacting the Bodipy-r9 with the surface, so we decided to give up until we could attain 

premade polymer from the researchers who had developed the approach.  To date we 

have been unsuccessful at attaining any PPAA from an outside laboratory.  In summary, 

for the endosome reagents that were tested, much of the uptake occurred at rather high 

concentrations suggesting that successful endosomal escape was going be difficult with 

these agents from a drug development perspective.   

 

9.5 Discussion 

Translating ACPPs into therapeutics is a challenging proposition because of the 

cell barrier problem.  Here we describe some of our approaches which resulted in no 

obvious successes despite a great deal of effort.  Part of the issue had to do with the 

approach we decided upon to covalently conjugate therapeutics to CPPs and ACPPs.  

This is a challenging task because one needs to validate that the conjugate is stable and 

that it has the potential to be efficacious or potent to cancer cells.  Lack of efficacy could 

be due to the conjugate no longer working on the target because it is covalently 

constrained by the CPP or because it does not reach the targeted cellular compartment.  In 

the case of doxorubicin the main target is the nucleus and in the case of methotrexate, 

podophyllotoxin, and docetaxel the target is the cytoplasm.  We synthesized each of the 

conjugates with the goal of enabling therapeutic effect within an order of magnitude of 

the drug itself but in nearly every case our conjugates were much less potent.  This was 

likely due to the fact that most of the drug was sequestered in endosomes as shown in 

figure 9.3 for doxorubicin conjugates.  In some cases the IC50 reached into the nM range 

but each of these could be explained by free drug contaminant or degradation of the drug 

linker.  Another interesting note was that many of the drug conjugates had an IC50 in the 

low micromolar range even if it was r9Cy5 (table 9.1).  This suggests that the cancer cell 
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toxicity could be due to CPP itself perhaps being correlated to the threshold necessary for 

the CPPs to be taken up rapidly into the cytosol and nucleus (discussed in chapter 8).  

Because of the unanswered questions, most of these results were discouraging for the 

further conjugation onto carriers or ACPPs and testing in animals.  Additional studies 

would have been challenging without the promise of success.  

Since stable drug conjugates had significant issues as discussed above, we 

considered mechanisms of drug release from the CPP or ACPP.  We used three main 

approaches in these initial rounds of drug development, consisting of enzyme cleavage 

substrates, acid labile hydrazones, and disulfide bonds.  In this approach there are two 

forms of validation necessary that we addressed. The first was to determine whether the 

mechanism of release was relevant in the system for which the mechanism was designed.  

In the case of enzyme substrates this consisted of proving that cells cleave the substrate 

once the peptide is endocytosed.  We found this to be the case both in culture and in the 

mouse with the GFLG peptide.  The second form of validation was demonstrating that 

released drug restores efficacy of the parent drug, preferably releasing the parent drug.  In 

the case of enzyme substrates we had a harder time doing this and we knew that many of 

our released drugs were not the parent compound which often would result in reduced 

potency.  For the disulfide and enzyme substrates none of the linkers we tested actually 

released the native doxorubicin compound which is probably why we had such a large 

reduction in IC50 even when we proved that the mechanism was working.  The one 

mechanism we did use that effectively released the parent compound was the hydrazone.  

Though we could not prove in culture that the increased potency was not due to the 

contaminant, however the fact that parent compound was released upon hydrolysis 

encouraged us to continue developing the doxorubicin hydrazone linkers as will be 

discussed in the next chapter.  As for cathepsin B substrates, we are optimistic that they 

would significantly help as shown in the literature but we would need to utilize a 



162 

 

 

 

mechanism such as the para-aminobenzyloxycarbonyl (PABC) linker used in other 

doxorubicin designs.147  The PABC linker is a self-immolative linker that upon enzyme 

cleavage will get removed from the drug via 1, 6 elimination releasing the parent 

compound to produce a therapeutically active molecule after enzyme activation.  

Though potent drugs and drug release from CPPs and ACPPs show promise for 

the development of ACPP based therapeutics they are limited by the class of small 

molecule therapeutics. A mechanism that could be applied to nucleotide and protein 

based therapies as well would be more generally useful.  Such a mechanism could be the 

utilization of endosome disrupting agents.  Before spending a lot of time inventing such 

molecules we designed an assay to test other approaches described in the literature.  We 

found that these designs worked variably well and were complicated by the low solubility 

and difficulty synthesizing such molecules.  In our assay the HA2 peptide was the best at 

assisting the co-treated r9Cy5 reach the nucleus.  However, there are two fundamental 

problems we faced with endosome disrupting agents.  The first was that these 

mechanisms result in the release of a molecule into the nucleus that is a modification of 

the originally conjugated drug and therefore less biologically effective.  To overcome this 

problem would require another level of optimization and validation.  The second major 

problem was that these mechanisms have only been validated in tissue culture at high 

concentrations (micromolar range).  There is no evidence that such principles could be 

translated to a molecule that is injected systemically.  For example, when we injected 

r9Cy5 into the tail vein of a mouse we were able to concentrate low micromoles per 

kilogram in the liver but we never saw diffuse cellular uptake in live cells (chapter 4).  

Additionally, we tried to inject the r9-HA2 peptide into mice with r9 peptide and were 

never able to validate that the peptide enabled diffuse cellular uptake inside living cells of 

the animal (data not shown).  The development of these types of experiments is essential 

for the optimization of endosome disrupting agents.  The data from in vitro experiments 
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therefore guide development of molecules that may or may not be practical for systemic 

injection into animals, if that is the intended use for such applications.  Because of these 

challenges and other priorities these experiments have been put on hold until more 

promising avenues of investigation present themselves.   
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CHAPTER 10: ACPP Based Therapeutics from Free 
Peptides to Dendrimeric Nanoparticles 

 

10.1 Abstract 

After evaluating payload and linker options the next logical step was to consider 

ACPP drug configurations for testing therapeutic activity in animals.  Here we describe 

our attempts at conjugating drugs to free ACPPs and dendrimers. The first goal was to 

conjugate podophyllotoxin to free peptides to test whether free ACPPs have therapeutic 

potential in vivo.  We found that ACPPs have dose limiting toxicity that only makes 

direct drug conjugation feasible if more potent drugs are used.  The next therapeutic 

designs focused on dendrimers because it is possible to react multiple drugs to a 

dendrimer, theoretically up to 128 (number of free amines on G5 PAMAM).  Because 

acid labile hydrazones gave somewhat promising results in culture we initially tested 

multiple hydrazone linkers on dendrimers and had promising results shrinking tumors.  

Additional problems arose with ACPP conjugation because of solubility issues with the 

high amount of drug and ACPP on the surface.  More potent forms of doxorubicin were 

then pursued, but were found to have stability problems.  These pursuits show the 

complex nature of developing therapeutic agents and provide significant promise for 

further optimization of drugs, linkers and dendrimer formulations. 

 

10.2 Introduction 

Translating ACPPs into therapeutics presents a number of significant challenges 

many of which we discussed in chapters 8 and 9.  Though early work was not particularly 

promising with regards to ACPP based chemotherapeutic conjugates, there were some
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 valuable leads.  This chapter discusses those pursuits to date, the results that we attained 

from animal studies, as well as the challenges ahead.   

When translating therapeutics from r9 based conjugates, multiple variables must 

be considered.  The first significant question addresses the specific ACPP configuration 

that should be pursued.  While developing imaging agents there are 3 main configurations 

to choose from (figure 1.2).  The first is the simple free ACPP peptide.  This 

configuration is convenient because it is the simplest design but it has the worst 

pharmacodistribution profile (chapter 5).  Before knowing the animal toxicity issues with 

free ACPPs (chapter 4) we decided to try a free peptide therapy to determine whether 

there was a chance that free peptides could work.  At the time we conjugated 

podophyllotoxin to the ACPP because the synthetic yield was the greatest, it was 

relatively stable, and was one of the most potent therapeutics as a CPP version.   

The second option for drug design is to synthesize ACPPs conjugated to 

macromolecular carriers as discussed in chapters 5 and 7, where the r9 is cleaved off the 

carrier.  We believe that these designs have a lot of potential because there will be greater 

uptake of these molecules in the tumor than the free peptides but we are limited to one 

drug for each ACPP.  Though this is a promising approach we initially spent more time 

on dendrimers as will be discussed and we aim to readdress these designs with potent 

drugs as they become available. The discovery of the maleimide-ACPPs (chapter 7) 

makes the synthesis of such molecules much easier than carrier conjugated peptides, 

whether r9 is connected directly to the carrier or whether it is cleaved off.  

The third configuration we spent a lot of time with was conjugation of the ACPP 

to dendrimeric nanoparticles via the polyarginine terminus to be used as a payload to 

carry multiple drugs inside cells.  This configuration has the potential to deliver a much 

higher load of drugs inside tumors and had been proven when applied to imaging to be 

able to deliver micromolar amounts of Gadolinium to tumors.53  We did a screen of 
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conjugating doxorubicin to dendrimers without ACPPs to optimize the best linker design. 

Covalent conjugates were synthesized using hydrazone linkers which had varying 

sensitivity to hydrolysis. These variably linked conjugates were then tested in mice for 

therapeutic activity. This lead to deciding upon the optimal linker, leading to synthesis of 

dendrimers with  ACPP conjugation.   

 

10.3 Methods 

10.3.1  Podophyllotoxin animal experiments 

Dr. Tim Barder made ACPP-Podophyllotoxin (ACPP-podo) conjugate by reacting 

podo-ss-pyridine with Suc-e8-xPLGLAG-r9-c, purified by HPLC and confirmed by mass 

spectrometry.  The peptide was stored as a TFA salt and the yield was determined by 

mass.  For animal experiments, athymic nude mice were injected with 1x106 HT1080 

human fibrosarcoma cells in the mammary fat pad.  After one week when tumors were 

30-50 mm3 mice were injected IP once every other day for a total of three times with 10 

µmol/kg of either podophyllotoxin, ACPP alone, or ACPP-podo.  There were 3 mice per 

treatment group that were weighed and had tumors measured regularly.  The mice were 

euthanized after 10 days due to significant weight loss in the ACPP and ACPP-podo 

treatment groups.   

10.3.2  Doxorubicin PAMAM Dendrimer quality control  

Dr. Tao Jiang made multiple PAMAM dendrimers with doxorubicin conjugated 

on the surface.  Briefly, linkers were synthesized and reacted to the surface of G5 

PAMAM dendrimers.  Lastly, doxorubicin was reacted to the dendrimers and purified by 

Amicon centrifugation columns.  Yield was determined by weight and doxorubicin 

concentration calculated using 11,500 /(M*cm) as the extinction coefficient.  The 
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thioether and the 3 different hydrazone dendrimer linkers are shown in figure 10.2, 

labeled as thioether, aromatic, urea, or Peg linkers. All dendrimers that were tested for 

hydrolysis of doxorubicin from the dendrimer were diluted into PBS pH 7.4 or 50 mM 

sodium acetate pH 5 for 18-22 hours and run on a tricine buffered SDS gel.  Gels were 

imaged afterward on a UVP imager with 488 nm excitation and 600 nm emission.  ACPP 

doxorubicin dendrimers were synthesized with 6 doxorubicin and 6 ACPPs per 

dendrimer.  The ACPP structure was Suc-e8-oPLGC(me)AG-r9-c as this is a faster 

cleaving MMP substrate and was reacted with the dendrimer through the thiol.  For 

further purification dendrimers was resuspended after being lyophilized in 50% 

propylene glycol and 50% 20 mM Tris buffer.  The dendrimers were centrifuged through 

a 0.2 µm nylon filter to clear any aggregates.  Both filtered and unfiltered samples were 

run on a gel to confirm purification and surprisingly there was a greater amount of free 

doxorubicin and high molecular weight aggregate removed by this purification.   

pDox dendrimers were synthesized with the intent to coat the dendrimers with one 

pDox and three Cy5s thus making the dendrimers brightly fluorescent in the far-red.  The 

pDox dendrimer samples that were incubated overnight in pH 7.4 and pH 5 buffer as 

described previously were injected on HPLC/ mass spec.  HPLC was run using 30-60% 

Acetonitrile in water with 0.5% TFA gradient on a reverse phased column.  Doxorubicin 

(470-490) and Cy5 (645-655) absorbance peaks were monitored to reveal a new 

doxorubicin peak in the pH 5 sample.  This peak was proven to be free pDox based upon 

the mass spec.  For quantitation, dendrimers were run on another HPLC using a different 

C18 reverse phase column with a 10-90% ACN gradient column with 0.14% TFA which 

has a fluorescence detector.  The dendrimers ran differently between the two columns, 

which we attribute to different columns and different conditions.  To quantify the amount 

of pDox that was hydrolyzed off the dendrimer, 200 pmols of sample was injected and 

compared to a standard curve of 12, 36, and 60 pmols of pDox alone.  However, it 
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became clear in this experiment that the pDox standard degraded as seen on the in figure 

10.5C.  

10.3.3  Animal experiments with Doxorubicin dendrimers 

In multiple experiments, HT1080 bearing nude mice were injected with a single 

specific dose of doxorubicin dendrimer.  Injections, doses, number of doxorubicin/ 

dendrimer and treated/ control % are shown in table 10.1 for each of these experiments.  

Mouse weights and tumor volumes were measured regularly.  For the urea and the Peg 

hydrazone dendrimers, mice were imaged spectrally 7 days after injection.  Using the 

Maestro (CRI) spectral deconvolution system and software, doxorubicin fluorescence 

(red) was separated out from autofluorescence (green).  Tumors were removed and 

imaged by spectral deconvolution and brightfield.  For aromatic and thioether dendrimers 

there were 4 mice for each treatment group but only 2 mice for the urea and Peg 

hydrazone dendrimers because of limited dendrimer synthesis yields.  For the ACPP 

dendrimer experiment 4 mice per treatment group were injected with 2 mg/kg of 

doxorubicin as a single dose into each mouse.  Each mouse had two tumors for these 

experiments for a total of 8 tumors per treatment group.  For the pDox-dendrimer 

experiments, 3 mice per treatment were injected with a single dose and each mouse had 2 

tumors.  The pDox dendrimer mice were imaged in the maestro small animal imager at 

11 days post injection to detect Cy5 label in the dendrimers, revealing that there was a 

substantial amount of fluorescence remaining in the mouse.  The mice had so much Cy5 

distributed throughout, that the skin turned visibly blue.     
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10.4 Results  

10.4.1  Free ACPP-Podophyllotoxin conjugate revealed more activity 

due to peptide than drug 

Although the probability of a successful free peptide drug conjugates was slim, 

we decided it was worth exploring at least one conjugate. Therefore we synthesized Suc-

e8-xPLGLAG-r9-c(ss-podophyllotoxin) to test in cell culture.  Since the peptide was 

found to have submicromolar toxicity on cells, we decided it was worth trying in animals, 

since the peptide synthesis was not very difficult.  Therefore the ACPP was synthesized 

as depicted in figure 10.1A and the final structure is shown in figure 10.1B.  In order to 

decide upon a starting dose, we tested podophyllotoxin by itself to determine the effective 

dose for shrinking tumors.  We found that 3 injections at 44 µmol/kg every other day was 

sufficient to significantly slow tumor growth but not provide a cure.  There were no 

obvious signs of toxicity due to the podophyllotoxin (data not shown).  These results 

were similar to those in the literature where minimal toxicity was found with 48-100 

µmol/kg podophyllotoxin after multiple doses.148,149,150 For the initial ACPP experiments 

we decided to try a dose of 44 µmol/kg ACPP-podo, but found that this dose was acutely 

toxic.  It was determined that there was significant toxicity due to just the ACPP at these 

doses (as discussed in chapter 4).  We therefore had to decrease the dose to a dose that 

was not toxic to the mice.   

Due to repeated toxicity issues the dose was decreased to 10 µmol/kg of the 

ACPP-podo administered as an IP injection to HT1080 tumor bearing mice.  Three mice 

in each treatment group were injected with 3 doses, one dose every other day.  Treatment 

groups were podophyllotoxin (podo) alone, ACPP-podo, ACPP alone, and H2O vehicle.  

It was found that this treatment dose of podophyllotoxin was not efficacious, though both 

ACPP peptides caused a modest slowing of growth (10.1C).  Based upon these results it 
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appeared that the slowed tumor growth was not associated with the podophyllotoxin, but 

rather had to do with the presence of the ACPP, which we knew was administered IP at a 

maximum tolerated IV dose.  In addition to tumor growth curves it was found that both 

the ACPP and the ACPP-Podo injected mice lost significant weight during the 

experiment, suggesting that there was systemic toxicity due to the peptide (figure 10.1D).  

These data further suggest that due to ACPP toxicity, drug conjugates such as 

podophyllotoxin cannot be considered in the free peptide form.  Finally we did try the 

ACPP-GFLG-Doxorubicin peptide and we were not able to see any therapeutic activity at 

a safe dose either (data not shown). 

10.4.2 Conjugating doxorubicin via hydrazone linkage to PAMAM 

dendrimers reveal anti-tumor effects 

The ACPP configuration for therapeutic delivery that we felt had the most 

promise was the conjugation of drug directly to G5 PAMAM dendrimers.  Because of the 

challenges of r9-drug conjugates and hints that hydrazine could work, we decided to 

initially focus on conjugates with a stable thioether linker or various acid labile 

hydrazone linkers attached to doxorubicin.  This allowed us to determine if there was 

therapeutic activity in animals with these types of conjugates.  The benefit of the 

hydrazone linker as discussed earlier is that the native drug is release upon hydrolysis of 

the linker.  The structures of the four linkers that were synthesized are shown in figure 

10.2A with the stable thioether linker and the following three hydrazone linkers.  These 

linkers were reacted with G5 PAMAM dendrimers and as a final step doxorubicin was 

reacted to the linkers.  To test purity and acid sensitivity the dendrimer conjugates were 

incubated in either sodium acetate pH 5 or phosphate buffered saline pH 7.4 for defined 

time points.  Though these experiments were not done at the same time, the qualitative 

differences are notable revealing that the peg linker was the most sensitive to hydrolysis.  

The urea and aromatic linkers were not very sensitive to acid treatment, with the urea 
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Figure 10.1  Free peptide drugs had significant toxicity and little therapeutic activity.  (A) Schematic of 
free peptide ACPP based drug conjugation.  Upon proteolysis the polyarginine-drug is released enabling 
cell uptake and therapeutic activity.  (B) Structure of the Suc-e8-xPLGLAG-r9-c(ss-Podophylotoxin) (ACPP-
Podo).  (C) HT1080 zenografts were treated with IP injection of ACPP-Podo drug conjugated and the 
vehicle, ACPP, and Podo controls with 3 injections of 10 µmol/kg (arrow= injection day).  The therapeutic 
activity of free peptide Podo (purple) had to do with toxicity of ACPP treatment (green) causing weight 
loss and moribundity after 3 doses.  Podo alone had no therapeutic activity or toxicity (red). (D) Mouse 
mass throughout the duration of the experiment shows that ACPP (pink) and ACPP-Podo (green) 
treatments lead to significant toxicity as conveyed by loss of body mass.  
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Figure 10.2  Structure and quality control of doxorubicin conjugated dendrimers.  (A) Structure of the 
four doxorubicin containing dendrimers that were screened for anti-tumor activity.  The thioether is a 
stable thiol conjugate. The aromatic, urea, and Peg are different doxorubicin acid labile hydrazone linkers 
tested.  (B) Gels of different dendrimers treated at pH 7.4 and pH 5 for 18 hours determine which linker is 
the most acid responsive.  The thioether had nearly undetectable free doxorubicin contaminant and much 
was attached to the dendrimer.  The aromatic and urea hydrazone linkers were not very acid responsive 
and there was a lot of free drug contaminant.  The Peg linker had a much more favorable hydrolysis 
capacity.  
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linker possibly being slightly more stable.  The thioether was clearly the most stable and 

had the least amount of free doxorubicin contaminant (figure 10.2B).  Unfortunately we 

were unable to get any of these molecules completely free of free doxorubicin 

contaminant, but since it was a small percentage we continued testing these molecules in 

mice.   

All four doxorubicin conjugated dendrimers were tested in HT1080 tumor bearing 

mice as single dose injections and the results are summarized in table 10.1.  The table 

records the % mass of the treated compared to the control at the end of the experiment, 

showing how much anti-tumor activity the drugs had.  It was found that peg linked 

dendrimers which had the greatest acid sensitivity yielded the best results by having a 

tumor mass to vehicle control as being 27% compared to 62% and 65% for the other two 

hydrazone dendrimers and no difference from the thioether linker.  Figure 10.3A-D 

shows images of mice, tumor growth curve, and change in mouse mass for the urea and 

peg hydrazone linkers. Surprisingly both these peg and urea linker dox derimers could be 

detected by fluorescence imaging using spectral deconvoluion seven days after injection 

(figure 10.3A, B).  When tumor growth curves were plotted it was revealed that the peg-

hydrazone tumors had a significant tumor size regression during the course after injection 

(figure 10.3C).  These two mice had significant anti-tumor effects after only a 2.5 (mouse 

1) and 6.5 mg/kg (mouse 2) doxorubicin injection.  There was no sign of toxicity from 

these experiments (figure 10.3D). This experiment revealed that the peg linker was 

superior to all other doxorubicin dendrimers tested, with a significant amount of tumor 

growth inhibition.  However, in all of the experiments the control drugs doxorubicin and 

liposomal doxorubicin (Doxil) continually beat the dendrimers in anti-tumor activity.  

This could be due to the fact that a higher dose of these controls was used and also 

because they are very effective drugs.  These data cannot determine if the dendrimer drug 
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conjugates are better than controls until there is more data with more mice using 

escalating doses to determine the toxicity and thus the therapeutic index.    

 

 

 

Table 10.1 Doxorubicin dendrimers linker screening in HT1080 xenograft mice 
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Figure 10.3  Animal testing of the Urea and the Peg doxorubicin hydrazone linkers enabled imaging and 
therapeutic activity.  (A) Images of mice treated with doxorubicin, Urea PAMAM hydrazone-Dox, the Peg 
PAMAM hydrazone-Dox, and a PBS control.  The animals were excited with 467/47 excitation light and a 
spectral cube was collected.  The doxorubicin fluorescence was the deconvolved from the images (red) 
and overlayed on the autofluorescence (green).  (B) The tumors of both sets of mice were imaged in the 
same way as the mice were after dissection; the deconvolved fluorescence is shown in grey scale below 
the overlay.  The four treatment groups are in the same order as in (A) showing both sets of tumors from 
the experiment.  Lower panel is a brightfield image and a spectrally deconvolved image of the one of the 
sets of tumors cut in half revealing the significant bloody necrotic core of the Peg dox dendrimer. (C) 
Tumor growth curves of all 8 mice in the Urea and Peg linker test experiment with injections done on day 
1.  (D) There was no significant change in body mass throughout the duration of the experiment.   
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10.4.3  Adding ACPPs to the doxorubicin conjugated dendrimers 

significantly decreased the solubility 

After screening for hydrazone linkers that worked best on the dendrimers we 

synthesized a new batch of dendrimers with ACPPs conjugated to the surface.  We 

synthesized G5 PAMAM dendrimers with 6 ACPPs and 6 doxorubicin, expecting these 

modest numbers would not lead to solubility issues as we had in the past with Cy5 

containing dendrimers.53  In principle more than 100 drugs could be loaded on the 

surface, but we avoided these options anticipating significant solubility problems as seen 

with dendrimers that had 30 Gadolinium molecules for MRI studies.  We synthesized 2 

different dendrimers with either Peg8 or Peg4-OH caps to cap all the unreacted amino 

groups on the PAMAM dendrimers to further enhance solubility, which was also 

different than optical and MRI dendrimers that used Peg4 as a capping reagent.  Lower 

aggregation was determined with Peg8 and Peg4-OH compared to Peg4 in other studies 

(data not shown).  Initially the dendrimers were suspended in propylene glycol after 

being lyophilized.  The fractions had a significant amount of free doxorubicin and 

aggregates so they were filtered through a 0.2 µm filter and both the aggregates and free 

doxorubicin decreased though not completely (10.4A).  We then treated each dendrimer, 

the Peg8 dox dendrimers alone, the Peg8 ACPP dox dendrimer, and the Peg4-OH ACPP 

dox dendrimer by incubating them in pH 5 and pH 7.4 overnight to detect hydrolysis of 

doxorubicin.  Each of these dendrimers had an increase in doxorubicin hydrolysis when 

at low pH but these data were not dramatic (10.4B).  We think that we lost a lot of the 

doxorubicin during resuspension in propylene glycol before addition of Tris buffer 

because it was found that the conditions were very acidic.  Though we were rather 

discouraged we decided to inject 1 mg/kg of doxorubicin equivalents into mice because 

of limited supply and solubility.  These dendrimers were found to have no significant 
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effect on tumor growth probably because of the low doses which are not very effective as 

free doxorubicin (figure 10.4C). 

 
Figure 10.4 Quality control and mouse experiments of ACPP conjugated doxorubicin dendrimer.   (A) Gel 
of resuspended doxorubicin dendrimer before and after column filtration revealing that much of the large 
molecular weight aggregate and free doxorubicin was cleared by this method of purification.  (B) A gel of 
the 3 dendrimers that were synthesized and showing the capacity for doxorubicin to be hydrolyzed under 
acidic conditions.  The gel shows the Peg 8 capped ACPP G5 PAMAM dendrimer, the Peg4-OH capped 
ACPP dendrimers, and the Peg8 capped doxorubicin dendrimers with no ACPP.  (C) Tumor growth curves 
of HT1080 xenograft mice injected with 1mg/kg ACPP containing dendrimers revealing that the low dose 
of doxorubicin alone and doxorubicin coated dendrimers was not sufficient to significantly inhibit tumor 
growth.   
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10.4.4  More potent 2-pyrrolino doxorubicin enhanced ACPP 

dendrimer potency, but the drug was unstable 

The solubility and aggregation problems with ACPP coated dendrimers were 

realized to be major problems.  There are multiple variables that might cause aggregation, 

the two most important are likely the number of ACPPs on the surface and the number of 

drugs conjugated.  We therefore decided to decrease the number of ACPPs to 

approximately four per dendrimer.  In addition, we decided to move away from 

doxorubicin and use 2-pyrrolino doxorubicin (pDox) which is 500 times more potent. 

These conjugates would decrease the amount of dendrimer necessary to inject for 

therapeutic activity, which would enable coating dendrimers with fewer drugs or not 

needing such high concentrations, ultimately reducing the solubility issues.  Lastly, we 

found that the negatively charged Cy5 on the surface of the dendrimers helped by 

decreasing aggregation of the dendrimers, so we added Cy5 to the pDox dendrimers.  

Therefore, we made a G5 dendrimer with three Cy5’s, one pDox, and in the presence or 

absence of four ACPPs.   

Before testing these dendrimers we found that the maximum tolerated dose of 

pDox in HT1080 bearing mice was 0.1 mg/kg which is a dose that significantly slowed 

tumor growth. Two mice each died within 24 hours after being injected with 0.3 and 1 

mg/kg of pDox.  This dose was about 50-100 times lower than the maximum tolerated 

dose of doxorubicin in these mice.   

pDox was synthesized and reacted with the dendrimer via hydrazone linker as 

done with doxorubicin dendrimers discussed earlier.  IT was difficult to confirm that the 

pDox reacted with the dendrimers.  The labeling was so low that the absorbance was 

undetectable by UV Spectroscopy.  It was only by fluorescence spectra measured on a 

plate reader that it was clear pDox was conjugated to the dendrimers but this was not able 

to be quantified.  The dendrimers were next incubated in pH 5 buffer and we tried to 
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detect pDox by LC/MS.  After hydrolysis the absorbance of the pDox was detectable 

with the HPLC absorbance detector and the peak was confirmed by mass spec (figure 

10.5A).  However, we were uable to confirm the concentration. We next determined the 

concentration of pDox by using HPLC with a fluorescence detector and comparing with a 

fluorescence standard (figure 10.5B).  These data gave us confidence to quantify the 

pDox within a fold difference, but because of degradation problems these measurements 

may not be very accurate.  Using sensitive analytical HPLC and mass spectra we 

discovered that the pDox had severe stability problems, breaking down into multiple 

peaks (figure 10.5C).  The stability was likely a big enough issue that the labeling yield 

was less than 1 pDox per dendrimer.  However, a few mice were injected with the no 

ACPP coated dendrimer to determine if there was at least some level of anti-tumor 

activity.  These experiments demonstrated substantial antitumor effects with a dose less 

than 0.1 mg/kg of pDox dendrimers, but the experiments were abandoned because of the 

pDox stability and low labeling efficiency (figure 10.6A).  Upon imaging the mice 11 

days after the injection, there was a substantial amount of pDox Cy5 dendrimer in the 

tumors demonstrating that this approach still has substantial promise if the right stable 

dendrimer drug combinations were synthesized (figure 10.6B).  The ACPP containing 

pDox dendrimer was never tested because of the low labeling efficiency and because it 

was nearly impossible to reliably inject the same dose of pDox dendrimer as ACPP pDox 

dendrimer.   
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Figure 10.5 Verification of pDox conjugated Cy5 Dendrimer.  (A) HPLC traces of the pDox Cy5 PAMAM 
dendrimer treated in neutral pH or pH 5 overnight.  Both the 470-490 nm and 645-655 nm absorbance 
traces are shown to assist in identification of pDox and Cy5 labeled dendrimers respectively.  After 
incubation at pH 5 there was a new peak that arose in the 470-490 channel that had the exact mass for 
pDox.  (B) Shows Cy5 absorbance and pDox fluorescence HPLC traces on a different HPLC used for 
sensitive fluorescence detection and quatitation of pDox conjugated and hydrolyzed off of the dendrimer.   
(C) It was found that there were multiple degradation peaks of pDox calibration standard.  
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Figure 10.6 pDox dendrimers slow tumor growth and the Cy5 dendrimer fluorescence can be detected 
11 days after injection.  (A) Tumor growth curves of HT1080 xenografts showing that the higher dose of 
pDox dendrimer did slow tumor growth greater than the vehicle and the lower dose.  (B) Upon sacrifice 
and dissection of pDox dendrimer treated mice fluorescence images were taken demonstrating that even 
after 11 days a substantial amount of dendrimers remained throughout the mouse. 
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10.5 Discussion    

There is much promise for the translation of ACPPs into therapeutics but as 

described here and in the previous chapter, the challenges are rather complex.  

Therapeutic constructs require rigorous synthetic design, careful characterization of 

solubility, stability, and thorough interpretable assays for testing.  Not only is it important 

to test cells in culture, it is necessary to test animals especially when working with small 

nanoparticles like dendrimers.  Our pursuits have yielded a lot of useful information but 

unfortunately have not come to fruition with regard to testing ACPPs in a context where 

we can determine if the ACPP targeting can improve upon the clinical standard and 

untargeted agents.  In order to do so there needs to be a lead design and sufficient animal 

studies to determine enhanced therapeutic index.   

The goal of ACPP based therapeutics is to design an ACPP containing molecule 

or particle that takes advantage of all the benefits that ACPPs can provide with regard to 

enzyme activation in areas of tumor invasion and metastasis.  To prove that a therapeutic 

agent works, one would want show that an ACPP drug conjugate treats the cancer more 

effectively than an untargeted configuration (in the case that ACPPs are conjugated to 

polymers or nanoparticles) as well as demonstrate that the cleavable version is more 

potent than an uncleavable version of the ACPP.  In addition to these levels of validation, 

it is equally important to demonstrate that the targeted therapeutic agent has the potential 

to be better than the clinical standard, especially if the targeted agent incorporates a 

common chemotherapeutic agent as the warhead.  This does not mean that the drug needs 

to be effective at a lower dose, but rather that the effective dose is much lower than the 

maximum tolerated dose, thus enhancing the therapeutic index (toxic dose / effective 

dose).  Once there is a promising lead, many rounds of experiments are necessary to 

establish these parameters for a given therapy.  These aims take a lot of effort 

synthesizing enough of the molecule and establishing protocols for the animal 
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experiments once a given molecule shows promise.  Unfortunately with this series of 

experiments we were not able to establish that ACPP based targeting can lead to more 

effective drugs. 

The problems faced with ACPP based drugs mostly had to do with deciding what 

chemical warhead was best, which linker could enable the drug to be efficacious in the 

context of the ACPP, and what the best ACPP configuration was.  In this chapter we 

established that free peptide based therapeutics will likely not be feasible because of 

ACPP based toxicity issues that will limit the dose possible (to a dose often lower than 

the dose necessary for a small molecule chemotherapeutic) for a one to one ACPP drug 

stoichiometry.  These new data on top of the previously know poor biodistribution cause 

a reduction in enthusiasm even though such conjugates are easier to synthesize than a lot 

of carrier based configurations.  It is likely that it is necessary to inject a much higher 

dose of an ACPP based drug than the drug alone as seen with many peptide-doxorubicin 

conjugates in the literature however, for free ACPP based doxorubicin these doses are 

impossible.151,152,102,153 Therefore the potential niches where free ACPPs might still have 

promise is by conjugating them to extremely potent drugs or non small molecule based 

therapeutics such as protein based toxins, or making them as albumin reactive drugs such 

as those presented in chapter 7.  

In order to significantly improve ACPPs as imaging agents we developed 

different configurations by which to guide contrast to tumors.68,53 We think the same 

principles that worked for imaging agents could work well with therapeutic drug 

delivery, but the challenge is greater.  Not only do we need to deliver a lot of therapy 

effectively we need to ensure that the therapy can get to its target.  Beyond this we have 

to ensure that these conjugates are well characterized, do not aggregate, and can 

distribute effectively in an animal such that the cleavable ACPP is more effective than 

either the uncleavable ACPP or the untargeted agent.  The untargeted molecules in the 
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case of dendrimers are a very effective blood pool agents having long plasma half-lives, 

suggesting there is a lot of promise on their own especially in most of the artificial animal 

models used in research.154  In these studies we did our best at systematically screening 

drugs and linkers then translating the most promising designs to dendrimer based drugs.  

We then did more screening of different types of hydrazone linkers in animals knowing 

that the tissue culture data may have been unreliable.  From there we decided upon a 

linker and tried to make an ACPP based agent.  At this point we encountered a problem 

because there needs to be a lot of drug on the dendrimer and a high concentration of 

dendrimers in order to deliver an effective dose to mice.  This is the stage where we had 

the most trouble because in this context the ACPP based dox-dendrimer was no longer 

very soluble and by the time the molecules were made and ready to go there was very 

little material left.  We tried to synthesize a more potent form of doxorubicin which needs 

a significantly lower dose but found that the 2-pyrrolino doxorubicin was unstable 

resulting in a soluble but low yield conjugate that was challenging to purify.  Though we 

had technical difficulties, we do think there is potential for ACPP based dendrimer 

therapy, but more potent therapeutics or alternative designs should be considered.   

Because the above projects took a significant amount of time in chemical 

synthesis, validation, and generating data we rethought how to test whether ACPPs could 

more effectively target tumors and metastases.  This lead to as series of projects whose 

aim was to determine whether ACPPs could make known nanoparticle based clinical 

agents more effective at treating tumors and metastases.  The advantage of these projects 

is that most of the drug design issues have been accomplished and syntheses are pretty 

well worked out.  The final chapter will summarize our recent progress in these 

directions, which have lead to some exciting results.  
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CHAPTER 11: Attaching ACPPs to Clinically 
Approved Nanoparticles for Enhanced Therapeutic 
Targeting 

 

11.1 Abstract 

ACPPs have the potential to target disease processes that are associated with 

specific enzyme activities; one such process is the invasion and metastases of cancer.  

With an aim to demonstrate that ACPPs have such potential therapeutically, we tested 

ACPP targeted versus untargeted clinically approved therapeutic agents of doxorubicin 

containing liposomes and paclitaxel albumin suspension.  Addition of ACPPs to these 

nanoparticles is relatively simple and robust enabling large yields.  Here we describe the 

formulation, the validation, and dispersion of ACPP targeting of the nanoparticles. 

Additionally we describe how ACPP coated doxorubicin liposomes have much greater 

efficacy than untargeted liposomes and therefore have the potential to more significantly 

prevent and treat tumors and metastases.  

 

11.2 Introduction 

To rationally design ACPP based therapeutics from a bigger picture perspective 

one needs to find an appropriate niche where ACPPs can significantly improve current 

drug design technology.  In addition to having a good drug design we learned from trying 

to optimize drugs, linkers, and polymer chemistry that it is advantageous to have a 

platform to build from and not have to reinvent every variable involved in targeted 

therapeutic development.  Until now we have focused on the ACPP and its potential to 

directly target cancer progression due to activation by disease associated proteases.  
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Therefore, this is an application where ACPPs could simply be introduced to establish if 

they could enhance the therapeutic activity of an existing drug.  One approach that was 

not initially considered is to conjugate ACPPs to known therapeutic nanoparticles to 

better target and treat cancer.  Two obvious candidates would be a liposome formulation 

of doxorubicin known as Doxil155,156,157 and Abraxane an albumin suspension of 

paclitaxel.36,158  These two drugs are approved for use in various forms of cancer and 

have greatly improved doxorubicin and paclitaxel delivery by decreasing the toxicities 

such as cardiac toxicity attributable to cumulative dose of doxorubicin32 and toxicities of 

cremophor EL the vehicle for paclitaxel.159 

Liposome technology has come a long way during the development of liposome 

based cancer therapeutics.  The culmination of roughly 30 years of research is 

characterized by the clinical approval of Doxil.  Doxil is a doxorubicin containing rigid 

liposome that is coated with a polyethylene glycol (Peg) shell which makes it invisible to 

the reticuloendothelial system that normally clears liposomes rapidly from the 

circulation.  With the Peg coat, the plasma half-life is on the order of 50 hours, having 

been increased from as short as a few minutes without.160,161,162 The Peg coat was one of 

the major breakthroughs that made liposomal drug formulations feasible.  The second 

major breakthrough was the ability to concentrate doxorubicin in inside the liposomes 

using an ammonium sulfate salt gradient.163  It was later found that other salt gradients 

could also be used that will release drug upon a reduction in pH, however because the 

stability is also decreased we decided not to pursue these more recent designs.121 Other 

factors in liposomes including lipid composition, size, and buffer have a significant effect 

on their stability and activatability. We decided to make our liposomes as close as 

possible to the clinical Doxil so as to keep these variables constant, except for the 

composition of ACPPs.  
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Coating liposomes with targeting agents is not a new idea and has lead to variable 

successes.  The classical approach has been to coat liposomes with antibodies or antibody 

fragments that specifically target tumor antigens such as the Her2 receptor in breast 

cancer.164  Other approaches consist of tumor homing peptides discovered by phage 

display,165 integrin ligands,166,167 folic acid,168 and vascular ligands.169 Some of these 

targeted doxorubicin liposomes are in clinical trials.  Though such successes have been 

noted, ACPP targeted liposomes may provide significant advances in that they may 

accumulate better in and around invading tumor cells and they may target 

micrometastases.  Additionally, the amplification mechanism could result in further 

enhancement of uptake into enzymatically active tissues, unlike the one to one 

stoichiometric binding of the existing targeting moieties.    

Another anticancer agent that could have enhanced efficacy from ACPP targeting 

would be Abraxane.  Abraxane is an albumin suspension of paclitaxel, a drug that is a 

very effective anticancer agent whose solubility severely affects the administration of the 

drug because it has to be injected in a chremophor ethanol solution.159  This problem was 

solved when milled crystals of paclitaxel were suspended by albumin creating a 160 nm 

nanoparticle suspension.  Abraxane is thought to break up in the plasma after injection 

and disperse. Albumin binding paclitaxel distributes to the tumor microenvironment 

enabling higher immediate concentrations of paclitaxel to be delivered to the tumor than 

traditional Cremophor paclitaxel.170 In this design ACPP targeting may help enhance 

therapeutic activity because it could add specific targeting as opposed to the passive 

accumulation of the nanoparticle or albumin in the tumor microenvironment.  However, 

its activity is less likely to be enhanced by ACPPs than liposomes because of the rapid 

distribution and breaking up of the nanoparticle.  Targeting similar to that proposed here 

has been attempted using tumor targeting peptides, but established success is limited 

probably because these methodologies are still in their infancy171.  
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In this chapter we describe how we target doxorubicin liposomes and Abraxane 

with ACPPs and our successes to date.  We have found that the number of ACPPs on the 

surface of the nanoparticle is critical to successfully enhance activity over the untargeted 

control.  To date progress with Abraxane has been limited mostly because liposomes 

were the first to give positive results so they have earned more attention, though we 

believe that targeting of Abraxane is possible.  

11.3 Methods 

11.3.1  ACPP peptide synthesis for nanoparticles 

To react ACPP to Abraxane the following peptide was synthesized c-e9-

oPLG(Cme)AG-r9-k by solid phase synthesis as described in earlier chapters.  Crude 

peptide was then reacted with Cy5-monomaleimide to the n-terminal cysteine in DMF 

and NMM.  The peptide was purified by HPLC and reacted with maleimido propionic 

acid PFP ester in DMF and NMM.  After purification the final peptide structure was 

c(Cy5)-e9-oPLG(Cme)AG-r9-k(CO(CH2)2-maleimide).  For the DSPE-ACPP-Cy5 e9-

oPLG(Cme)AG-r9-c and e9-(Peg2)2-r9-c peptides were synthesized by solid phase 

chemistry and purified by HPLC.  The peptide was reacted with 1,2-distearoyl-sn-

glycero-3-phosphoethanolamin-N-[maleimide(polyethylene glycol)-2000] (DSPE-

Peg(2000)-maleimide) (Avanti Polar Lipids) in DMF and NMM, then reaction was 

monitored by HPLC.  When near complete, Cy5-NHS ester was added to the reaction and 

that reaction was monitored by HPLC.  After completion of synthesis the DSPE-ACPP-

Cy5 was purified by HPLC.  

11.3.2  Reaction of ACPP to Abraxane and cleavage of peptide  

Cy5-ACPP-Maleimide peptide was mixed at 1 and 10% molar percent to albumin, 

in resuspended Abraxane in normal saline.  Reaction tubes were either sonicated for 30 
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seconds 3x in a bath sonicator or left at untouched at room temperature for 30 minutes or 

24 hours.  At the final time point, the reaction was stopped by the addition of tricine 

sample buffer and heating to 90C for 10 minutes.  Samples were then run on a 10-20% 

tricine buffered gel and imaged for Cy5 fluorescence on the UVP gel imager.  For the 

enzyme cleavage assay, the ACPP liposomes and Abraxane were incubated with 50 nM 

recombinant MMP-9 (EMD) in 20mM Tris 150 mM NaCl for specific time points, 

quenched by adding tricine sample buffer and heated at 90°C for 10 min.  Samples were 

then run on a 10-20% tricine buffered gel and imaged by fluorescence on the UVP gel 

imager.  

11.3.3  Characterization of ACPP nanoparticles by dynamic light 

scattering 

Prepared samples of liposomes and Abraxane were diluted 1-100 from 

synthesized concentrate into a 300 mM sucrose solution buffered with 2mg/mL of 

histidine pH 6.5.  The samples were then measured by dynamic light scattering on the 

Zetasizer (Malvern).  2-3 measurements were taken from an average of 10 runs to 

determine the size as a function of intensity and volume.  The results were then plotted by 

volume % and size in nm to show that the samples were either a monodispersed Gaussian 

distribution in size or aggregated.   

11.3.4  Synthesis of ACPP containing liposomes 

Liposomes were synthesized by making a lipid cake with 11:7:1 proportions of 

hydrogenated soy phosphatidyl choline: cholesterol: 1,2-distearoyl-sn-glycero-3-

phosphoethanolamin-N-[methoxy(polyethylene glycol)-2000] (DSPE-Peg(2000) (Avanti 

Polar lipids) at a total of 30 µmols of lipid similar to previous studies.121,167  For ACPP 

containing liposomes, different mole ratio of DSPE-ACPP-Cy5 to DSPE-Peg(2000) were 

mixed in before cake formation.  The lipid cake was hydrated with heat and bath 
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sonication with 250 mM ammonium sulfate and 50 mM Sucrose histidine buffer 0.33 mg/ 

mL.  Multilamellar vesicles were heated to 60oC and were sonicated using a probe 

sonicator for 2 minutes to make small unilamellar vesicles (SUV).  The SUVs were then 

extruded 20 times through a 0.2 and then a 0.1 µm membrane filter (Whatman) at 60oC 

on a heat block mini-extruder (Avanti Polar Lipids).  After extrusion liposomes were 

buffer exchanged into 300 mM sucrose 2 mg/mL sucrose buffer at pH 6.5 using a 

sephadex G25 (Sigma-Aldrich) column to clear all the extraliposomal ammonium sulfate.  

The liposomes were then incubated with 15 mgs of doxorubicin for 1 hour at 60oC and 

then filtered through a Sepharose CL-4B column (Sigma-Aldrich) and stored at 4oC.  For 

concentration measurements liposomes were disrupted with 1.5% trition-X solution, 

sonicated in a bath sonicator and the total doxorubicin concentration measured by 

absorbance using 11,500 M-1cm-1 as the extinction coefficient. 

11.3.5  Cell imaging of doxorubicin in ACPP doxorubicin liposomes 

HT1080 cells were plated in a 96 well coverslip bottom plate and treated with 

various liposome formulations for 25 minutes in serum free conditions.  The cells were 

then washed 3x over 30 minutes and imaged for doxorubicin fluorescence by confocal 

microscopy (Zeiss, LSM 5 Live) using 488 nm laser and 550 LP emission filters.  After 

treatment cells were imaged for up to 72 hours while being in normal growth media and 

incubator between imaging.   

11.3.6  Animal studies for testing ACPP liposomes 

Nude mice were injected subcutaneously with 1x106 cells in the right and or left 

mammary fat pads to produce xenografts.  One week later, after tumors became 50-

250mm3, mice were injected intravenously (IV) with vehicle, doxorubicin liposomes, or 

ACPP coated doxorubicin liposomes at approximately 3 mg/kg of doxorubicin.  Mouse 

tumor measurements and weights were taken at regular intervals.  For some experiments 
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mice were injected with a second dose.  When tumor volumes reached near maximum the 

animals were sacrificed, tumors were weighed and imaged.  All animal protocols were 

approved by the UCSD IACUC. The experiment in figure 11.5 was performed by 

Explora Biolabs because of greater resources necessary for increase number of treatment 

groups and larger n. 

11.4 Results  

11.4.1  Synthesis and validation of ACPP coated Abraxane 

One method of using ACPPs to target nanoparticles is to coat the surface of 

albumin paclitaxel suspensions with peptides.  An ACPP that could react with albumin 

similar to the one discussed in chapter 7 was synthesized.  The sequence for this design 

was (Cy5)c-e9-oPLG(Cme)AG-r9-k-maleimide (figure 11.1A), with the intention that the 

maleimide would react with C34 on albumin and then upon cleavage the Cy5c-e9 would 

be cleaved off the Abraxane.  After synthesis and purification, 1% and 10% molar 

equivalents of ACPP to albumin molecules were mixed with freshly suspended Abraxane 

at a high concentration suitable for animal injection.  Parallel reactions were stopped after 

30 minutes and 24 hours with and without being sonicated.  Surprisingly we found that 

regardless of sonication the reaction was driven to completion in less than 30 minutes in 

normal saline (the injection buffer) as show by gel electrophoresis (figure 11.1B).  It was 

determined that 84% and 70% of the ACPP reacted with the albumin from the 1% and 

10% reaction respectively.  This was measured by the integrated intensity of fluorescence 

that reacted with albumin vs. remained as a free peptide.  After the peptide was reacted 

with Abraxane, dynamic light scattering revealed that the nanoparticles were 

unaggregated with a z-average of approximately 130 nm for reaction mixtures containing 

0.3%, 1%, 3% ACPP and no ACPP (figure 11.1C).  When the ACPP reacted Abraxane 

was incubated with MMP-9 enzyme the Cy5c-e9 was readily cleaved off the nanoparticle  
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Figure 11.1  ACPPs can be synthesized to coat Albumin suspensions of paclitaxel.  (A) Schematic from 
Abraxis website of Abraxane depicting colloidal paclitaxel suspended in a 130 nm albumin shell and a 
transmission electron micrograph of the nanoparticle.  Here we depict that we can react ACPP to the 
surface of the Abraxane which could be used for enhanced targeting of Abraxane to tumors.  (B) We show 
that 1 and 10% mole percent ACPP to albumin can react up to 84% of ACPPs on the surface of Abraxane 
within 30 minutes of resuspension.  This robust reaction is independent of longer incubation times or 
sonication.  (C) Once reacted to the Abraxane ACPP can be cleaved off of the nanoparticle upon treatment 
with MMP-9 enzyme, being near complete within one hour.  (D) Dynamic light scattering confirming that 
resuspended Abraxane with and without ACPP peptide are mono disperse and have a z-average diameter 
of 130 nm. 
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as detected by gel electrophoresis (figure 11.1D).  With these clean and simple results the 

next series of experiments will consist of testing these conjugates for therapeutic activity 

in animals. 

11.4.2  Synthesis and validation of ACPP coated liposomes 

In order to synthesize liposomes with ACPPs on the surface as depicted in figure 

11.2A we had to first synthesize a phospholipid with the ACPP attached.  To do this the 

following peptide was synthesized, Cy5-e9-oPLG(Cme)AG-r9-c. In this sequence the free 

thiol on the peptide could be reacted with 1,2-distearoyl-sn-glycero-3-

phosphoethanolamin-N-[maleimide(polyethylene glycol)-2000] (DSPE-

Peg(2000)maleimide).  The Cy5 was reacted to the n-terminus because then cleavage can 

be confirmed in vitro, something that was never possible with the way Gadolinium 

dendrimers were synthesized.53  Once reacted, the peptide was purified as DSPE-ACPP-

Cy5 (structure figure 11.2B) and used for incorporation into liposomes (figure 11.2A).  

Initially we tried to incorporate the DSPE-ACPP-Cy5 into premade pharmaceutical grade 

Doxil with no success shrinking tumors compared with Doxil alone.  At the time we did 

not have a method to confirm that ACPP was incorporated and as we discovered later, we 

were incorporating too many ACPPs into the liposomes.  

Liposomes were made in the lab with the composition of 11:7:1 Hydrogenated 

Soy Phosphatidylcholine (HSPC): Cholesterol: DSPE-Peg(2000) to reflect as close as 

possible the formulation of the pharmaceutical Doxil.  Liposomes were made with 

varying concentrations of DSPE-ACPP-Cy5 by mixing various molar ratios of the ACPP 

before hydrating and extruding the lipids through a 100nm membrane.  Concentrations 

ranged from 0.1-3 mole % of the DSPE-Peg(2000), these ranged from approximately 9-

270 ACPPs per liposome.  Dynamic light scattering confirmed that the liposomes had an 

average size (z-average) of approximately 130 nm, a representative % volume to size plot 

is shown in figure 11.2C.  To ensure the ACPP was present on the surface, liposomes 
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were treated with MMP-9 in a test tube to verify that enzymes had access to the ACPP 

and that the peptide was cleaved by the enzyme (figure 11.2D). 

 

 
Figure 11.2  Doxorubicin containing pegylated liposomes can be coated with ACPPs.   (A) Schematic of 
ACPP coated liposomes. Cleavage by MMP enzymes lead to restored CPP properties and enhanced 
cellular uptake.  The schematic is adapted from a cartoon on the Ortho Biotech website.  (B)  Chemical 
structure of the DSPE-ACPP-Cy5 that was synthesized for the incorporation in to pegylated liposomes 
during formulation.  (C) Representative size to % volume dynamic light scattering plot of ACPP coated 
pegylated liposomes containing doxorubicin.  This reveals that the liposomes were mono-disperse with a 
z-average size of 130 nm.  (D) ACPP coated doxorubicin liposomes can be cleaved off of the liposome 
surface upon incubation with MMP-9.  SDS-PAGE confirmed that much of the Cy5-e9 was cleaved from the 
incorporated DSPE-ACPP-Cy5. 
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11.4.3 ACPP enhances the uptake doxorubicin into cells 

Following validation of ACPP incorporated liposomes we wanted to know if 

ACPP increased the uptake of doxorubicin into cells in culture.  To determine this we 

incubated HT1080 human fibrosarcoma cells with liposomes containing varying amounts 

of ACPP.  The amount of doxorubicin inside cells after an hour long incubation increased 

with increasing amount of ACPP on the surface of the liposomes (figure 11.3A).  Though 

there was a significant amount of doxorubicin uptake most of the drug in all treatments 

appeared to be predominately in endosomal puncta. However, when images were 

brightened it became evident that doxorubicin could be detected inside of nuclei of cells 

(figure 11.3A inset).   

11.4.4  Anti-tumor efficacy of ACPP coated liposomes is dependent 

upon the number of ACPPs coating the liposomes  

With these encouraging data, ACPP liposomes were injected into tumor bearing 

mice to determine whether ACPP coated liposomes could have a greater anti-tumor effect 

than untargeted liposomes.  HT1080 tumor bearing mice were injected with 3 mg/kg 

doxorubicin equivalents of liposomes into 4 mice per treatment group.  Each mouse had 2 

tumors to increase the number of tumors per treatment group.  When tumors were 

between 50 and 200 mm3 mice were injected with a single IV injection of 0.3, 1, and 3 

mole % of ACPP to DSPE-Peg(2000) liposomes, untargeted doxorubicin liposomes and 

vehicle alone (sucrose buffer).  Mouse weights and tumor volumes were measured 

regularly for 17 days post injection.  The % change in tumor volume was plotted over 

time revealing that the greatest anti-tumor activity was with the 0.3% ACPP doxorubicin 

liposomes.  The 1% and untargeted liposomes were similar in their antitumor activity and 

the 3% were much worse.  These data suggest that a lower number of ACPPs on the 

surface of the liposomes increases the therapeutic activity, which is contrary to the uptake  



198 

 

 

 

 
Figure 11.3  A linear relationship of surface ACPPs on lipososmes and uptake in culture, but not in vivo.  
(A) HT1080 human fibrosarcoma cells were incubated with 50 µM of doxorubicin in ACPP coated 
pegylated liposomes for 30 minutes then washed 3 times and imaged an hour after initial treatment.  
Confocal microscopy showed that there is greater doxorubicin (green) take up into cells with greater mole 
% of pegylated lipids containing ACPPs.  The 0.3% and no ACPP liposomes were difficult to detect unless 
images were rescaled (inset).  (B) The 0.3, 1, and 3 mole% of ACPP coated liposomes were injected IV into 
HT1080 tumor bearing xenograft mice at 3mg/kg equivalents of doxorubicin.  These treatments were 
compared to vehicle control (300 mM sucrose buffer) and untargeted doxorubicin liposomes.  The 0.3% 
ACPP was statistically significant compared to the Doxorubicin liposomes from day 10-17 (p-value < 0.02, 
t-test).  Four mice each with two tumors were treated per group (except 3 mice for the 3% ACPP). 
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in tissue culture (figure 11.3A, B).  There was statistical significance between the 0.3% 

and the untargeted liposomes from day 10 through day 17 with a p-value <0.02 as 

determined by a two-tailed t-test.  Mice remained healthy for the entire experiment and 

there was no significant weight loss due to toxicity of the liposomes throughout the 

duration of the experiment (data not shown). 

11.4.5 Aggregation abrogates the effects of ACPP coated liposomes 

It was discovered that sometimes there was a problem with aggregation of the 

liposomes when they were concentrated by centrifugation using an Amicon column.  

When aggregation occurred the therapeutic affect disappeared.  Knowing that this was 

possibly a problem with multiple types of targeted nanoparticles this problem needed to 

be clearly defined and avoided.  Therefore size and dispersion of two batches of 0.3% 

ACPP liposomes were measured by dynamic light scattering.  It was verified that the 

centrifuged batch that was aggregated and the fresh unconcentrated batch normally 

disperse (figure 11.4A).  Without light scattering measurements aggregation can be 

qualitatively determined by extruding the liposomes through a 0.2 µm membrane filter at 

room temperature to determine if there is significant resistance.  If there are no problems 

with aggregation then the liposomes can be extruded easily whereas the presence of 

aggregates significantly increases the resistance.  To test whether aggregation affects 

tumor growth inhibition the two batches were injected into HT1080 xenografted mice.  

Mice with two tumors each were injected with 3mg/kg doxorubicin equivalents with 

dispersed 0.3% ACPP liposomes (4 mice), the remaining aggregated 0.3% ACPP 

liposomes (3 mice), untargeted liposomes (4 mice), and vehicle control (3 mice).  This 

experiment confirmed that the dispersed liposomes were very effective as seen before and 

that all the therapeutic activity disappeared when the liposomes were aggregated (figure 
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11.4B).  These results stress how important it is to measure any nanoparticle preparation 

and ensure that there is no aggregation as the effect could completely disappear.   

 

 
Figure 11.4 Aggregation causes the therapeutic effect to disappear.  (A) Dynamic light scatter revealed 
that a preparation of liposomes was aggregated after they were concentrated by centrifugation.  This 
aggregation was present after passing through a 0.2 µm filter.  The left panel shows the micro aggregates 
of a 0.3 mole% doxorubicin liposome preparation, the right panel shows a fresh unconcentrated 
preparation.  (B) The aggregated liposomes have no therapeutic effect in animals when tested head to 
head with the unaggregated preparation.  Four mice with 2 tumors each were injected with 3 mg/kg of 
the 0.3% fresh preparation, the untargeted doxorubicin liposomes, and vehicle alone.   
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11.4.6  Targeted ACPP liposomes have greater therapeutic effects 

than uncleavable ACPP and untargeted liposomes 

The promising results attained with ACPP targeted liposomes lead to testing of 2 

more variables.  The first was to further decrease the number of ACPPs on the surface 

and the second was to determine whether the enhanced therapeutic activity was ACPP 

cleavage dependent or not.  Liposomes were then remade with 0.1 and 0.3% ACPP on the 

surface (approximately 9 and 27 ACPPs on the surface respectively) as an MMP 

cleavable peptide and an uncleavable peptide (Cy5-e9-(Peg2)2-r9-c).  The experimental 

group was increased to 8 mice per treatment and the experiment was performed by an 

independent contractor so as to eliminate any possible bias.  Eight HT1080 tumor bearing 

mice with one tumor each were injected with 3 mg/kg equivalents of doxorubicin 

liposomes twice (day 8 and day 22) in order to further accentuate the differences between 

the drug formulations (figure 11.5A).  Surprisingly the 0.1% ACPP treatment was the 

most efficacious with this group showing more than a 4-fold reduction in average tumor 

volume compared with untargeted liposomes (at day 21 and 28).  In addition to the 

cleavable ACPP being superior to the untargeted liposome, the cleavable ACPP was 

more efficacious than the uncleavable ACPP.  Compared to the similar loading number of 

ACPPs both sets of cleavable ACPP liposomes resulted in smaller tumor volumes in mice 

than the uncleavable peptide and these differences were significant at multiple time 

points during the experiment (p-value < 0.05) (figure 11.5B).  By the end of the 

experiment mice in all treatment groups became sick and lost weight but there was no 

evidence that this was due to the drug treatments or that the ACPP containing mice were 

any worse than untreated and vehicle control mice (figure 11.5C).  Hematological 

analysis showed no significant differences between the groups except for the platelet 

count for the 0.1% cleavable and uncleavable mice being lower than the vehicle alone 

treatment group (data not shown).     
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Figure 11.5 Fewer ACPPs have a greater therapeutic effect; Uncleavable control peptide not as effective 
as cleavable peptide.  (A) Eight HT1080 mice per treatment group with one tumor each were injected 
with 3 mg/kg doxorubicin equivalents on day 8 and 22.  The 0.1 and 0.3 mole % peptides are labeled as ~9 
or 27 ACPPs per liposome.  These data show that decreasing the number of ACPPs further increases the 
therapeutic effect of the tumor growth curves.  (B) The chart shows the p-value determined by t-test at 
day 18, 21, 25, and 29.  At every time point there was statistical significance between the 9 ACPPs and the 
untargeted control having up to a 4 fold difference in tumor volume.  These data show both the 0.1 and 
0.3 mole % compared to the untargeted liposomes as wells as a comparison of the cleavable versus the 
uncleavable versions of the peptide.  (C) All treatment groups had a loss of weight by the end of the 
experiment.   
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11.5 Discussion 

Using ACPPs to target nanoparticles to tumors for therapy is a challenging goal, 

but we have very promising results.  In contrast, progress had been slow for the 

dendrimeric nanoparticle approaches.  Here we show that coating the surface of clinically 

approved nanoparticles with ACPPs can be done relatively easily.  This bypasses all of 

the basic validation that needs to be done with each new chemical entity and allows the 

ACPP to be applied to a context that is relatively well understood, enabling easy 

determination of an enhanced therapeutic effect.  Though the designs may not be as 

exciting or new from an academic perspective, liposomes and albumin suspensions 

provide a context to easily test advantages related to the ACPP component alone.  This 

can be done in a robust and reproducible way because it is easy to make a lot of ACPP 

coated doxorubicin liposomes and Abraxane to test many of mice compared to the 

handful of mice we were able to test with each synthesis of our doxorubicin dendrimers 

constructs.  This approach yielded interpretable and convincing results in less than a year, 

laying a solid foundation for ACPP liposomes as potentially significant clinical 

therapeutics. 

One potential downside that we knew about when taking on these projects was 

that the nanoparticles might be too big.  The liposomes we have used to date have been 

between 100 and 130 nm.  It has been shown in the literature that targeted nanoparticles 

in these size ranges do not accumulate any better in grafted tumors than untargeted 

particles.  However a few of these groups have shown that the targeting mechanism can 

still enhance the therapeutic effect.172,173  If our ACPP liposomes are not concentrating 

any better inside tumors then perhaps the microdistribution is better and more effective (a 

higher concentration at the tumor-stroma boundary) or perhaps the stickiness of the 

unmasked polyarginine and subsequent endocytosis can make a significant impact on the 

ability of liposomal doxorubicin to end up reaching its final target of the nucleus.  These 
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questions are being actively pursued because they can further enhance the argument for 

the use of ACPPs for targeted therapy even if imaging in the same context is not more 

greatly enhanced over untargeted particles.  

There is considerable evidence that these nanoparticle projects may yield very 

interesting and significant results.  A rather surprising result is that the more ACPPs on 

the surface of the liposome the worse the therapeutic activity.  This observation is 

counterintuitive and contrary to the cell uptake results.  However, it is not difficult to 

hypothesize that the greater number of ACPPs may result in greater nonspecific uptake in 

the liver or other tissues, thus limiting the plasma half-life and the area under the curve of 

tumor delivery via the enhanced permeability and retention (EPR) effect where larger 

macromolecules and particles accumulate in tumor because of leaky aberrant 

vasculature.26  If this were the case then the untargeted liposome would have much 

greater opportunity to accumulate over time in the tumor tissue based solely on the EPR 

effect.  Therefore decreasing the ACPP may decrease binding in other tissues thus 

maintaining a similar plasma half-life as the untargeted ACPP. Once delivered, the ACPP 

can accumulate and will be more effective at penetrating into tumor cells than an 

untargeted particle.  This could also explain why the uncleavable peptide is better than 

the untargeted liposomes.  Because the hairpin is not perfect, the control liposome when 

uncleaved may have enhanced uptake over the untargeted liposome, but not as much as 

the unmasked ACPP.   

We hypothesize that nanoparticles greater than 100 nm or even 40 nm will act 

differently than smaller particles as contrast agents and therapeutic agents because of the 

EPR effect that so greatly enhances nanoparticle accumulation in grafted tumors.26 We 

believe that an ACPP based nanoparticle of 5 nm could enter tumors well through EPR 

mechanisms, but then wash out more easily than bigger particles if the ACPPs remain 

uncleaved, resulting in greater contrast than larger particles in the 100 nm range.  This 
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could be the case, but we only saw up to a 2-fold enhanced uptake and often times no 

enhanced uptake in tumors from pegylated dendrimeric nanoparticles for imaging.53  This 

smaller difference could be due not to size but to the Peg coating which has been shown 

to increase tumor uptake in the presence of and higher density of Peg.174,175  It might be 

that smaller nanoparticles benefit from a significant amount of EPR as well as larger ones 

and it is other particle variables, such as Peg coating that affects retention in the tumor. 

his could mask the effect of targeting in some cases.  The literature discusses multiple 

perspectives regarding this issue but the fact is that there are very few studies, they are 

difficult and often only based on one targeting mechanism with one type of 

nanoparticle.176,172,173 Though these basic design issues are important for guiding future 

work it is more pertinent to describe the goals for imaging being enhanced contrast and 

for therapy enhancement of uptake and therapeutic activity in both EPR and non EPR 

lesions.  Therefore, when attempting to describe the specificity of a targeting mechanism 

EPR will be a confounding factor.   

Many of the concerns nanoparticle size, enhancing EPR, and animal model 

variability’s encourage us to be cautious when it comes to drug development.  For these 

reasons we believe it is important to explore ACPP efficacy in models that may more 

directly test the mechanisms inherent in the ACPP concept.  MMPs are known to be 

involved in invasion and metastasis at various steps of the process.60,50,177  Therefore we 

believe it is important to test therapeutics in models of naturally metastasizing tumors and 

experimental metastases.  The former is a model where grafted tumors metastasize to 

distant sites which would help demonstrate that ACPPs may target invasion and 

metastatic seeds better than an untargeted drug.  In the later model tumor cells are 

injected intravenously to seed in the lungs.  This latter model provides a context to 

demonstrate whether ACPPs could more effectively treat these metastases in a 

quantitative manner as they are still very small and not taking advantage of the EPR 
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effect.  If we can demonstrate that ACPPs can work in these applications it will provide 

significant prospects for ACPP targeted therapeutics and potential clinical impact 

whether in liposome for or another context.  
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CHAPTER 12: Conclusions 
 

ACPPs have now been validated as both cancer imaging agents and therapeutic 

agents, providing a body of work demonstrating their clinical potential.  We have shown 

that this paradigm has significant inherent advantages that could prove to be a better 

methodology of targeting tumors and metastases than the traditional ligand binding 

approaches whether via binding of receptors on tumor cells (folate, EGFR antibodies, or 

Her2 antibodies) or binding to targets in the neovasculature (VEGF receptors, or 

integrins).  The mechanism described here is based upon the selective uptake of 

molecules that are triggered by proteases expressed during tumor invasion and 

metastases.  The amplifying nature can deliver greater amounts of contrast or drug to the 

tumor because each protease can activate multiple ACPPs.   

 The final component that makes the ACPP platform so attractive is that ACPPs 

are not limited to any one type of contrast or therapeutic.  We have now shown that 

ACPPs can be used on dendrimers to deliver micromolar concentrations of Gadolinium 

inside tumors which is detectable by MRI.53  ACPPs can be used for fluorescence guided 

surgery to assist more complete tumor resection to decrease recurrence.178  In the albumin 

reactive form both Cy5 and 111In labeled peptides can be delivered to tumors with 

significant contrast (chapter 7).  Finally, ACPPs coating the surface of nanoparticles, 

such as doxorubicin liposomes, can much more effectively treat primary tumors (chapter 

11).  Beyond the validation of the ACPP mechanism these have been four of our 

successful applications of ACPPs out of a number of possibilities.  Potentially exciting  

future applications include PET imaging, attachment of different drugs to the ACPP 

containing PAMAM, and attachment of a highly potent drug to the albumin reactive 

ACPP.  
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 Though there is significant potential for ACPPs, much work needs to be done.  

We have early evidence that ACPPs in the free peptide and albumin reactive forms can 

target micrometastases.  If so, perhaps we can design an ACPP based therapy that can 

target micrometastases57 or even metastatic niches,179,180 thus treating metastatic disease 

before it can be detected.  We think that such experiments can be done with the ACPP 

targeted liposomes but that remains to be seen.  ACPPs should be able to concentrate in 

tissue many fold beyond an uncleavable peptide, however this is difficult to attain such 

results because of the complicated pharmacokinetics of the various carrier based peptides 

we have tested often leading to high uptake due to the EPR effect, diminishing our 

differences to less than 2 fold as seen in Olson, 2008 and chapter 7.53  It remains to be 

seen if we can design relatively long circulating ACPPs that can clear out of the tissue if 

the peptide remained uncleaved.  Additionally, we do not know for certain if the 

uncleavable peptides may have a tendency to accumulate in tumor tissue nonspecifically 

because of infidelity of the e9 r9 pairing.  Perhaps circular peptides could help answer this 

question.  These are just a few unanswered questions that will remain in the forefront of 

our minds as these experiments and projects carry9 forward.
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