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ABSTRACT 
 

 Cytotoxic agents and targeted small molecules are used to treat cancer and 

disease, but are limited by systemic toxicity. The key to addressing this important issue is 

the development of a non-toxic, selective and specific delivery system. The goal of our 

studies is to potentially increase the therapeutic index of clinical reagents to treat and 

efficaciously deliver therapies to pathological tissues. To address these concerns we 

designed two targeting tissue-specific constructs comprised of a homing peptide for 

selective binding to human breast-derived cancer cells, and brain tissue. Homing peptides 

are short amino acid sequences derived from phage display libraries that have the unique 

property of localizing to specific organs. Our molecular construct allows for tissue 

specific drug delivery by binding the vascular endothelium of the tissue of interest. In 

Part I of this work the breast homing peptide evaluated in our studies is a cyclic nine 

amino acid peptide with the sequence CPGPEGAGC, referred to as PEGA. We show by 

confocal microscopy, that the PEGA peptide and similar peptide conjugates distribute to 

human breast tissue xenograft specifically, and evaluate the interaction of PEGA with the 

membrane-bound proline-specific APaseP (KD = 723 nM) by binding studies. To achieve 

intracellular breast cancer cell delivery, the incorporation of the Tat sequence, a cell-

penetrating motif derived from HIV, was conjugated with the fluorescently labeled 

PEGA peptide sequence. In Part II of our work, we show that a cyclic eleven amino acid 

peptide with the sequence ACTTPHAWLCG, referred to as the brain homing peptide 
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distributes in the brain after intranasal administration. The fluorescently labeled brain 

homing peptide was shown to localize into the olfactory nerve and bulb of C57BL/6 

models, the primary route of intranasal administration to the brain. Ultimately, tissue 

specific peptides and their conjugates can enhance drug delivery and treatment, via their 

ability to discriminate between tissue types. The tissue specific conjugates we have 

designed may be valuable tools for drug delivery and visualization, including the 

potential to treat cancer and other disease, while minimizing systemic toxicity.  

  



 v 

The research and writing of this thesis is dedicated to  

Milton L. Brown  

who helped me in so many ways achieve this moment of completing my doctoral degree.  

 

I also want to dedicate and acknowledge my mother,  

Tirza Nieves Cordova 

for her life long sacrifices, my brother and sisters, Ligianette, Jose Carlos, Yvette and 

Michelle Cordova, my aunts Bruni Nieves, Ivette N. Roldan, Noemi Maldonado, and 

lastly to my Father in Heaven, who by His grace has allowed me to complete my degree.  

 

Forever grateful, 

Antoinette Cordova 



 vi 

 TABLE OF CONTENTS 

 
Part I: Design, Synthesis, and Evaluation of Aminopeptidase P Mediated Targeting for 

Breast Tissue Specific Conjugate Delivery 

Chapter 1: Introduction ....................................................................................................  1 

1.1 Aminopeptidase Protein .............................................................................................  2 

1.2 Cell Penetrating Peptides (CPP) .................................................................................  4 

1.3 Fluorescence Visualization ........................................................................................  6 

1.4 Targeted Drug Delivery and Novel Drug Delivery Conjugates .................................  7 

1.5 Peptide Based Drug Delivery .....................................................................................  9 

Chapter 2: Design and Synthesis of Aminopeptidase P Mediated Breast Tissue Specific 

Conjugate .......................................................................................................................  12 

2.1 Breast Homing Peptide, PEGA ................................................................................  12 

2.2 Cell Penetrating Peptide, TAT .................................................................................  16 

2.3 Fluorophores .............................................................................................................  17 

2.4 Synthetic Handle ......................................................................................................  19 

2.5 Synthesis of the Breast Tissue Specific Conjugate and Fluorescently Labeled Amino 

Acids ...............................................................................................................................  20 

2.6 Characterization of Breast Tissue Specific Conjugates ...........................................  22 

2.7 Click Chemistry ........................................................................................................  23 

2.8 Summary / Limitations and Alternative Strategies ..................................................  25 

2.9 Materials and Methods .............................................................................................  27 

Chapter 3: Evaluation of Aminopeptidase P Mediated Breast Tissue Specific Conjugate 

In Vitro and In Vivo Models ..........................................................................................  31 



 vii 

3.1 Immunocytostaining of Aminopeptidase P Assay ...................................................  31 

3.2 Binding Affinity of Breast Tissue Drug Delivery Conjugate for APaseP ...............  32 

3.3 Cytotoxicity of Breast Tissue Specific Conjugate in the MCF-7 Breast Cancer 

Derived Cell Line ...........................................................................................................  34 

3.4 Fluorescence Detection and Quantification of the Breast Tissue Specific Conjugate 35 

3.5 In Vivo Localization of the Breast Tissue Specific Conjugate in Breast Cancer 

Xenograft Model ............................................................................................................  39 

3.6 Summary / Limitations and Alternative Strategies ..................................................  40 

3.7 Materials and Methods .............................................................................................  43 

Part II. Design and Evaluation of a Brain Tissue Specific Conjugate 

Chapter 4: Introduction ..................................................................................................  48 

4.1 Addiction in the Brain ..............................................................................................  48 

4.2 Drug Delivery to the Brain .......................................................................................  49 

4.3 Intranasal Delivery to the Brain ................................................................................ 51 

Chapter 5: Design and Evaluation of a Brain Tissue Specific Conjugate ......................  55 

5.1 Brain Homing Peptide ..............................................................................................  55 

5.2 Design and Synthesis of a Brain Tissue Specific Conjugate ...................................  56 

5.3 Evaluation of Brain Tissue Specific Conjugate .......................................................  62 

5.4 Summary / Limitations and Alternative Strategies ..................................................  67 

5.5 Materials and Methods .............................................................................................  68 

Conclusion ......................................................................................................................  71 

Appendix A: Supporting Information ............................................................................  77 

Appendix B: Abbreviations ............................................................................................  81 



 viii 

Bibliography ...................................................................................................................  86 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 ix 

LIST OF FIGURES & TABLES 
 

Figure 1. Design of the Breast Tissue Specific Conjugate .............................................  11 

Figure 2. In Vivo Phage Display Methodology .............................................................  13 

Figure 3. PEGA Structure and Selectivity .....................................................................  15 

Figure 4. Fluorophores for Drug Delivery .....................................................................  18 

Figure 5. Click Chemistry Schematic ............................................................................  19 

Figure 6. Structures of Breast Tissue Specific Conjugates ............................................  21 

Figure 7. Standard Curve of TAMRA Fluorophore .......................................................  23 

Figure 8. The BLM-linked Azide ...................................................................................  25 

Figure 9. Synthesis of Lysine Functionalized Nitroxyl Radical ....................................  27 

Figure 10. Immunocytostaining of PEGA Binding Partner, Aminopeptidase P, in breast, 

lung, and prostate cancer cell lines .................................................................................  32 

Figure 11. Binding Affinity of the Breast Tissue Specific Conjugate (graph) ..............  33 

Figure 12. Cell Viability of the Breast Tissue Specific Conjugate (3B), PEGA TAMRA, 

and TAT TAMRA Conjugate in MCF-7 cells ...............................................................  34 

Figure 13. Fluorescence Detection of the Breast Tissue Specific Conjugate ................  38 

Figure 14. Fluorescence Quantification of the Breast Tissue Specific Conjugate .........  39 

Figure 15. In Vivo fluorescence Localization of the Breast Tissue Specific Conjugate in 

MCF-7 Tumor Xenograft Model ....................................................................................  40 

Figure 16. Brain Homing Peptide Schematic .................................................................  51 

Figure 17. Brain Homing Peptide Selectivity ................................................................  56 

Figure 18. Synthesis of Lysine Functionalized Nitroxyl Radical ..................................  57 

Figure 19. UV Spectra of Nitroxyl Radical ....................................................................  58 



 x 

Figure 20. Chemical Structure of the FITC and TAMRA labeled Brain Tissue Specific 

Conjugate .......................................................................................................................  59 

Figure 21. Synthesis of Azide-Functionalized Sazetidine A ..........................................  60 

Figure 22. Model Click Chemistry Reaction .................................................................. 61 

Figure 23. Cell Penetration of Brain Homing Peptide in Primary Neurons ...................  62 

Figure 24. C57BL/6 Mouse Olfactory Bulb Treated with FITC Antibody ...................  65 

Figure 25. Olfacotry Nerve after Intransal Treatment of Brain Homing Peptide ..........  66 

Figure 26. Olfactory Bulb after Treatment with TAMRA Brain Homing Peptide ........  66 

Figure 27. Fluorescent Intensity of Brain Homing Peptide Conjugate ..........................  67 

 

Table 1. Binding Affinity of the Breast Tissue Specific Conjugate (3B) for APaseP ...  33



 1 

PART I. DESIGN, SYNTHESIS AND EVALUATION OF AMINOPEPTIDASE P MEDIATED 

TARGETING FOR BREAST TISSUE SPECIFIC CONJUGATE DELIVERY 

CHAPTER 1: INTRODUCTION 

 

 Protein molecular targets are the predominant focus of drug discovery and 

delivery, as they offer a selective approach to cancer therapy. Targeted molecular 

therapies, such as transtuzumab (Herceptin), have resulted in major advances in breast 

cancer treatment; however, its efficacy has been limited by immunogenicity, and 

inefficient cellular penetration at the tumor site.1, 2 These limitations have prompted 

scientists to find better ways to deliver selective treatments that would not succumb to 

resistance and enhance the therapeutic index of current and future small molecule 

therapies for breast cancer. One way to address this concern is to design a drug delivery 

conjugate containing a chemical entity that will display site specificity and selectivity 

built into its molecular structure such as to target diseased tissue and diminish toxicity to 

surrounding, non-pathological tissues.3 To deliver therapy to a diseased tissue site, a drug 

delivery conjugate was engineered with tissue specificity, selectivity, and retention. We 

have utilized this strategy to develop a selective drug delivery conjugate for breast cancer 

by using a breast tissue homing peptide derived from in vivo phage display. 

In our approach, we sought to incorporate tissue specificity, cell penetration, and 

tumor delivery into our peptide-based design. To address tissue specificity we employed 

homing peptides, short amino acid sequences derived from phage display libraries that 

have the unique property of homing to specific organs vascular endothelium.4, 5 

Specifically, the breast homing peptide used in our study was a cyclic nine amino acid 
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peptide with the sequence CPGPEGAGC, referred to as PEGA.4 Shown to selectively 

localize to breast tissue, the PEGA sequence is a critical component in the development 

of a breast tissue specific drug delivery conjugate. The PEGA sequence has been 

suggested to interact with the membrane-bound proline-specific aminopeptidase P 

(APaseP).4  

 

1.1 Aminopeptidase Protein 

APaseP is a 96.3 kDa protein expressed in two subtypes, a membrane-bound form 

encoded by a gene on the human X chromosome and the cytosolic protein encoded by a 

gene on human chromosome 10.6 The membrane-bound form, can be found on the 

plasma membrane of endothelial and epithelial cells.6 APaseP catalyzes the removal of 

any unsubstituted N-terminal amino acid adjacent to the penultimate proline residue.7 

APaseP plays a role in degradation and maturation of tachykinins, neuropeptides, and 

peptide hormones. 6 The nine amino acid bradykinin is a known ligand for APaseP.6  

Bradykinin is responsible for vascular permeability and vasodilatation of arteries 

and veins in the body, in addition to its role as a pro-inflammatory mediator, 

neuromediator, and regulator of several vascular and renal functions in humans.8 In 

animal models, APaseP inactivates bradykinin, a potent vasodilator peptide hormone, by 

hydrolyzing the Arg1–Pro2 bond.9 Amino acid sequences of mouse APaseP have been 

compared to human APaseP. Pairwise comparisons of the sequences for the percentage of 

residues that are identical revealed that mouse vs. human APaseP has 81.3% homology. 9 

In addition, tissue specific expression of APaseP in the breast, heart, and lung have been 
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shown in mouse models.4, 9s The PEGA peptide, which is chemically similar to 

bradykinin, has been reported to bind to APaseP by column affinity chromatography.4   

Aminopeptidases are ubiquitously expressed in a variety of human tissues, and are 

named by the amino acid they preferentially cleave.10 At least 11 aminopeptidases 

(subtypes N, M, A and L) besides APaseP have been reported.11 Aminopeptidase N 

(APaseN), is a ubiquitous (100 kDa) peptidase found mainly on the epithelial cells of the 

small intestine and kidneys, monocytes, granulocytes and in endothelial cells in a variety 

of tissues.12, 13 APaseN, also known as CD13, plays an important role in angiogenesis and 

peptide motifs of APaseN conjugated to fluorescent photoprobes, cytotoxic agents and 

Tc99-radiolabels have been reported.12-14 Aminopeptidase M (APaseM), is a 280 kDa 

peptidase widely distributed in various human tissues, such as the kidneys, intestines, and 

liver.15 APaseM has been pharmacologically linked to cell growth, angiogenesis, and 

tumor progression, and has been used to determine pharmacological markers of cancer.16 

Alanine aminopeptidase (APaseA) is a 236 kDa protein found in several tissue is used as 

a marker of kidney function, and has been used as a marker for kidney disorders 

following urinalysis.17 Fluorescent probes for 326 kDa leucine aminopeptidase have been 

synthesized for a variety of biological and pathological studies, in addition to fullerene 

C60-peptide probes for immunomodulatory activity.18, 19  

To directly target breast tissue we focused our conjugate design efforts on 

APaseP. The expression level of APaseP is 100 fold increased in breast tissue, and PEGA 

has been shown to bind the vasculature of hyperplastic and malignant lesions in 

transgenic breast cancer mice via phage display. 4 Since the interaction between PEGA 

and APaseP, maybe limited to the cell’s surface, an improved drug delivery conjugate 
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may be realized with cellular internalization.4 Therefore, the PEGA peptide in addition to 

a transcription-activating factor (Tat) derived from HIV-1 for cell penetration of the drug 

delivery conjugate would be used.    

 

1.2 Cell Penetrating Peptides (CPP) 

Cell penetrating peptides are short peptides (< 30 amino acids) typically 

composed of arginine and lysine amino acids.20 Their cationic nature has been utilized to 

deliver a variety of loads such as siRNA, proteins, small particles, and drug molecules to 

increase cellular uptake and biological effect. 20, 21 The uptake of cell penetrating peptides 

has been studied for over 20 years. It is widely accepted that the internalization of CPPs 

is not compromised by molecular size, structure, or physicochemical properties of 

different loads.21  In addition, fluorochrome labeled CPP-conjugates have been visualized 

and recovered in cells.21   The versatility of CPPs, like Tat, stem from their ability to 

translocate directly through the plasma membrane via an inverted micelle formation and 

allowing their cargo (ranging from small molecule to up to 200 nm liposomes) to enter 

the cell.22, 23  

Tat is a transcription-activating factor derived from HIV-1, and is essential for 

viral gene expression.24 We reasoned that conjugation of the cell-penetrating sequence 

Tat, (amino acids 49 – 57), to the PEGA peptide would increase cell penetration of the 

conjugate into breast cells.24-28 The cell penetrating nature and activity of Tat has been 

explored via structure activity relationships which found that Tat’s cationic nature was 

responsible for it cell membrane translocating properties.29   Unlike other cell penetrating 

peptides, Tat does not induce any cellular leakage at the cell membrane and cellular 
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contents at concentrations up to 20 uM.24 Cellular leakage would compromise retention at 

the tissue site, a critical component for the success of a drug delivery conjugate. 

Additionally, cell penetrating peptide toxicity is another biological obstacle considering 

that any leakage from the tissue site may allow for deleterious cellular effects. In vitro 

studies have shown that CPPs can exert toxic effects on the membranes of cells or 

organelles by disrupting their membrane, or by interaction with cellular components; for 

example, CPPs bind to polyanions like nucleic acids or heparin proteoglycan.24, 25 

Therefore, using more efficient cell penetrating peptides like model amphipathic peptide 

(MAP), and transportan that cause cellular leakage was not ideal. 24 MAP and transportan 

have been shown to disrupt the cellular membrane, disrupt organelle function, and 

interact with cellular components causing toxicity, while Tat has been shown to be non 

cytotoxic.24 Another cell penetrating peptide considered was pVEC, an amphipathic 18 

amino acid peptide derived from murine vascular endothelial-cadherin protein.30 

Although pVEC has shown efficacy in the delivery of the nitrogen mustard, 

chlorambucil, to breast derived cells when coupled to PEGA, pVEC itself has been 

shown to exhibit hemolytic properties.5, 31 In addition, Tat has higher protein transduction 

efficiency and fluorescent readout when compared to pVEC.31, 32 Tat has also been 

successfully coupled to nanoparticles to enhance their cellular penetration; and 

Doxorubicin, an anti neoplastic drug, via a N-(2-hydroxypropyl)methacry-lamide 

(HPMA) copolymer with a fluorescein label and effectively allowed for cell entry.33 

Hence, we hypothesized that Tat would be an effective CPP for the breast tissue specific 

drug delivery conjugate. Ultimately, specificity and penetration at the tissue site were 
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both addressed in the design of the drug delivery conjugate, by PEGA and Tat, 

respectively.  

 

1.3 Fluorescence Visualization 

Another important component in determining the delivery of the conjugate in 

vitro and in vivo systems is the visualization of the conjugate in a biological system. To 

address tumor delivery, an imaging agent needs to provide a clear and distinguishable 

signal in a biological environment. Fluorochrome labeled Tat-conjugates have been 

visualized and recovered in cells. For example, fluorescein-labeled cargos have been used 

to visualize cellular uptake and give insight into the localization of cargoes within the 

cell.34, 35 Examples of Tat mediated delivery include Cre-recombinase into the nucleus, 

substrate fusion proteins that induce caspase-3 cytosolic activity, and GFP labeled Tat for 

drug delivery in protozoan parasites. 35-37      

For our experiments we chose tetramethylrhodamine, TAMRA, to visualize the 

breast homing, Tat-cell penetrating conjugate delivery. TAMRA is excited in the visible 

range at 550 nm, allowing for in vivo visualization of tissue penetration in addition to 

visualization in cells.38 TAMRA has been successfully used to visualize cellular 

distribution of spontaneous membrane-translocating peptides (SMTPs) in vivo and in 

vitro.39 Other fluorophores investigated were traditional fluorescein FITC, and dansyl 

fluorophores. Both stable in solid phase, the FITC and dansyl fluorophore were not ideal 

for in vivo imaging due to their lack of depth penetration. In addition, their fluorescence 

signal is within the range of auto-fluorescence from 300-500 nm rendering signal 
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interpretation problematic.38 TAMRA is ideal for For in vitro and in vivo imaging 

because of its stability. Also its detection would not be affected by auto-fluorescence.  

 

1.4 Targeted Drug Delivery and Novel Drug Delivery Conjugates 

 Targeted drug delivery and therapy is defined by the aim to target specific genes 

or proteins that are found in cancer cells or in a tissue environment that contributes to 

cancer growth.40 Conventional chemotherapeutic agents destroy rapidly dividing cells, 

which is the main property of neoplastic cells, by doing so they also damage normal 

healthy cells that divide rapidly such as cells in the bone marrow, macrophages, digestive 

tract, and hair follicles.40 Recent approaches to cancer treatment not only enhance 

conventional chemotherapy and radiotherapy but also aim to prevent damage to the 

normal tissues and overcome drug resistance. Two of the most prominent advances in 

drug delivery in the literature are nanoparticles drug conjugates, and antibody drug 

conjugates. 

Nanoparticle technology is a recent approach to drug delivery. Nanoparticle 

delivery system is comprised of three main components: (i) an apoptosis-inducing agent 

(anticancer drug), (ii) a targeting moiety-penetration enhancer, and (iii) a carrier. 40 A 

variety of substances are used to construct a nanoparticle, typical materials include 

ceramic, polymers, lipids, and metals.41 Natural and synthetic polymers and lipids are 

typically used as drug delivery vectors.41, 42  For example, nanoparticles have been 

formulated to entrap topoisomerase II inhibitor, Doxorubicin into the highly hydrophobic 

inner core of the polymeric micellar nanoparticle.43 Myocet, MCC-465, MM-302, 

SP1049C, and NK911 are the liposomal or polymeric nanoplatforms of doxorubicin in 
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clinical trials. 43 A limitation that nanoparticles face is that they rely on the enhanced 

permeability and retention (EPR) effect to allow passive accumulation into tumor 

interstitium.44 A major drawback of nanoparticle drug delivery resides in the vascular 

heterogeneities found in a tumor, which compromises vascular permeability and 

nanoparticle penetration.44   

Another approach to targeted drug delivery is antibody-drug conjugates. 

Antibodies are a Y-shape protein produced by plasma cells that is used by the immune 

system to identify and neutralize pathogens such as bacteria and viruses. Antibodies are 

known to bind with high specificity and affinity to a wide variety of molecules and, as 

they are stable molecules, they seemed to be ideal molecules to be used as targeting 

reagents.2 The antibody-drug conjugate field has made significant progress in the 

optimization of mAb specificity, drug potency, linker technology, and the stoichiometry 

and placement of conjugated drugs.45  The delivery of antibody-drug conjugates relies on 

the mAb specifically binding to an antigen with substantial expression on tumor cells but 

limited expression on normal tissues; which in turn allows the utilization of drugs that 

otherwise would be too toxic for clinical application. 45   Antibody-drug conjugates in the 

clinic include Gemtuzumab ozogamicin which was approved for the treatment of 

relapsed acute myeloid leukemia in patients older than 60 years based on a response rate 

of about 30%.45   Another is anti-Her2 mAb Trastuzumab (Herceptin) for the treatment of 

metastatic breast cancer. In Phase II trials in third line metastatic breast cancer with 

3.6 mg/kg Trastuzumab-DM1 dosed every 3 weeks, a 33% objective response rate in 110 

patients was observed. 45 Significant limitations faced by antibody-conjugate drug 

delivery are inadequate pharmacokinetics and tissue accessibility.2 These limitations arise 
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because a mAbs is directed against tumour-specific antigens and largely remain in the 

blood, where no more than 20% of the administered dose typically interacts with the 

tumor.2, 46  

Notably, peptide based drug delivery systems do not face similar limitations of 

nanoparticle and antibody conjugates. The design proposed in this work is not limited by 

the EPR effect, but the presence of endothelial vasculature at the tumor site. In addition, 

the cell penetrating nature incorporated in the breast tissue specific conjugate should 

allow for entry of the peptide conjugate into cells, and not remain in the blood stream. 

  

1.5 Peptide Based Drug Delivery 

 Overall, peptides based drug delivery systems have great promise as means of 

treating disease as there are more than 7000 naturally occurring peptides that play critical 

roles in human physiology.47 Peptides are highly selective and efficacious and are 

typically well tolerated in patients which has translated to over 140 peptide therapeutics 

currently evaluated in clinical trials.47 As the field of peptide based drug design has 

expanded, new opportunities to investigate peptide drug conjugates including cell 

penetrating peptides, homing peptides, multifunctional peptides are currently being 

explored. 47   Traditionally, peptide based drug discovery has focused on capitalizing on 

the efficacious physiological effects of peptides and mitigating their weaknesses which 

include short circulating plasma half-life, suboptimal physical and chemical properties. 47  

Rational design of peptides based drugs and delivery have utilized structure activity 

relation (SAR) to identify essential amino acids for activity, in addition to improving 

physicochemical properties via chemical modifications to achieve the overall desired 
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pharmacological and pharmokinetic properties needed for delivery. 47  For our purposes 

we identified PEGA as a starting point for a breast tissue specific drug delivery 

conjugate. A tissue-targeted approach could allow for more individualized and 

personalized treatment of differentiated patient groups based on the therapy attached to 

the breast tissue specific delivery system. This principle has been explored in pancreatic 

cancer, where a neurotensin 1 (NT1) receptor peptide agonist was conjugated to a 

radioactive ligand.47, 48 The NT1 peptide allowed for targeted delivery of the 

chemotherapeutic agent to the pancreas, creating a high local concentration of the drug at 

the target site, in turn reducing the exposure of the therapy to other parts of the body.48 

Ultimately, we found that a peptide conjugate tissue specific drug delivery system could 

improve the safety margin of chemotherapies by allowing efficacious drug delivery to the 

intended tissue site.  

In order to test this hypothesis, we designed a breast tissue specific drug delivery 

conjugate with the PEGA, TAT, and TAMRA moieties, including a modified C-terminal 

synthetic handle with an amino acid suitable for bioconjugation (Figure 1). As a proof of 

principle, each component of the conjugate was synthesized in order to test the 

specificity, selectivity, and retention of the conjugate in human carcinoma cell lines and 

tissue.  
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Figure 1. Design of the Breast Tissue Specific Conjugate.  Composed of four 
components as follows: (1) TAT, cell penetrating sequence; (2) tissue specific homing 
moiety; (3) fluorescent tag; and (4) synthetic handle. 
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CHAPTER 2: DESIGN AND SYNTHESIS OF AMINOPEPTIDASE P MEDIATED BREAST 
TISSUE SPECIFIC CONJUGATE 

 

2.1 Breast Homing Peptide, PEGA 

 To effectively target breast derived tissue a specific moiety was necessary in our 

design to selectively target breast tissue. Phage display technology involves billions of 

pooled peptides found in a phage display library which are simultaneously screened for 

interaction with a target protein. By a process called biopanning, the phage clones 

derived from a phage library are selected by a general affinity selection procedure.49 The 

procedure involves three main steps: (i) introduction of phages to an immobilized target, 

(ii) removal of unbound phages by washing and (iii) elution of bound phages. Ideally, one 

cycle of selection should suffice, but in practice, several rounds of selection are necessary 

(typically two to four) to isolate target-specific binders.49  

 The potential for phage display was further elucidated by Ruoslahti, Pasqualini and 

Arap who developed an in vivo selection method in which peptides that home to specific 

vascular beds are selected after intravenous administration of a phage-display random 

peptide library (Figure 2).50 Their strategy revealed a vascular address system that allows 

tissue-specific targeting of normal blood vessels and angiogenesis-related targeting of 

tumor blood vessels.50 Homing peptide technology could now take into account the 

cellular location and anatomical and functional context when designing a therapeutic 

strategy.   

 For our purposes and design we needed a peptide that targeted a plasma membrane-

embedded receptor with an extracellular domain. For drug development, the most 

important part of a membrane receptor is its extracellular domain (ectodomain). The 
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ectodomain is a preferred drug target site because of accessibility to the drug and the 

domain also contains one or more ligand binding sites.49   

 

 

 

 

 

 

 

 

 

 

Figure 2. In Vivo Phage Display Methodology. (A) In vivo phage display methodology 
involves the expression of a peptide phage library containing the insert CX7C (C, 
cysteine; X; any amino acid residue) on constrained cyclic loop capsid protein and the 
injected into the tail vein of a mouse. (B) 15 minutes after administration of the phage 
library, the organs of the mouse are harvested and amplified to determine the tissue 
specific peptide sequence. 
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 The PEGA peptide is a nine amino acid sequence that was identified using the 

Rouslahti methodology for in vivo phage display.4 Specifically the phage displaying the 

cyclic nonapeptide CPGPEGAGC (PEGA) was shown to selectively home to breast 

vasculature in mice.4  We found PEGA suitable for our design because of CPGPEGAGC 

displaying phage homed to breast tissue about 100 fold more effectively than 

nonrecombinant T7 phage (Figure 3).4 This phage was specific to breast tissue and did 

not home to other tissues, including the pancreas, brain, kidney, lung, or skin from parts 

of the body other than the breast fat pad. 4 In addition, the breast homing of the 

CPGPEGAGC phage was also specific by the criterion of ligand inhibition, because co-

injecting synthetic free peptide with the phage inhibited phage recovery from breast 

tissue.4 The selectivity for breast tissue made PEGA a promising moiety to for breast 

tissue specific conjugate.  
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Figure 3. PEGA Structure and Selectivity. (A) PEGA is a cyclic nine amino acid 
peptide moiety CPGPEGAGC identified from phage display which homes to normal 
breast tissue. (B) PEGA, CPGPEGAGC displaying phage homed to breast tissue about 
100 fold more effectively than nonrecombinant T7 phage.  
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2.2 Cell Penetrating Peptide, TAT 

 Once selection of the breast tissue specific moiety was complete, another area of 

design was explored. It was hypothesized that the PEGA sequence would home to breast 

tissue and accumulate at the endothelial vasculature but not penetrate into cells. 

Therefore, an additional moiety was necessary to address internalization of a breast tissue 

specific conjugate. A cell penetrating peptide was hypothesized to allow cellular entry of 

our proposed conjugate. TAT is a well defined cell penetrating peptide that has been 

shown to deliver a large variety of cargoes, from small particles to proteins, peptides and 

nucleic acids.21 Tat is a transcription-activating factor of 86–102 amino acids in length, 

depending on the viral strain, and is involved in the replication of HIV. Tat is organized 

into three different functional domains: (1) an acidic N-terminal region important for 

transactivation; (2) a cysteine-rich DNA-binding region (22–37 amino acids) with a zinc-

finger motif; and (3) a basic region (49–58 amino acids), responsible for nuclear import.31  

 The basic region has been used a moiety to introduced cellular internalization to a load 

for over 20 years.21 TAT is commonly referred to as a cell-penetrating peptide (CPP) 

composed of 6 arginine and 2 lysine residues. TAT has been coupled to large proteins, 

such as h-galactosidase, RNAse or peroxidase via heterolinker. These conjugates 

demonstrated Tat’s effectiveness in the uptake process while maintaining cell viability. 21 

Tat, unlike other cell penetrating peptides (CPP) does not induce any cellular leakage at 

the cell membrane and cellular contents at concentrations up to 20 uM.24 Cellular leakage 

would compromise retention at the tissue site, a critical component of the success of a 

drug delivery conjugate. Additionally, cell penetrating peptide toxicity is another 

biological obstacle considering that any leakage from the tissue site may allow for 
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deleterious cellular effects. In vitro studies have shown that CPPs can exert toxic effects 

on membranes of cells or organelles by disrupting their membrane, or by interaction with 

cellular components; for example, CPPs binding to polyanions like nucleic acids or 

heparin proteoglycan.24, 25 Therefore, using other cell penetrating peptides like model 

amphipathic peptide (MAP), and transportan that cause cellular leakage was not ideal. 24 

MAP and transportan have been shown to disrupt the cellular membrane, organelles and 

interact with cellular components causing toxicity, while Tat has been shown to be non 

cytotoxic.24 Therefore, we found TAT a promising cell penetrating peptide to allow entry 

into breast cells. 

 

2.3 Fluorophores 

Visualization of the conjugate in a biological system is critical in determining the 

delivery of the conjugate in vitro and in vivo systems. To address visualization of 

delivery, an imaging agent (reporter group) needs to provide a clear and distinguishable 

signal in a biological environment. It also must maintain stability when introduced into 

solid phase peptide synthesis (SPPS) methodology. Three different fluorophores were 

explored in an effort to accomplish our aim, dansyl, fluorescein (FITC), and 

tetramethylrhodamine (TAMRA) (Figure 4).   

We chose tetramethylrhodamine, TAMRA, because it is excited in the visible 

range at 550 nm, allowing for in vivo visualization of tissue penetration in addition to 

visualization in cells.38 Other fluorophores investigated were fluorescein (FITC), and 

dansyl fluorophores. Although both stable in solid phase synthesis, the FITC and dansyl 

fluorophores were not ideal for in vivo imaging due to their lack of depth penetration. In 
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addition, their fluorescence signal is within the range of auto-fluorescence from 300-500 

nm which would render signal interpretation problematic.38 TAMRA is ideal for live cell 

and in vivo imaging because of its chemical stability, and its detection would not be 

affected by auto-fluorescence.  

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 4. Fluorophores for Drug Delivery. Fluorophores explored for visualization of 

the breast tissue specific drug delivery conjugate.  
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2.4 Synthetic Handle 

Once the three major components of the breast tissue specific drug delivery 

conjugate were selected which included the PEGA, TAT, and TAMRA moieties, a 

modified C-terminal synthetic handle with an amino acid suitable for bioconjugation was 

designed. Two chemical groups were proposed as synthetic handles to allow conjugation 

of therapies. Synthetic handles used in our studies were a C-terminal carboxylic acid or 

proparglycine. Both groups allow for varying synthetic methods for conjugation of a 

therapeutic, particularly propargylglycine which could be used as a substrate for [3+ 2] 

cycloaddition, also known as click chemistry. 51, 52  

Click chemistry involves an azide functional group that is stable and useful for the 

covalent attachment of chemical moieties in drug discovery.51 These chemical handles are 

inert to most biological environments and allow for selective chemical reactions; in 

addition their diverse functionality in biological systems.53 The reaction proceeds readily 

at physiological temperatures and has enabled the selective modification of virus 

particles, a nucleic acids, and proteins from complex tissue lysates.53 Therefore, we found 

the click reaction promising for attachment of a therapeutic (Figure 5). Click chemistry 

has been recognized as important tool in chemical biology. 53 

 
 
 
 
 
 
 
 
 
 
Figure 5. Click Chemistry Schematic. Click chemistry can be utilized for 

bioconjugation of a drug.                     
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2.5 Synthesis of the Breast Tissue Specific Conjugate and Fluorescently Labeled 

Amino Acids 

We utilized solid phase peptide synthesis (SPPS) with Fmoc-protected amino 

acids (Figure 6). These amino acids were preferred as they undergo coupling and 

deprotection under milder reaction conditions needed for facile synthesis. A Wang resin 

was used for its low loading capability when the sequences were synthesized 

individually.54 The addition of the fluorophore-functionalized lysine was easily 

introduced into the peptide synthesis. Upon the completion of desired peptide sequence a 

cleavage cocktail of TFA/TIS/H2O was added to the final peptide on Wang resin. 

Cyclization of the S-S bond is accomplished by exposure to air following the acid 

induced cleavage of the peptide. 54 After 3 hours the beads were filtered, and the solution 

dried and collected. Following a cold ether/water extraction, the aqueous phase was 

collected, stored at – 20 °C and then lyophilized. HPLC-MS analysis confirmed synthesis 

of the final product in high yield (88%-91%). 

 Synthetic handles used in our studies were a C-terminal carboxylic acid or 

proparglycine. Both groups allow for varying synthetic methods for conjugation of a 

therapeutic, particularly 1B, 2B, and 3B can be used as a substrate for [3+2] 

cycloaddition, also known as click chemistry.51, 52  
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Figure 6. Structures of Breast Tissue Specific Conjugates. Solid phase peptide 
synthesis was used to synthesize the drug delivery conjugates with a 
tetramethylrhodamine fluorophore functionalized lysine. C* refers to cysteine amino 
acid.  
 

GGGRKKRRQRRR
*C

Q
P

GQP
G
P

C*
H
N

O

Ac
O

N
H

OH

O

RKKRRQRRRR1

O

N
H

R2

O

GGG

HNO

ON+ N

O-

O

HNO

ON+ N

O-

O

*C
G
A

GEP
G
P

C*
R1 GGG

O
R2

O

RKKRRQRRR
*C

G
A

GEP
G
P

C*
H
N

O

R1 GGG

HNO

ON+ N

O-

O

HNO

ON+ N

O-

O

GGGRKKRRQRRR
*C

E
P

GEP
G
P

C*
H
N

O

Ac

O

N
H

OH

O

(1) TAT TAMRA (2) PEGA TAMRA

(3) BREAST TISSUE SPECIFIC DRUG DELIVERY 
CONJUGATE

(4) PEGA MODIFIED SEQUENCE 1 (5) PEGA MODIFIED SEQUENCE 2

(1A) R1= NH2 R2= OH

(1B) R1= Ac   R2=
H
N

O

OH

(2A) R1= NH2 R2= OH

(2B) R1= Ac   R2=
H
N

O

OH

(3A) R1= NH2 R2= OH

(3B) R1= Ac   R2=
H
N

O

OH

O

N
H

R2

O

HNO

P

ON+ N

O-

O



 22 

2.6 Characterization of Breast Tissue Specific Conjugates 

In addition to characterization by HPLC-MS studies the breast tissue specific 

conjugates were analyzed by fluorometry. To determine accurate concentrations of the 

breast tissue specific conjugate, a standard curve using TAMRA was completed (Figure 

7). A serial dilution of the TAMRA fluorophore was made using 1x PBS as the 

diluent. Aliquots of each concentration (1 mL) were pipetted into quartz cuvettes. The 

fluorescence was determined using an excitation wavelength of 550 nm and emission 

wavelength of 570 nm. 

Fluorometric methodologies are typically used as quantitative measures of 

synthesized peptides, and functional groups on peptides. Quantitative analysis of the 

breast tissue specific conjugates is critical, as this would allow for standardized 

concentration in solution. This is relevant when measuring the amount of breast tissue 

specific conjugate for in vitro and in vivo assays. 
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Figure 7. Standard Curve of TAMRA Fluorophore. Standard curve prepared from the 
series dilution of the 5(6)-Carboxy-tetramethyl-rhodamine (TAMRA) using 1x PBS as 
the diluent. Data are analyzed using Excel software. 
 

2.7 Click Chemistry 

For the purposes of characterizing tissue specificity, the breast tissue specific 

conjugate was to be conjugated to the cytotoxic agent bleomycin (BLM). BLM is not 

used for the treatment of breast cancer due to severe side effects such as pulmonary 

fibrosis. The use of BLM for our purposes would function as a clinical indicator of tissue 

specific drug delivery. We anticipated that attachment of BLM to our delivery system 

would result in a drug that reduces tumor burden in a murine model bearing a breast 
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cancer xenograft without causing pulmonary fibrosis. In order to conjugate the therapy 

BLM a click chemistry chemical approach was designed. This methodology required the 

following: A) a covalently attached azide moiety in our therapeutic agent BLM and B) a 

propargylglycine residue in our breast tissue specific conjugate.  

First, in order to functionalize BLM with an azide, an acetyl azide linker must be 

attached. Briefly, to a solution of MeOH, 2-azidoacetic acid, and DCC is added. The 

system is cooled to – 8 °C and allowed to stir for 30 minutes. Then, the Cu(II) BLM is 

added. The reaction stirs for another 12 hours and the product formation is confirmed via 

TLC. The solution is filtered, concentrated, and purified by flash chromatography to give 

the desired BLM-linked azide (Figure 8).  

The BLM linked azide was then be coupled to propargylglycine on the peptide via 

[3+2] cycloaddition (Figure 8). To a solution of CuSO4•5H2O is added sodium ascorbate 

with the BLM-linked azide in DMSO-H2O.6 The reaction is allowed to react at room 

temperature. The reaction is monitored by TLC and an azide colorimetric assay. 

Colorimetric assays exist for testing the presence of an aliphatic azide under SPPS 

conditions, therefore successful attachment could be determined simultaneously during 

SPPS synthesis.7 In the literature this modified Ninhydrin test (Kaiser test) is more 

sensitive than IR spectroscopy so verification of the presence of an azide will be used to 

confirm product formation.7 
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Figure 8. The BLM Linked Azide. The BLM linked azide will be coupled to 
propargylglycine on the peptide via [3+2] cycloaddition. 
 

2.8 Summary / Limitations and Alternative Strategies  

As a proof of concept, each component of the conjugate was synthesized in order 

to test the specificity, selectivity, and retention of the conjugate in breast derived cell 

lines. The coupling of a cell penetrating peptide, Tat, to the PEGA sequence, and 

TAMRA-functionalized lysine in solid phase peptide synthesis proved to be very 

effective means of synthesis. Also, the addition of any modified amino acids could be 

easily introduced into the synthetic method in high yields. All the peptides and conjugates 

synthesized were water soluble and highly stable in physiological saline.  

Limitations and Alternative Strategies.  

Click Chemistry. A pitfall encountered in the coupling of BLM to breast tissue 

specific conjugate was that the click chemistry methodology required the [3+2] 

cycloaddition to react in the presence of catalytic amounts of Cu(I) for the reaction to be 

successful. BLM is a strong metal chelator and did not allow the Cu(I) to catalyze the 

desired [3+2] cycloaddition. Although we increased the catalytic amount of Cu(I) by two 
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molar equivalents to account for the possible chelation of BLM, the product was not 

collected in several attempts to synthesize the drug conjugate. Another strategies to this 

synthetic route is to use a copper-free click chemistry approach. In this method, the 

BLM-linked azide moiety would remain the same but an amino acid-linked cyclooctyne 

would be the alkyne donor. This method works by incorporating an alkyne into a strained 

eight-membered ring system (cyclooctyne), which allows for a strain-promoted [3+2] 

cycloaddition.51, 53, 55 The destabilization introduced by ring strain affords a significant 

rate acceleration of the reaction as compared to unstrained alkynes. 53 Therefore, this 

synthetic route could result in the desired BLM-linked amino acid.  

Visualization. Another alternative strategy involves optimization of the 

fluorophore coupled to the breast tissue specific conjugate. Although TAMRA allows for 

depth penetration in our studies, its utility in the clinical setting is still not known. 

Therefore another lysine functionalized reporter group has been designed using a nitroxyl 

radical as a T1-weighted contrast agent (Figure 9). Although this agent would shift our 

imaging paradigm to Magnetic Resonance Imaging (MRI), this agent would ensure clear 

distinction from background signal.56 Nitroxyl radicals are non-toxic and can be coupled 

to a lysine amino acid and easily introduced into SPPS. A reporter group of this nature 

may be useful for visualize dense breast tissue found in younger women. According to 

the National Cancer Institute (NCI), high-quality mammography is the most effective 

method presently available for breast cancer screening. However, the caveats in 

mammography include the following: false-positive detection results in up to 85% of 

non-malignant lesions requiring invasive biopsies, and false-negative detection results in 
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up to 20% of cancers being missed, particularly in younger women who have denser 

breast tissue that obstruct detection of the cancer.  

 
 

 
 
Figure 9. Synthesis of Lysine Functionalized Nitroxyl Radical.  

 

2.9 Materials and Methods  

All studies were performed at Georgetown University Center for Drug Discovery 

(Washington, DC). All chemical reagents and solvents were purchased from Sigma-

Aldrich (St. Louis, MO), unless otherwise stated. Peptides 1-5 were also purchased from 

Biomatik (Wilmington, DE).  

Solid Phase Peptide Synthesis. The dry Wang resin (0.35 mmol/g) was placed in an 50 

mL reaction vessel. The reaction vessel was then filled with 30 mL of DCM until all the 

resin beads were immersed. After 30 minutes the DCM was removed by filtration under 

vacuum. The reaction vessel was then filled with DMF (25 mL). The beads were allowed 

to soak for one minute, and then manually shaken for 30 seconds. The solvent was then 

removed by filtration. The screw cap and edges of the reaction vessel were also rinsed 

with DMF (25 mL). The DMF washing and rinsing steps were repeated three times. After 

properly conditioning and swelling the resin, the resin was treated to a 20% piperidine 

solution in DMF (30 mL) and shaken for 5 minutes on a shaker table. After 5 minutes the 
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solution was eluted and the beads were washed with 15 mL of DMF (10x). A ninhydrin 

test was performed on a small aliquot of beads (~5 beads). After successfully completing 

Fmoc deprotection, the addition of each N-α Fmoc protected amino acid was prepared as 

follows: 1) A reaction mixture of 3.5 equivalence of amino acid as a powder, 3.4 

equivalence of PyBOP, and 3.4 equivalence of HOBt were added to the reaction vessel; 

2) The reaction vessel was filled with DMF (at least 2/3 of volume); 3) 7.0 eqv of DIEA 

were then added to the vessel; 4) The reaction vessel was then capped and placed on a 

shaker table and allowed to react for 75 minutes; 5) Upon completion, the solvent was 

eluted from the vessel; 6) The beads were then rinsed with 20 mL of DMF (5x), 20 mL of 

DCM (3x), 20 mL of DMF (4x); 7) A small aliquot of beads were used to perform a 

Kaiser test (5-10 beads), and upon successful amino acid coupling a 20% piperidine in 

DMF solution (30 mL) was added to the beads for 15 min; 8) The beads were then rinsed 

with 20 mL of DMF (10x), and a ninhydrin test was performed again on a small aliquot 

of beads (5-10 beads). After successful deprotection of the Fmoc group, steps 1-8 were 

repeated for each addition of amino acid in the desired sequence.54 The beads were taken 

up in 30 mL of methanol and the peptide was cyclized by air oxidation in solution. The 

beads were then and dried over vacuum overnight at room temperature.  A cleavage 

cocktail was prepared (TFA 9.5 ml/TIS 0.25 ml/H2O 0.25 ml) and added to final peptide 

sequence on resin in the reaction vessel. The vessel was swirled every 30 minutes for 5-

minute intervals, and the cocktail was allowed to react with the beads for 3 hours. The 

beads were then filtered off, and the reaction solution was collected in a round bottom 

flask. The solution was then evaporated to one-fourth its original volume and allowed to 

stir overnight to promote cyclization of the peptide by air oxidation. Cold ether (25 mL) 
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was then added to the solution and an aqueous extraction (30 mL) was performed. The 

aqueous phase was then collected and frozen in – 20 °C. The peptide was then 

lyophilized, and product was collected. To ensure cyclization of the peptide, some 

batches were taken up in 0.1 M solution of NH4HCO3 in water (5 -10 mL) to allow for 

disulfide formation between cysteine residues. After stirring overnight, the reaction 

mixture was concentrated and cyclic product was isolated via HPLC. Purity was 

confirmed by HPLC (VYDAC protein and peptide 5 μm C18 100 x 2.1 mm column; 

detection 220 nm; LC-MS positive mode).  Solvents 0.1% TFA in 100% acetonitrile (A) 

and 0.1% TFA in 100% water (B) were used. The flow rate was 1.0 mL/min, 5-10 μL 

injection, and 0-100% gradient over 25 minutes, then 100% for 5 minutes were used. The 

product was analyzed with LC-MS. The expected MH+/ found m/z were as follows: (1A) 

2093.41/ [M+2H]2+=1047.29; 91% yield; (2A) 1541.69/ [M+H]2+=783.54; 89% yield; 

(3A) 2863.27/ [M+3H]3+=954.84; 88% yield (Appendix B: Figure S2-S4).  

Synthesis of TAMRA labeled lysine. A solution of TAMRA succinimide ester (0.08 

mmol; 0.050g) in 30 mL of DMF, was added to Fmoc-lysine (1 equivalence) in a round 

bottom flask and placed in an ice bath. DIEA (2 equivalence) was immediately added to 

the reaction. The mixture was allowed to react for 30 minutes, and then removed from the 

ice bath. The solution was then allowed to stir for 2 hours and warmed to room 

temperature. HCl (2M, 15 mL) was added and the reaction was cooled to 4 °C and 

allowed to react overnight. The solution was then taken up in 40 mL of ethyl acetate, and 

washed with H2O (5 x 20 mL) and LiCl(aq) (3 x 20 mL), then dried with NaSO4. The 

solvent was removed under reduced pressure and then purified by column 

chromatography (1:1 ethyl acetate: hexane) to give a product in 52% yield (0.035 g). 1H-
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NMR (400 MHz; CDCl3): δ= 1.49-1.51 (6H, m, 3xCH2), 1.53-1.80 (6H, m, 3xCH2), 1.87 

(6H, s, 2xCH3), 1.92 (2H, q, CH2), 2.74 (6H, s, 2xCH3), 3.14 (2H, t, CH2), 3.19 (2H, t, 

CH2), 4.26 (2H, m, 2xCH), 4.28 (2H, d CH2), 7.2 (1H, s, CH), 7.99 (3H, m, 3xCH), 8.09 

(2H, m, 2xCH), 8.27, (3H, m, 3xCH).  

Fluorescence detection. All fluorescence experiments were carried out using a Perkin–

Elmer Luminescence Spectrometer LS50B. The conjugates were taken up with 1x 

phosphate buffered saline (PBS). All assays were performed at 25 °C in 1 ml 1 × 1-cm 

quartz cuvettes. In standard assays excitation and emission wavelengths of 550 and 

570 nm were used. Each dilution (concentration) was done in triplicate. 
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CHAPTER 3: EVALUATION OF AMINOPEPTIDASE P MEDIATED BREAST TISSUE SPECIFIC 
CONJUGATE IN IN VIVO AND IN VITRO MODELS 

 
3.1 Immunocytostaining of Aminopeptidase P Assay 

For an effective and specific drug delivery conjugate utilizing the PEGA binding 

partner, APaseP, differential expression of APaseP in particular tissues is essential. In 

order to probe this protein’s expression in various tissue-specific cancer-derived cell 

lines, immunocytochemical staining of APaseP was performed on fixed breast cancer 

cells (MCF-7 and MDA-MB-231), prostate cancer cells (PC-3), and lung cancer cells (A-

549). Confocal images of treated anti-APaseP mAb demonstrated the differential 

expression of APaseP in MCF-7 and MDA-MB-231 cells versus PC-3 cells and A-549 

cells (Figure 10). The breast cancer cell lines showed robust staining for APaseP, 

indicating the tissue-specific binding properties of PEGA to breast derived tissues (Figure 

10). 
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Figure 10. Immunocytostaining of the PEGA binding partner, Aminopeptidase P, in 
breast, lung and prostate cancer cell lines. Fluorescent microscopy image of MCF-7, 
MDA-MB-231, PC-3 and A-549 cells upon incubation with an anti-APaseP mouse mAb 
followed by Alexafluor 488 labeled anti-IgG secondary antibody; (A) fluorescent image 
of cells; (B) bright field image; and (C) DAPI stain. The green color in panel A suggests 
the presence of Aminopeptidase P in breast derived cancer cell lines.   
 

3.2 Binding Affinity of Breast Tissue Drug Delivery Conjugate for Aminopeptidase P 

(APaseP)  

In addition to tissue differentiation the affinity of our delivery system for APaseP 

must be evaluated. A Biacore assay was used to determine the binding affinity of APaseP 

for the breast tissue specific drug delivery conjugate. APaseP was immobilized directly 
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MCF-7 
cells 

MDA-MB-231 
cells  

PC-3 
cells 

A-549 
cells 



 33 

were injected over the FC at varying concentrations (Figure 10). Assuming a (1:1) 

analyte binding model, the breast tissue specific drug delivery conjugate showed binding 

affinity to APaseP with a KD = 723 ± 3 nM. Bradykinin, a physiological ligand to 

APaseP, bound APaseP at KD = 15.3 ± 8 μM. The observed KD demonstrated nanomolar 

binding between construct 3B and APaseP (Figure 11 and Table 1).  

Peptide Conjugate KD (M) 
(3B) 723 ± 3 nM 

Bradykinin 15.3 ± 8 μM 
(1B) 430 ± 5 nM 

Brain Homing 
Peptide 

NB 

             NB= no binding 
Table 1. Binding Affinity of the Breast Tissue Specific Conjugate (3B) for APaseP. 
Linked reactions were performed with the breast tissue specific conjugate injected over a 
C1-sensor chip with immobilized XPNEP1, APaseP human recombinant protein. A (0 – 
20 μM) titration of the breast tissue specific conjugate (3B) in solution was injected over 
the prepared biosensor surface at a flow rate of 100 μL/min. The KD results are presented 
as mean ± SEM.  
 

 

 

 
 
 
 
 
 
Figure 11. Binding Affinity of the Breast Tissue-Specific Conjugate (3B) for APaseP. 
Linked reactions were performed with the breast tissue specific conjugate injected over a 
C1-sensor chip with immobilized XPNEP1, APaseP human recombinant protein. The red 
curve is the observed binding affinity and black is the predicted binding curve.   
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3.3 Cytotoxicity of Breast Tissue-Specific Conjugate in the MCF-7 Breast Cancer 

Derived Cell Line  

         To determine the toxicity of the conjugate, MCF-7 cells were treated with serial 

dilutions of the PEGA peptide, Tat peptide, or breast tissue specific conjugate for 96 h, 

and cell viability was measured by MTT assay. Due to the known toxicity of other cell 

penetrating peptides, and their effective ability to disrupt cellular membranes, it was 

critical to determine the toxicity of the breast tissue specific conjugate for potential 

therapeutic applications. From the cellular viability data collected neither the PEGA or 

Tat TAMRA peptide were toxic to cells. The conjugate itself did not decrease cell 

viability when compared to control up to concentrations of 25 μM (Figure 12), suggesting 

that the peptide building blocks and conjugate showed no toxicity to cells.24, 59 

 

 

 

 

 

  

 
 
 
Figure 12. Cell Viability of Breast Tissue-Specific Conjugate (3B), PEGA TAMRA, 
and TAT TAMRA Conjugate in MCF-7 cells. Cells were exposed to different 
concentrations of each peptide conjugate or media alone for 96 h. Survival percentages in 
the treated cells were normalized to values from untreated cells. The results are presented 
as mean ± SEM. Data are analyzed using Excel and GraphPad Prism software. 
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3.4 Fluorescence Detection and Quantification of the Breast Tissue Specific Drug 

Conjugate 

In order to determine the selectivity of the breast tissue specific drug conjugate 

for breast-derived cells, fluorescence detection of the conjugate was tested using confocal 

microscopy. The conjugate and its constructs were treated at 10 μM in media for 1 hour 

in carcinoma cell lines. The cells were washed and imaged live under confocal 

microscopy. Treatment of breast, lung, and prostate cancer cell lines with the conjugate 

demonstrated selectivity of breast tissue over lung and prostate as shown in Figure 13. 

The Tat-TAMRA labeled peptide entered all cell types, whereas the conjugate only 

entered breast-derived cells.  

As shown in Figure 13, the breast tissue specific conjugate conferred tissue 

selectivity that overcame Tat’s non-specific cell penetration. Quantification of the 

fluorescent intensity of the image using ImageJ software revealed similar results that the 

breast tissue specific conjugate was more selective for breast cells than lung or prostate 

(Figure 14A).   

To explore the specificity of the PEGA sequence for breast tissue, two PEGA 

modified sequences were designed. PEGA modified 1 replaced flexible alanine and 

glycine, with proline, and glutamic acid respectively (Figure 6). The PEGA modified 1 

peptide sequence was highly selective for the breast derived cell type, significantly more 

selective for breast over prostate and lung. The PEGA modified 1 modification 

potentially made the breast homing sequence more rigid due to the increased torsional 

strain of proline, which in turn could have induced a conserved 3D structure. 

Furthermore, this could result in the PEGA modified 1 sequence interacting with the 
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APaseP protein more effectively than flexible PEGA. The PEGA modified 2 sequence 

introduced a proline and glutamine amino acid in place of alanine and glycine, in addition 

to another glutamine amino acid instead of glutamic acid. The PEGA modified 2 

sequence resulted in loss of breast tissue selectivity. The distribution of the PEGA 

modified 2 sequence fluorescence, and fluorescence intensity was similar to the Tat-

TAMRA peptide. This would be expected if the PEGA moiety no longer showed tissue 

specific properties, as seen in the PEGA modified 2 sequence.  

In other confocal studies the breast tissue specific drug delivery conjugate was 

stable for over 96-hours post treatment in cells. Cells showed no signs of stress after 

treatment. In addition, the PEGA peptide alone did not enter breast-derived cells. This 

result suggests that the PEGA-APaseP interaction may be limited to the cells surface and 

PEGA alone does not allow for cellular entry (Appendix B: Figure S1).  

Z-stacking data was also collected in breast and lung cancer cell lines post 

treatment. In breast derived cell lines, fluorescence was detected at each micron section 

of cells, as opposed to lung cells where no fluorescence was detected in Z-stack studies. 

This further validated the cell specific nature of the conjugate. It also revealed that the 

distribution of the conjugate was not limited to the nucleus or cytoplasm, but was found 

in both compartments.  

Flow cytometry studies also showed a dose dependent increase in fluorescence in 

breast-derived cells with the increasing concentrations of the 3B conjugate. In an effort to 

determine the specificity and selectivity of 3B, the experiments were performed on live 

cells (Figure 14D). Careful consideration was taken when performing these studies, 

because fixation has been known to distort localization studies and give false positive 



 37 

CPP localization in the cytosol and nucleus.60 Determining the correct localization and 

distribution of the conjugate is critical in determining its efficacy as vehicle for tissue 

specific drug delivery. Overall, the breast tissue specific conjugate distributed in a tissue 

specific, cell selective, concentration dependent manner in breast derived 

adenocarcinoma cell lines.  
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Figure 13. Fluorescence Detection of the Breast Tissue Specific Conjugate. 
Fluorescence detection of breast tissue specific conjugate and peptide conjugates in 
MCF-7 (A), MDA-MB-231 (B), A-549 (C), and PC-3 (D) cells by confocal laser 
scanning microscopy. Cells were incubated with 10 μM breast tissue specific conjugate 
for 60 min followed by imaging in fluorescence mode (green; left column), and bright 
field (right column).  
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Figure 14. Fluorescence Quantification of the Breast Tissue Specific Drug 
Conjugate. (A) Corrected fluorescence intensity of breast tissue specific conjugate and 
peptide conjugates in MDA-MB-231, A-549, and PC-3 cells by confocal laser scanning 
microscopy. Corrected fluorescence intensity is the subtraction of background signal 
from fluorescence intensity. The results are presented as mean ± SEM. Data are analyzed 
using Excel and Image J software. (B) Flow cytometric histogram of the TAMRA labeled 
breast tissue specific conjugate does response in MCF-7 cells. Cells were incubated 0, 0.1 
(yellow), 1 (green), 10 (purple) μM of the conjugate for 60 min and analyzed by flow 
cytometry.  
 

3.5 In Vivo Localization of the Breast Tissue Specific Conjugate in Breast Cancer 

Xenograft Model 

An in vivo model was established by implanting MCF-7 expressing human breast 

adenocarcinoma cell line in nude mice with estrogen supplementation.61 In an effort to 
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form subcutaneous tumors, a MCF-7 cell cancer xenograft was implanted on the left side 

of the animal. This particular cell line was chosen because previous in vitro studies 

showed significant localization of the conjugate in MCF-7 breast derived cell line. To 

determine the distribution of the conjugate in vivo, fluorescent whole animal images were 

collected upon intravenous administration of the conjugate.  Fluorescence signal was 

detected in the tumor margins, less than five minutes after administration (data not 

shown). After 10 minutes there was noticeable distribution in the tumor and mammary 

tissue (Figure 15B).  In addition, fluorescence was detected in the bladder of the animal 

(Figure 15C), suggesting that urinary excretion may be the main route of elimination of 

the conjugate.  

   

Figure 15. In vivo Fluorescence Localization of the Breast Tissue Specific Conjugate 
in MCF-7 Tumor Xenograft Model. (A) The nude mice were injected intravenously 
with the breast tissue specific conjugate 3B (10 mg/kg), and were examined using a 
MAESTRO in vivo fluorescence imaging system. (B) Fluorescence was detected in the 
MCF-7 tumor xenograft immediately after the administration of 3b. (C) The main route 
of elimination of the non-toxic drug delivery conjugate may be through urinary excretion. 
 

3.6 Summary / Limitations and Alternative Strategies 

A breast tissue specific conjugate was designed to target mammary tissue. A 

conjugate of this nature may be useful for the tissue specific delivery of therapeutic 

agents. The designed conjugate and its modified versions were evaluated as possible 

Aminopeptidase P targeting, fluorescently labeled drug delivery agents for breast tissue. 

A B C 
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From our in vitro studies and in vivo MCF-7 breast adenocarcimona cell model, the 

TAMRA labeled conjugate allowed for the best visualization of cellular entry into breast 

derived cells, and detection of the tumor xenograft and mammary tissue in mouse 

models. By using a TAMRA fluorophore, fluorescence detection and in vivo depth 

penetration of the conjugate was demonstrated.  

 In an effort to home the conjugate to breast issue, the tumor homing peptide 

PEGA was shown to distribute to breast derived cell lines and tissues with detectable 

expression of its binding partner, Aminopeptidase P, in breast derived tissues. The 

designed drug delivery conjugate was shown to have a binding affinity greater than its 

physiological ligand bradykinin. Further elucidation of its drug delivery potential, by in 

vitro and in vivo fluorescence studies and quantification further demonstrated its 

feasibility as a drug delivery vehicle. As a proof of concept, each component of the 

conjugate was synthesized in order to test the specificity, selectivity, and retention of the 

conjugate in breast derived cell lines. The coupling of a cell penetrating peptide, Tat, to 

the PEGA sequence, did not compromise specificity, nor selectivity for the breast. In 

addition, toxicity did not result from the cell penetrating sequence, and no indicators of 

cellular leakage were determined from our studies.6 From our work we found the 

construct to be stable up to 96 hours, and non-toxic for up to 96 hours. The nontoxic 

nature of the conjugate will allow the mechanism of cytotoxicity to arise from the 

therapeutic agent alone. The successful design of the conjugate also allows for a variety 

of synthetic handles to be coupled to C-terminus of the amino acid, allowing for a variety 

of therapeutic agents to be conjugated through different chemical couplings.13,14 Solid 

phase peptide synthesis also proved to be very effective means of synthesis, and addition 
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of any modified amino acids could be easily introduced into the synthetic method in high 

yields. All the peptides and conjugates synthesized were water soluble and highly stable 

in physiological saline.  

Limitations and Alternative Strategies  

There are two notable limitations from our studies, particularly, in the binding 

affinity assay and the breast cancer xenograft model. Firstly, the binding affinity assay 

showed biomolecular interactions of the conjugate, bradykinin, and TAT peptide, with 

APaseP. The data collected allowed for insight into the molecular recognition and 

biological function of APaseP in terms of dynamics. Although the conjugate bound the 

APaseP protein with higher affinity than it’s physiologically ligand bradykinin, part of its 

peptide construct, TAT alone, also bound APaseP. These results did not clearly delineate 

which moiety, PEGA or TAT was responsible for the binding of APaseP to the conjugate. 

Several alternative strategies have been proposed to address this question this question.   

First, an alternative strategy to address this concern would be to perform the 

binding assay with the PEGA-TAMRA moiety alone. By doing so we could compare the 

kinetics data and determine the role of each construct (moiety) in the binding (selectivity) 

for APaseP. This would be imperative in further work and optimization of the drug 

delivery system.  Secondly, an additional experiment to run would be a competitive 

binding assay utilizing bradykinin, a known ligand for APaseP. These experiments could 

further elucidate the kinetic relationship between the breast homing peptide sequence and 

APaseP. Lastly, a co-crystallization of the binding partners (PEGA and APaseP) would 

reveal the chemical binding by revealing the type of non-covalent interaction occurring at 
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the residues involved. This data would reveal the atomic and molecular structure of the 

binding interaction. 

 Another limitation faced in our work was the breast adenocarcinoma model and 

its inability to visualize the full potential of the tissue specific delivery. Lack of 

significant mammary pad tissue in nude mice may have limited the efficiency of 

distribution of the breast tissue specific drug delivery conjugate in vivo. Ultimately, 

further studies are necessary to determine the efficacy of a therapeutic-conjugate 3B 

using the design proposed.  Nonetheless, the purpose of this study was to evaluate the use 

of an APaseP targeting moiety as a homing agent to breast derived tissues and further 

distribute in breast-derived cells, elucidating its binding kinetics and tumor visualization 

properties, which were accomplished within the scope of this work. This proof of concept 

study showed that Aminopeptidase P is a promising target for breast tissue specific drug 

delivery.  

 

3.7 Materials and Methods 

All studies were performed at Georgetown University Center for Drug Discovery 

(Washington, DC). All chemical reagents and solvents were purchased from Sigma-

Aldrich (St. Louis, MO), unless otherwise stated. Peptides 1-5 were also purchased from 

Biomatik (Wilmington, DE).  

Tumor Cell Culture. The carcinoma cell lines MCF-7, MDA-MD-231, A-549, and PC-3 

carcinoma cell lines were obtained from the Tissue Culture Shared Resource 

(Georgetown University, Lombardi Cancer Center, Washington, DC). The cells were 

grown in Dulbecco’s modified Eagle medium (DMEM). All media was supplemented 
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with 10% fetal bovine serum, and 1% penicillin-streptomycin-glutamine. Cells were 

incubated at 37 °C in a humidified atmosphere containing 5% CO2.   

Immunohistochemistry Assay. Immunofluorescence protocols from Cell Signaling and 

ABCam were followed in this experiment. The following cell lines: MCF-7, MDA-MD-

231, A-549, and PC-3 carcinoma cells were grown in six well plate containing glass 

slides to 40% confluence. The media was removed and the cells were covered with a 

depth of 2–3 mm with 4% formaldehyde diluted in warm PBS. The cells were allowed to 

fix for 15 min at room temperature. The fixative was aspirated, and the cells were rinsed 

three times with PBS for 5 min each. The specimens were blocked with TBST (Tris-

buffered saline/ 0.3% Tween-20) containing 20% FBS for 60 minutes and the blocking 

solution was aspirated. The specimens were incubated with a 1/1000 dilution of anti-

APaseP antibody (Santa Cruz Biotechnology), and incubated overnight at 4°C. The 

specimens were rinsed three times in 1X PBS for 5 min each. The fluorochrome-

conjugated secondary antibody, Alexafluor 488 labeled anti-IgG secondary, was diluted 

in antibody dilution buffer and treated for 1–2 hr at room temperature in the dark. The 

specimens were rinsed three times in 1X PBS for 5 min each. The coverslip was mounted 

and cured overnight at room temperature. The slides were imaged on a Zeiss LSM 510 

confocal microscope 1.4-numerical aperture plan-apochromat oil-immersion objective at 

63x magnification. Fluorescent and differential interference contrast (DIC) images of the 

specimens were obtained. The fluorescence images were overlaid with DIC images in 

order to locate the APaseP signal. 

Binding Affinity Assay.  Human recombinant XPNPEP1, APaseP (Abnova, Tapei City, 

Taiwan) was immobilized on a C1 (28 RU) sensor chip. Immobilization was performed 
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by amine coupling of XPNPEP1, in pH 4.0 and 10% acetate buffer. Samples were 

prepared in HBS-P (10mM Hepes+ 150mM NaCl+ 0.05% P-20). All kinetic 

measurements were conducted at 25°C at a flow rate of 100 μL/min with a contact time 

of 60 seconds and dissociation time of 120 seconds. Double-referencing was performed 

to account for bulk effects caused by changes in the buffer composition or nonspecific 

binding.57, 58 Data were evaluated with BIAevaluation software, and the best fit (lowest 

χ2) was obtained using a 1:1 binding model. 57, 58  The sensorgram was fitted globally over 

the association and dissociation phases. Equilibrium dissociation constants (affinity) were 

calculated from the rate constants (KD = koff/kon). 

Cell Viability Assay. The MCF-7 breast adenocarcinoma cells were maintained in a 

humidified CO2 (5%) incubator at 37 °C in media. Compounds 1B, 2B and 3B were 

freshly dissolved in media at 25 μM and subsequently serial-diluted in prewarmed culture 

medium. Methylthiazolyldiphenyltetrazolium bromide (MTT) was used as described by 

the manufacturer. Cells were plated out in 96-well plates at a density of 7850 cells/well 

followed by addition of compounds the next day. Cell culture medium was replaced with 

50 μL pre-warmed medium containing the different concentrations of the compounds 

from 500 nm-25 μM.59, 62 After 96 h incubation, cell proliferation was assessed by MTT 

assay. Briefly, MTT was dissolved in prewarmed medium at 5 mg/ mL, and 50 μL was 

added to each well. Following an incubation period of 120 min, the medium was gently 

aspirated. The formed formazan crystals were dissolved in 100 μL DMSO, and the 

absorbance was measured with a plate reader (BMG labtech) at 570 nm.  

Fluorescence Imaging Study. MCF-7, MB-MDA-231, A-549, PC-3 carcinoma cells 

were cultured in media on a fluorodish with glass bottom (World Precision Instruments, 
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Sarasota, FL) and incubated in a humidified atmosphere of 5% CO2 at 37 °C overnight. 

After removing the media, the cells were incubated with 10 μM of compounds 1A, 2A, 

3A, 4, and 5 in media for 60 min and then washed with media (3x). The cells were then 

bathed in fresh media, and microscopic examination was conducted on a Zeiss LSM 510 

Meta Confocal Microscope (Carl Zeiss, Inc., Jena, German). The microscope was set to a 

TAMRA filter with an excitation wavelength of 565-615 nm and an emission wavelength 

of LP560 nm.63-65 ImageJ software was used for image processing, and analysis.66-68 The 

image magnification was 63x. The pseudocolor of TAMRA is green. Z stack analysis 

was performed on MCF-7 and A-549 cells after 10 μM treatment with compound 3B and 

sections of 0.1 μm were acquired in a Z-stack from top to bottom of the cell.63 

Flow Cytometry. Cellular studies were acquired using a BD Biosciences Fortessa cell 

analyzer (San Jose, CA). A 488 nm wavelength laser was used to excite MCF-7 cells 

treated with titrated concentrations from 0, 0.1, 1, and 10 μM of 3B in media for 60 min. 

After dose dependent treatment of the cells, analysis was performed to determine the 

extent of fluorescent cellular uptake of 3B. The TAMRA fluorophore was excited using 

an argon ion laser (15 mW, 488 nm) and probed with fluorescence detection using a 550 

nm longpass filter.64, 69  

Tumor Xenografts. The animal procedures were performed according to a protocol 

approved by the Animal Care and Use Committee (GUACUC) at Georgetown University 

Medical Center.  Female athymic nude mice (nu/nu), obtained from National Cancer 

Institute (Bethesda, MD) at 4 to 6 weeks of age, were subcutaneously inoculated on the 

right side of the animal with 2.5 × 106 MCF-7 cells suspended in a mixture of 50 μL of 

PBS and 50 μL of matrixgel basement membrane (BD Biosciences, San Jose, CA). When 
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the tumor implants reached ~80 mm3, the tumor-bearing mice were subjected to the in 

vivo studies.56, 61, 70 After one week of acclimatization while being fed a basal diet, mice 

used in the study were implanted with a pellet of 17β- estradiol subcutaneously (1.7 mg 

over 60-day release, and producing a 3-4 nM E2 blood level) at least 2 days before tumor 

cell inoculation.56, 71  

In Vivo Tumor Imaging. In vivo fluorescence imaging was performed with a Maestro 

2.6 In Vivo Fluorescent Imaging System (Woburn, MA). A M-MSI-FLTR-GREEN filter 

was used, with excitation 503 to 555 nm, and emission filter set to 580 nm longpass.  The 

acquisitions settings were set to 550 to 800 in 10 nm steps. The pseudocolor image 

represents the spatial distribution of photon counts within the animal. Background 

fluorescence was measured and subtracted by setting up a background measurement. 

Images were acquired and analyzed using Cri software (Cambridge Research & 

Instrumentation Inc., Woburn, MA). Mice bearing MCF-7 tumor xenograft were 

anesthesized by inhalation of isoflurane (1-3%) in oxygen (Abbott Laboratories, Chicago, 

IL), as generated by a non-rebreathing nosecone system with an exhaust evacuator and F-

Air canister built into the Maestro imaging system. Mice were then injected via the tail 

vein with 10 mg/kg of the breast tissue specific drug delivery conjugate in PBS. One 

mouse was not injected and was used as a blank control.63 Images were obtained 

immediately after the injection of breast tissue specific conjugate. The mice were imaged 

for 20 minutes after administration of the peptide. The dorsal and ventral sides of each 

mouse were imaged. The tumor area, liver, and bladder area were designated as regions 

of interest. 63  
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PART II. DESIGN AND EVALUATION OF A BRAIN TISSUE SPECIFIC CONJUGATE 

CHAPTER 4: INTRODUCTION 

4.1 Addiction in the Brain 

 Smoking is a major public health problem that results in significant morbidity, 

mortality, and health care costs.72 Approximately 3 to 6 percent of those who attempt to 

quit succeed, while the majority fails within the first 8 days.73 Currently, smoking-

cessation medications approved by the Food and Drug Administration (FDA) are nicotine 

replacement therapy (NRT), bupropion (Wellbutrin/Zyban), and varenicline (Chantix), 

along with the second-line agents nortriptyline and clonidine. Of these treatments, 

varenicline appears to be most effective, yielding abstinence rates of approximately 22 

percent at the end of 1 year, compared with 9 percent with placebo, but highly effective 

treatments are still lacking. 72 

Developing therapeutics that treat nicotine addiction can decrease the risk for 

cancer due to decreased exposure to the over 4,000 chemicals found in cigarettes.72 

Nicotine dependence is characterized by three phases as follows: (1) acquisition and 

maintenance of nicotine-taking behavior; (2) withdrawal symptoms upon cessation of 

nicotine intake; (3) vulnerability to relapse. Initially, exposure of nicotine through 

tobacco smoking produces reinforcing effects such as a mild pleasurable rush, euphoria, 

increased arousal, decreased fatigue, and relaxation.74 Nicotine dependence is further 

facilitated the development of neuroadaptations in the brain’s reward system.72 

Resumption of smoking, even in the event of cessation are likely due to the learned 

positive rewarding effects of nicotine, like most drugs of abuse.73  
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The effects of nicotine occur by its binding to and activation of nicotinic 

acetylcholine receptors (nAChRs) located on neurons in the mesolimbic reward system 

located in the ventral tegmental area (VTA). 72 When activated by either nicotine or the 

endogenous neurotransmitter acetylcholine, the nAChR opens a channel that allows ions 

to pass through the neuron’s membrane from the exterior to the interior of the cell and 

trigger changes that activate the cell. 72  A neurotransmitter, dopamine, is then released 

into the nucleus accumbens (NAc), hippocampus, amygdala, and prefrontal cortex (PFC). 

72 These areas of the brain are involved in information processing, memory, and emotions, 

and with increasing dopamine levels the mesolimbic system give rise to rewarding 

effects.75 In addition, nicotine stimulation of nAChRs is also involved in glutamate and 

GABA neurotransmission play important roles in the development of nicotine 

dependence.76  

 

4.2 Drug Delivery to the Brain 

Our efforts to pursue novel druggable agents that mitigate the addictive process in 

the brain itself, led us to design a novel brain tissue specific conjugate for drug delivery. 

In general, drug delivery to the brain has been a difficult challenge to overcome due to 

the blood brain barrier (BBB). Poor permeability, efflux transport systems, and 

endothelial tight junctions found in the BBB protect the brain from harmful substances, 

but also provide a formidable obstacle to the delivery of small molecules via systemic 

circulation.77 Specifically, the presence of tight junctions between adjacent endothelial 

cells, formed by an intricate complex of transmembrane proteins (junctional adhesion 

molecule-1, occludin, and claudins), which are also linked to the actin cytoskeleton form 
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an intimate cell to cell connection.78 Tight junctions are further strengthened and 

maintained by the interaction of astrocytes and pericytes with brain endothelia cells.78 The 

BBB also expresses various transporters including GLUT1 glucose carrier, amino acid 

carrier LAT1, transferring receptors, insulin receptors, lipoprotein receptors and ATP 

family of efflux transporters such as p-glycoprotein and multidrug resistance-related 

proteins.79 

Delivery of drugs across the BBB has been limited to compromised BBB in 

diseased states via tight junction opening or BBB leakage.80 Recently, amphiphilic 

molecule-formed liposomes and polymeric nanoparticles have been explored for brain 

drug delivery.80 For example, compound 2B3-101, a brain targeted Doxorubicin 

liposomes coated with the tripeptide glutathione at the tips of polyethylene glycol (PEG), 

is in the Phase I/II clinical trial in the Netherlands.80 

Due to the limitations encountered with attempts to deliver a drug across the BBB 

we hypothesized that by using intranasal administration to bypass the BBB, we could 

build upon the uses of homing peptide technology and thereby deliver an anti-addictive 

agent directly to the brain. The 11 amino acid peptide ACTTPHAWLCG has been shown 

to distribute in the brain after intranasal administration (Figure 16).77 This peptide will be 

key in the drug delivery system consisting of: 1) brain homing peptide; 2) a fluorophore, 

FITC or TAMRA, used to visualize delivery to brain tissue; and 3) a drug, Sazetidine A. 

Sazetidine A is an α4αβ2 nicotinic receptor “desensitizer” and a potential drug for the 

treatment of nicotine addiction.81  
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Figure 16. Brain Homing Peptide Schematic. A cyclic 11 amino acid peptide, 
ACTTPHAWLCG, identified from phage display which homes to brain tissue after nasal 
administration. 
 

4.3 Intranasal Delivery to the Brain 

 The connection between the nasal cavity and the CNS by the olfactory neurons 

has been investigated to determine it’s possibility as a direct drug transport route to the 

cerebrospinal fluid (CSF) and brain. This drug transport route has gained much interest as 

it may circumvent the blood-brain barrier (BBB), which prevents some drugs from 

entering the brain.82 Delivering drugs via intranasal administration is a promising means 

to brain drug delivery for the following reasons: (1) it is non-invasive, and rapid; (2) it 

bypasses the BBB and targets the CNS, reducing systemic exposure and thus systemic 

side effects; (3) it does not require any modification of the therapeutic agent being 

delivered; (4) it facilitates the treatment of many neurologic and psychiatric disorders; (5) 

the rich vasculature and highly permeable structure of the nasal mucosa greatly enhance 

drug absorption; (6) the problem of degradation of peptide drugs is minimized; (7) 

accessibility to blood capillaries; (8) resistant to destruction in the gastrointestinal tract, 
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hepatic “first pass” elimination, in turn allowing for increased and reliable 

bioavailability.82 

The nose is divided into two cavities and each can hold a volume of 

approximately 7.5 mL and has a surface area around 75 cm. 82 There are three different 

functional regions in the nose-vestibular, respiratory, and olfactory. 82 The respiratory 

epithelium is the most important for systemic drug delivery, because below the 

epithelium is lamina propria which contains blood vessels, nerves, serous glands, and 

mucus secretory glands. The pH of mucosal secretion ranges from 5.5 to 6.5 in adults and 

from 5.0 to 6.5 in children. 83 The rate of mucus flow through the nose is approximately 5 

to 6 mm/min resulting in particle clearance within the nose every 20 min.83 These features 

are ideal for a peptide based drug delivery system as the pH would not interfere with the 

solubility of the brain homing peptide proposed, nor the synthetic handled used to attach 

a drug to the peptide, in addition to rapid uptake due to frequent particle clearance.   

Aside from the rich capillary plexus in the lamina propia, another feature of 

intranasal delivery that makes it a good candidate for drug delivery to the brain is the 

extraneuronal pathway. The extraneuronal pathway relies on bulk flow transport through 

perineural channels, which deliver drugs directly to the brain parenchymal tissue and/or 

CSF, which allows therapeutic agents to reach the CNS within minutes.84 The 

intraneuronal pathway involves axonal transport and requires hours to days for drugs to 

reach different brain regions.84 For these reasons, a number of therapeutic agents have 

been successfully delivered to the CNS using intranasal delivery in a variety of species. 

For example, intranasal administration of IGF-I reduces infarct volume and improves 

neurologic function in rats with middle cerebral artery occlusion, which demonstrated a 
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therapeutic benefit in stroke studies.85 Another example is the intranasal delivery of 

growth hormone-releasing hormone (GHRH), which mediated increased rapid eye 

movement sleep and slow wave sleep in humans, but also decreased growth hormone.86  

Theses studies have provided important insight into the use of a peptide drug delivery 

system as follows: (1) the number of amino acids increases beyond about 20, 

bioavailability becomes very low; (2) molecules less than 1,000 Daltons having better 

absorption; (3) the shape of the molecule is also important, linear molecules have lesser 

absorption than cyclic-shaped molecules; (4) hydrophilicity has been found to decrease a 

drug’s bioavailability; (5) pH is also an important formulation factor for drug 

absorption.87-89 Another insightful study into the localization of a nitric oxide synthase 

inhibitor after intranasal administration included the use fluorescein isothiocyanate-

labeled dextrans (FITC-dextran) with increasing molecular weights.90 Dextrans with 

molecular weights of up to 20,000 daltons could be transported directly from the nasal 

cavity of rats into the CSF.90 The concentration of the FITC-dextrans in the CSF 

increased with decreasing molecular weight, in addition the FITC-dextrans are not found 

in the CSF after intravenous administration.90  

 Furthermore, in order to enhance the delivery of therapies, drug delivery systems, 

such as microspheres, liposomes and gels have been developed to have good absorption 

into the nasal mucosa.91 These drug delivery systems have the ability to control the rate of 

drug clearance from the nasal cavity as well as protect the drug from enzymatic 

degradation in nasal secretions.91 The mechanisms and effectiveness of these drug 

delivery systems have been critical for the future development of peptide based drug 

delivery preparations.  
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From the extensive study of intranasal administration to the brain we 

hypothesized we could deliver a brain tissue specific drug delivery conjugate to the brain. 

This would entail the (1) synthesis of a nose-to-brain homing peptide conjugated to a 

reporter group and a chemical handle for incorporation of an appropriately functionalized 

drug molecule; (2) in vitro characterization of the delivery system in rat primary neuronal 

cells acquired from the cortex of Sprague Dawley rats; and (3) in vivo characterization of 

the delivery system in C57BL/6 mice. Ultimately, tissue specific approaches could 

increase the therapeutic window for drugs targeting the brain by intranasal delivery. 
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CHAPTER 5: DESIGN AND EVALUATION OF A BRAIN TISSUE SPECIFIC CONJUGATE  

 
5.1 Brain Homing Peptide 

Delivering drugs to the brain has been a formidable task for decades, as the brains 

neuroanatomy does not allow for efficacious entry of small molecules due to the blood 

brain barrier (BBB). A viable approach for bypassing the BBB resides in delivering drug 

conjugates via intranasal administration with a brain homing peptide. This brain homing 

peptide was discovered by Wan et al after a C7C phage peptide display library was 

administered intranasally to anesthetized rats and recovered from the brain tissue 45 min 

after phage administration.77 There results led to the discovery of a 11-amino acid 

synthetic peptide (ACTTPHAWLCG) derived from the Clone7. The Clone7 had the 

highest translocation efficiency about 50-fold higher than a random phage, and entered 

the brain within 30 minutes.77  

From the work of Wan, both phage recovery results and fluorescent microscopy 

images revealed the presence of many more Clone7 phage in the brain than in the liver, 

kidney and other internal organs after the nasal administration, suggesting that Clone7 

bypassed the BBB and entered brain directly (Figure 17).77 Furthermore, both Clone7 and 

the ACTTPHAWLCG peptide were found to be heavily distributed along the olfactory 

nerve after the nasal administration, further suggesting a direct passage route into the 

brain via the olfactory region. 77 These results laid the foundation for our work as the 

feasibility of using the in vivo phage display approach for selecting peptides with the 

nose-to-brain homing capability and could have implications for the development of 

novel targeting carriers useful for brain delivery.77 
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Figure 17. Brain Homing Peptide Selectivity. The presence of Clone7 phage in the 
brain more than in the liver, kidney and other internal organs after the nasal 
administration. 77 
 

5.2 Design and Synthesis of a Brain Tissue Specific Conjugate 

To design a brain tissue specific conjugate for drug delivery a strategy was 

required to develop a peptide-based reagent that distributes to the brain after intranasal 

administration. For successful design of the conjugate, a brain-to-nose homing peptide 

would need to be coupled to a reporter group and synthetic handle for attachment of the 

drug. The conjugate would have to allow for facile synthesis in SPPS. From our previous 

work with the breast tissue specific conjugate we hypothesized that the brain homing 

peptide with reporter group and propargylglycine at the C-terminus would allow for click 

chemistry conjugation of a drug. In addition the conjugate could be administered 

intranasally and reach the brain via the olfactory nerve. The original reporter group 

proposed for the study was a spin label contrast agent for Magnetic Resonance Imaging 

(MRI). This reporter would allow for depth penetration necessary when imaging the 

brain.54 The spin label contrast agent consisted of a 3-carboxy-PROXYL attached to the 

4. Discussion

In this study, we have provided a proof-of-principle for the use
of in vivo phage display in the identification of nose-to-brain
homing peptides. The isolated phage, Clone7, consistently
reached the brain from the nasal cavity at a rate of about 50-
fold higher than a control phage (randomly picked from the
library). A synthetic peptide NB-7, corresponding to the
displayed sequence of Clone7, effectively inhibited the
nose-to-brain homing of Clone7 phagewhen co-administered,
indicating a specific biological interaction between the
displayed peptide and the nose. To our knowledge, this is
the first report demonstrating that a short peptide sequence
could enhance the brain homing capability of a phage particle
along the nasal pathway.

There may be two direct pathways, i.e. the olfactory nerve
pathway and the olfactory epithelial pathway [16], for
transport of substances from the olfactory mucosa into the
CNS. Some molecules or particles utilize the olfactory nerve
pathway to reach the olfactory bulb. Mouse hepatitis and
vesicular stomatitis viruses [7,13], inorganic mercury [12] and

agglutinin-conjugated horseradish peroxidase [4] have been
shown to enter the brain by axonal transport. Some other
substances enter the brain via the olfactory epithelial pathway
which could pass through conjunction of the receptor cells in
the nasal cavity. These substances could enter the peri-neural
space and then reach at the CNS [13,15,22]. The results of our
immunocytochemical analysis and phage titer indicated that
Clone7 phagemost likely entered the brain along the olfactory
nerve pathway. The number of recovered phage from the
blood and internal organs was much less than that from the
brain after the nasal administration. This result strongly
suggested that Clone7 did not reach the brain from the
systemic circulation. We also conducted the experiment,
where we intravenously injected Clone7 phage to the rat’s tail
vain and assayed for phage titer in the brain tissue after
perfusion. No phage was recovered from the brain (data not
shown), indicating that Clone7 was unable to penetrate BBB.

While Clone7 can be readily recovered from the brain tissue
45 min after nasal administration, NB-7 peptide was only
observed in the olfactory nerve but couldnot be detected in the
brain. This difference might be contributable to the following

Fig. 3 – Homing capability of Clone7 phage. (a) Phage titer of Clone7 and random in different tissue. Clone7 phage is
significantly more than random phage in brain, but no distinction in peripheral tissue. (meanW S.E.M., n = 5 *P < 0.05). (b)
Immunohistochemistry of different tissues were given Clone7 and random phage. Brain (cerebrum), liver and spleen were
withdrawn 45 min after administration and then stained with a polyclonal antibody against M13 phage and Cy3-labeled
goat anti-mouse second antibody. The outcome of immunohistochemistry is consistent with recovered phage. The Light
and fluorescent microscope pictures are shown tandem (magnification: 200T bar = 50 mm).

p e p t i d e s 3 0 ( 2 0 0 9 ) 3 4 3 – 3 5 0 347



 57 

side chain amino group of Fmoc-Lys-OH (Figure 18). The synthesis of the appropriately 

functionalized spin-labeled lysine for solid-phase synthesis of the non-metallic homing 

probe as outlined in Figure 18.  

 

Figure 18. Synthesis of Lysine Functionalized Nitroxyl Radical.   

 

Limitations and alternative strategies encountered were as follows. One issue that 

arose when working with this spin labeled material is sensitivity to redox conditions.56, 92 

Therefore, we tested the stability of this radical for the conditions of solid-phase peptide 

synthesis (SPPS). Ordinarily, redox conditions are not used in SPPS.93 However, our 

nose-to-brain peptide requires cyclization between two cysteine residues, which is carried 

out using oxygen or iodine as the oxidant.13, 93-95 We treated the nitroxide radical with the 

conditions for cysteine–cysteine cyclization and monitored the stability of the nitroxide 

radical spectroscopically. As shown, the nitroxyl radical species shows a wide absorption 

band from 200 nm to 550 nm (Figure 19). Iodine also absorbs in this range from 200 nm 

to 350 nm, which overlaps with part of the nitroxyl radical absorption. However, 

treatment of the nitroxyl radical with iodine results in a very different spectrum, wherein 

absorption in the 450 nm to 550 nm is no longer present (Figure 19). We interpret this to 

suggest that the N-nitroxyl radical is not stable under the conditions of cyclization for the 

synthesis of the nose-to-brain peptide. 
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Figure 19. UV Spectra of Nitroxyl Radical.  

Visualization. The main goal of the N-nitroxyl radical is to serve as a reporter 

group that can be detected by MRI imaging. However, a fluorescent reporter group could 

also serve this purpose. Therefore, we synthesized the following nose-to-brain homing 

peptide, ACTTPHAWLCG-Lys(fluorophore)-GGG-propargylglycine, with FITC or 

TAMRA as the fluorophore, using standard FMOC solid phase peptide synthesis. The 

peptide was purified to >95% purity by high-performance liquid chromatography 

(HPLC). Figure 20 shows the structure of the homing peptide containing a FITC and 

TAMRA fluorophore labeled brain tissue specific conjugate. 
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Figure 20. Chemical structure of the FITC (A) and TAMRA (B) labeled brain tissue 
specific conjugate. 
 

We then required an appropriately functionalized sazetidine-A compound for 

attachment to the nose-to-brain homing peptide. For this purpose, we designed an azide 

linker to allow attachment to the nose-to-brain homing peptide by a copper-mediated 

Hüisgen [3+2] cycloaddition, also referred to as click chemistry.70, 96-98 This compound 

can be attached to the terminal alkyne on the terminal propargyl glycine moiety of the 

nose-to-brain homing peptide. As shown in Figure 21, the azide-functionalized 

sazetidine-A, YL-2-147, was synthesized in 5 steps. The first step involves a DEAD-

mediated homologation to give YL-2-29, which is followed by a modified Sonogashira 

reaction to give alcohol YL-2-101. Tosylation of the free alcohol gave the tosylate YL-2-

139. This compound proved to be very unstable and required immediate reaction with 

sodium azide to give the azido compound YL-2-143. The reaction conditions for this 

conversion proved to be critical, where reduced reaction temperature was necessary to 
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give the 80% yield that was achieved. Finally, deprotection under acidic conditions give 

the final product in 75% yield. 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 21. Synthesis Azide-Functionalized Sazetidine A. (a) DEAD, Ph3P, THF, 0 °C 
~ r.t., 24 h, 90%; (b) 5-Hexyn-1-ol, Pd(PPh3)2Cl2 (cat.), CuI (cat.), Ph3P  (cat.), Et3N, 
DMSO, r.t., overnight , 96%; (c) p-TsCl, DMAP, Et3N, DCM, 0 °C ~ r.t., overnight, 
82%; (d) NaN3, DMF, 50 °C, 1 h, 80%; (d) HCl in MeOH, 0 °C ~ r.t., 3 h, 75%.	  	  
	  

In order to assess the feasibility carrying out a click chemistry homologation 

under aqueous conditions, which is necessary for reaction with the nose-to-brain peptide, 

we performed the following model reaction. As shown in Figure 22, the reaction was 

carried out with 6-azido-hexanoic acid and 3-butyn-2-ol in a 1:5 MeOH-H2O solution in 

the presence of 10% copper (II) sulfate and 20% sodium ascorbate. The mass spectrum of 

the reaction mixture showed complete conversion of the starting 6-azido-hexanoic acid 

([M–1]– = 157.1) to the product with an [M–1]–1 = 226.2. This data shows us that we can 

carry out the click chemistry reaction under mild conditions in an aqueous media.58-60 
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Figure 22. Model Click Chemistry Reaction.	  

 

Limitations and Alternative Strategies 

 Unfortunately, click chemistry reaction of sazetidine-A analog YL-2-147 with 

the brain homing peptide containing a propargylglycine residue did not afford the 

conjugated product. Several attempts using the conditions optimized for the model 

system did not result in the desired product. Another strategy to this synthetic route is to 

use a copper-free click chemistry approach. In this method, the Sazetidine-linked azide 

moiety would remain the same but an amino acid-linked cyclooctyne would be the alkyne 

donor. This method works by incorporating an alkyne into a strained eight-membered 

ring system (cyclooctyne), which allows for a strain-promoted [3+2] cycloaddition.51, 53, 55 

The destabilization introduced by ring strain affords a significant rate acceleration of the 

reaction as compared to unstrained alkynes. 53 Therefore, this synthetic route could result 

in the desired Sazetidine-linked amino acid.  

Independent of our ability to synthesize this reagent, we felt that we could still 

achieve significant success for this project if we could characterize the intranasal delivery 

of the small peptide system to the brain in vivo. If the small peptide system distributes to 

the brain after intranasal administration of the compound in mice, more elaborate 

conjugation strategies could be envisioned. 
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5.3 Evaluation of a Brain Tissue Specific Conjugate 

In Vitro Assay. Previous work in our group has shown that homing peptides are 

not necessarily permeable to the cell membrane, which may be a problem in delivering a 

drug across the nasal mucosa to the brain. Therefore, we conducted a study to determine 

if the peptide in hand would be permeable to cell membranes. As a positive control we 

used the cell-penetrating peptide Tat conjugated to a TAMRA fluorophore. The negative 

control was run by treatment with vehicle alone. These experiments show that the 

designed peptide is able to cross a biological membrane and that we are able to detect the 

peptide after it crosses the membrane. Briefly, rat primary neuronal cells acquired from 

the cortex of Sprague Dawley rats were plated in poly-D-lysine-coated fluoro-dishes. The 

cells were then treated with the cell penetrating peptide Tat conjugated to the TAMRA 

fluorophore at 10 μM or to FITC-labeled brain homing peptide at 10 μM in neurobasal 

media.2 After 1 hour the fluorescently labeled peptide was removed and the cells were 

washed three times with neurobasal media. Fresh media was then added and the rat 

primary neuronal cells were imaged live. The cells fluoresced at 24 h as compared to 

control (Figure 23). Signal was also still detectable after 96 h, showing the stability of the 

fluorophore after treatment.  

      

Vehicle Only (Neurobasal media) 10 μM Tat TAMRA (24 h) 10 μM Brain Homing Peptide (24 h) 

Figure 23. Cell penetration experiments on primary neurons from rat. 

 In Vivo Assays. The intranasal administration of the brain tissue specific 

conjugate was investigated in C57Bl/6 mice. As mentioned previously, the redox 
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sensitivity of the PROXYL MRI contrast agent precluded its use. Therefore, we 

incorporated a fluorescent reporter group to image the distribution of the compound to 

the brain. Live imaging of the fluorescent compound in the brain was not possible, 

because of the inability to detect fluorescence through the skull. In order to overcome this 

limitation, the mice were euthanized and the brains were harvested for imaging.  

First, the mice were intranasally administered the FITC labeled brain homing 

peptide at 3 mg/kg.  After 1 hour the mice were exsanguinated, skulls removed, and the 

brains were harvested along with the olfactory nerve, and bulb. The olfactory nerve was 

immediately placed in a fluorodish and immersed in PBS and imaged on a Zeiss LSM 

510 confocal microscope. All the other tissues were frozen at -80 °C, and then sectioned 

at 20 micron sections on a cryostat and placed on slides. The tissues were mounted and 

imaged on a Zeiss LSM 510 confocal microscope at 43x magnification. Signal from the 

FITC labeled brain homing peptide was not clearly distinguishable from tissue 

autofluorescence, therefore immunohistochemistry was performed on the FITC labeled 

brain homing peptide treated tissues from this experiment.  

Intranasal delivery of a fluorescently labeled brain homing peptide to the 

brain. The need for optimization of the FITC fluorophore was apparent, in the FITC 

labeled brain homing peptide treated tissue when imaged. The FITC labeled brain 

homing peptide fluoresced in the olfactory bulb, but the signal was also in the same range 

of brain tissue autofluorescence between 300 to 500 nm. To quantify the actual FITC 

signal, the frozen brain tissue sections were treated with a rabbit anti-FITC primary 

antibody. The FITC signal was amplified with antibody treatment as shown in Figure 24. 

This is also shown in the quantification of the fluorescence intensity of the treated brain 
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tissue as compared to control tissue and FITC labeled brain homing peptide without 

antibody treatment (see Figure 27). Therefore, the FITC labeled brain homing peptide did 

reach the olfactory bulb, as confirmed by immunohistochemistry. 

After intranasal administration of the FITC labeled brain homing peptide, the 

olfactory nerve was carefully dissected during the removal of the mouse brain. The 

olfactory nerve was placed in a fluorodish, and immersed in PBS and immediately 

imaged on the Zeiss LSM 510 confocal microscope. As shown the olfactory nerve 

fluoresced significantly when compared to control tissue (Figure 25). This demonstrated 

that the olfactory pathway is a feasible approach for delivering brain homing peptides to 

the brain.   
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Figure 24. C57BL/6 Mouse Olfactory Bulb Treated with FITC Antibody. (A) Frozen 
10 μm slice of mouse olfactory bulb treated with a FITC primary Ab at a 1:50 dilution, 
and then incubated for 1 h. A biotinylated anti-Rabbit secondary Ab was then used to 
treat the tissue in conjunction with ALEXA 488-labeled streptavidin. (B) DIC image of 
A. (C) DAPI stain of A. (D) Merge. 
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Figure 25. Olfactory Nerve after Intranasal Treatment of Brain Homing Peptide. 
(A) Olfactory nerve of mouse after 3 mg/kg treatment of the brain homing peptide with a 
FITC reporter group. (B) DIC image of A. 
 

A.

 

B.

 

C. 

 

D. 

 
 

Figure 26. Olfactory bulb after Treatment with TAMRA brain homing peptide. (A) 
Fluorescent microscope image of 20 μm slice of the olfactory bulb after a 3 mg/kg 
treatment of the brain homing peptide with a TAMRA reporter group. (B) Phase contrast 
image of A. (C) Vehicle only treated tissue (control). (D) Phase contrast of C. 
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Figure 27. Fluorescence Intensity of Brain Homing Peptide Conjugate. Corrected 
fluorescence intensity is the subtraction of background signal from fluorescence intensity. 
The results are presented as mean ± SEM. Data are analyzed using Excel and Image J 
software. 
 

5.4 Summary / Limitations and Alternative Strategies 

From the data collected the 11 amino acid peptide ACTTPHAWLCG has been shown to 

distribute in the brain after intranasal administration. Localization of the brain homing 

peptide into Sprague Dawley rat primary neuronal cells has been shown. The brain 

homing peptide with FITC and TAMRA has been shown to localize into the olfactory 

nerve and bulb of C57BL/6 models, the primary route of intranasal administration to the 

brain. Immunohistochemistry studies confirmed the presence of the delivery system in 

the brain tissue of mice, as FITC signal found in the delivery system was amplified.  

Alternative Strategy and Limitations 

In an effort to optimize visualization of the fluorophore C57BL/6 mice were 

treated with either 3 mg/kg of the TAMRA labeled brain homing peptide. After 1 hour, 

the mice were intracardially perfused with PBS followed by 4% paraformaldehyde. 
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Compared to control tissue and FITC labeled brain homing peptide treated tissue 

treatments alongside TAMRA, the TAMRA labeled brain homing peptide proved to be 

the optimal fluorophore. Its clear distinguishable signal is superior to FITC (Figure 26). 

Quantification of the images was done in ImageJ, the control images were subtracted 

from the treated TAMRA and FITC slides allowing for corrected fluorescence intensity.1 

Ultimately, optimization of the FITC fluorophore was achieved with the use of 

the brain homing peptide with TAMRA. The TAMRA fluorophore is a stable entity that 

allows visualization in brain tissue with minimal auto-fluorescence. Quantification of 

fluorescence further established TAMRA superior fluorescence, one order of magnitude 

greater than the FITC labeled tissue. Ultimately, we can conclude that tissue specific 

approaches could increase the therapeutic window for a drug targeting the brain by 

intranasal delivery. 

 

5.5 Materials and Methods  

All studies were performed at Georgetown University Center for Drug Discovery 

(Washington, DC). All chemical reagents and solvents were purchased from Sigma-

Aldrich (St. Louis, MO), unless otherwise stated. Peptides were also purchased from 

Biomatik (Wilmington, DE).  

Primary Cell Culture. The rat primary neuronal cells were acquired from the cortex of 

Sprague Dawley rats courtesy of Dr. Hyang-Sook Hoe (Georgetown University Medical 

Center, Washington, DC, USA). The neurobasal medium (1X), liquid B-27 serum-free 

supplement (50X), liquid L-Glutamine-200 mM (100X), bovine serum albumin (BSA), 

and liquid penicillin-streptomycin were also purchased from Invitrogen. Poly-D-Lysine 
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coated fluorodishes were purchased from World Precision Instruments (China). The cells 

were grown in neurobasal medium. All media was supplemented with 2% B27 

supplement, 0.25% 100x glutamine, and 1% penicillin-streptomycin. Cells were 

incubated at 37 °C in a humidified atmosphere containing 5% CO2.   

In vitro assays. Briefly, rat primary neuronal cells acquired from the cortex of Sprague 

Dawley rats were plated in poly-D-lysine-coated fluoro-dishes and allowed to grow to 

30-50% confluency. The cells were then treated with the cell penetrating peptide Tat 

conjugated to the TAMRA fluorophore at 10 μM or to FITC-labeled brain homing 

peptide at 10 μM in neurobasal media. After 1 hour the fluorescently labeled peptide was 

removed and the cells were washed three times with neurobasal media. Fresh media was 

then added and the rat primary neuronal cells were imaged live. The images were 

obtained on a Zeiss LSM 510 Confocal Microscope at 63x magnification. 

Immunohistochemistry. The rabbit anti-FITC antibody, biotinylated anti-rabbit IgG, 

and Alexa 488 labeled streptavidin were purchased from Invitrogen (Grand Island, NY, 

USA). Briefly, frozen sections of the FITC-labeled brain homing peptide treated tissue 

were first blocked with 0.1% BSA for one hour.  A rabbit anti-FITC primary antibody 

was added (1:20) for an addition if 24 h at 37 °C. The sections were then washed with 

three times with PBS for 5 min each. The slide were then treated with a biotinylated anti-

rabbit IgG secondary antibody, and then labeled with an ALEXA 488 streptavidin (1:500, 

1 h, 37 °C). The tissues were mounted and imaged on a Zeiss LSM 510 confocal 

microscope 1.4-numerical aperture plan-apochromat oil-immersion objective at 43x 

magnification. 
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In Vivo Model. Adult C57BL/6 mice (18-20 g) were obtained from Harlan Laboratories 

(Frederick, MD, USA) and housed in the Department of Comparative Medicine at 

Georgetown University Medical Center (Washington, DC, USA). To examine the 

delivery of the brain homing peptide to the brain, adult C57BL/6 mice were anesthetized 

via an intraperitoneal injection of xylazine/ketamine cocktail (50-100 mg/kg of 

Ketamine-HCl and 5-10mg/kg Xylazine-HCl). The mice were then intranasally 

administered the FITC or TAMRA labeled brain homing peptide at 3 mg/kg.  After 1 

hour the mice were exsanguinated, skulls removed, and the brains were harvested along 

with the olfactory nerve, and bulb. The olfactory nerve was immediately placed in a 

fluorodish and immersed in PBS and imaged on a Zeiss LSM 510 confocal microscope. 

All the other tissues were frozen at -80 °C, and then sectioned at 20 micron sections on a 

cryostat and placed on slides. The tissues were mounted and imaged on a Zeiss LSM 510 

confocal microscope 1.4-numerical aperture plan-apochromat oil-immersion objective at 

43x magnification. 
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CONCLUSION 

The current work has described the design, and evaluation of tissue specific 

peptide conjugates for drug delivery for breast and brain tissue. The studies presented 

have provided valuable insight into the development of a non-toxic selective and specific 

delivery system. The goal of our studies was to potentially increase the therapeutic index 

of clinical reagents to better treat and efficaciously deliver therapies to pathological 

tissues. The results described in this work highlight a tissue-specific construct comprised 

of a homing peptide for selective binding to human breast-derived cells, and brain tissue. 

Our molecular construct allows for tissue specific drug delivery, by binding the vascular 

endothelium of the tissue of interest.  

In Part I of this work the breast homing peptide evaluated in our studies is a cyclic 

nine amino acid peptide with the sequence CPGPEGAGC, referred to as PEGA. We have 

shown by confocal microscopy, that the PEGA peptide and similar peptide conjugates 

distributed to human breast tumor xenograft specifically, and evaluated the interaction 

with the membrane-bound proline-specific APaseP (KD = 723 nM) by binding studies. To 

achieve intracellular breast cancer cell delivery, the incorporation of the Tat sequence, a 

cell-penetrating motif derived from HIV, was successfully conjugated with the 

fluorescently labeled PEGA peptide sequence. In addition, the conjugates designed were 

stable in solid phase peptide synthesis and were synthesized in high yield. 

Future work will involve three areas of the study described for the breast tissue 

specific conjugate. The binding assays performed on the breast tissue specific drug 

delivery conjugate need to be elucidated. The nanomolar biding observed by the PEGA-

TAT-TAMRA moiety in the binding assay may not be entirely explained by the 
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interaction (binding affinity) of PEGA and APaseP alone. The Tat cell penetrating 

peptide is known to bind the cell membrane by forming ionic interactions that initiate the 

uptake process.99 These same interactions can potentially occur in the active site of 

APaseP, or other sites on the ectodomain of the protein resulting in the nanomolar 

binding affinity observed in the assay described. In order to address this question it would 

be important to perform the binding assay with the PEGA-TAMRA moiety alone, in 

addition to a competitive binding assay utilizing bradykinin, a known ligand for APaseP. 

These experiments could clarify the kinetic relationship between the breast homing 

peptide sequence and APaseP. Another important experiment would be a co-

crystallization of the binding partners (PEGA and APaseP). By using X-ray 

crystallography the atomic and molecular structure of the binding interaction would be 

shown. With crystallization, the chemical nature of the bonding between PEGA and 

APaseP would be determined. Specifically, the type of non-covalent interaction occurring 

at the residues involved in the interaction between PEGA and APaseP would be known. 

This would be vital from a drug discovery perspective as this could open avenues for 

peptide sequence optimization and SAR studies.  

The second area of future work would be to use wild type and other breast cancer 

cell lines as xenografts to allow for further investigation of the in vivo environment. 

Further studies could elucidate the role of angiogenesis and endothelial vasculature in 

different breast cancer settings (ER+/ER-/triple negative cancers) necessary for delivery of 

our system. In our experiments the breast adenocarcinoma model (MCF-7) in nude mice 

was unable to visualize the full potential of the tissue specific delivery. Lack of 
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significant mammary pad tissue in nude mice may have limited the efficiency of 

distribution of the breast tissue specific drug delivery conjugate in vivo.  

The third area of future work is the coupling of the therapy to the breast tissue 

specific drug delivery system. A synthetic weakness encountered when coupling the drug 

Bleomycin (BLM) to the alkyne on the breast tissue specific conjugate is the aggregation 

of the conjugate (peptide) in solution. Natural peptides are know to often aggregate in 

solution and form hydrophobic patches.47 A strategy to overcome this limitation, which 

was experienced in the click chemistry coupling of BLM and the anti addictive agent, 

Sazetidine A, is to alter the physicochemical properties of certain amino acid residues by 

chemical modification. Examples of chemical modification include, N-methylation, 

substitutions, and introduction of stabilizing alpha helices. 47  

Another pitfall encountered in the coupling of BLM to breast tissue specific 

conjugate was that the click chemistry methodology required the [3+2] cycloaddition to 

react in the presence of catalytic amounts of Cu(I) for the reaction to be successful. BLM 

is a strong metal chelator and did not allow the Cu(I) to catalyze the desired [3+2] 

cycloaddition. Although we increased the catalytic amount of Cu(I) by two molar 

equivalents to account for the possible chelation of BLM, the product was not collected 

in several attempts to synthesize the drug conjugate. Another strategy to this synthetic 

route is to use a copper-free click chemistry approach. This approach could also be used 

for the Sazetidine A analog coupling as well. In this method, the drug-linked azide 

moiety would remain the same but an amino acid-linked cyclooctyne would be the alkyne 

donor. This method works by incorporating an alkyne into a strained eight-membered 

ring system (cyclooctyne), which allows for a strain-promoted [3+2] cycloaddition.51, 53, 55 
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The destabilization introduced by ring strain affords a significant rate acceleration of the 

reaction as compared to unstrained alkynes. 53 Therefore, this synthetic route could result 

in the desired drug-linked amino acid.  

Lastly, before our work, the target of the breast homing peptide had not been 

clearly shown in the literature. From our work we can conclude that the target of the 

breast tissue specific conjugate is found in the endothelial vasculature, specifically 

APaseP, as the Essler and Ruoslauhti paper suggested.4 Homing peptides, short amino 

acid sequences, like PEGA derived from phage display libraries, bind the vascular 

endothelium of the tissue of interest, which include normal and cancer-derived tissues. In 

our in vivo data we found that the localization of the breast tissue conjugate was found 

along the vasculature around and inside the tumor. We note that our in vivo assay was the 

MCF-7 tumor xenograft is derived from mammary epithelium was implanted in the 

mammary fat pad of a mouse. The mammary fat pad in mouse and humans houses a 

vascular and lymphatic system that functions as a local site for hormone action, the 

provision of lipids, and growth factor synthesis.100 For the growth of the MCF-7 

xenograft in the mammary fat pad the development of a tumor vasculature or access to 

the host vasculature was necessary.101 This is a crucial step for the survival and metastasis 

of malignant tumors.101 From our xenograft model we noted fluorescence along the 

serpentine tumor vessels, and at the tumor–host interface where tumor blood vessels were 

more abundant. We conclude that the target APaseP of our drug delivery system can be 

found in de novo vasculature, specifically, angiogenic tumor blood vessels in our animal 

models making it a novel and potentially efficacious target for drug delivery.  
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 In Part II of this work, we showed that a cyclic eleven amino acid peptide with 

the sequence ACTTPHAWLCG, referred to as the brain homing peptide distributes in the 

brain after intranasal administration. The fluorescently labeled brain homing peptide was 

shown to localize into the olfactory nerve and bulb of C57BL/6 models, the primary route 

of intranasal administration to the brain. We also found that a TAMRA-labeled brain 

homing conjugate was successful in visualizing localization of the conjugate in the brain.   

An area of future work in this study would be optimization of the drug Sazetidine 

A. Currently, in our laboratory we have synthesized other enantiomers of two analogs of 

Sazetidine-A as well as other novel biosteric analogues. Their binding affinities at three 

major nAChRs subtypes and selectivity profiles were determined and are better 

candidates for drug delivery due to their high binding affinities and good subtype 

selectivities.102 These analogues could also be better candidates for azide or alkyne 

functionalization, and in turn click chemistry coupling to the brain tissue specific 

conjugate. 

 Another alternative strategy that could successfully enhance tissue specific 

delivery and build upon the findings found in this work is peptide-functionalized 

nanoparticles. Nanoparticles are small (from a few to 200 nm in diameter) particles that 

can serve as drug carriers and contrast agents (for imaging) in medicine.103 Although 

nanoparticles are larger than small molecules alone tumor blood vessels are more readily 

available for targeting due to the vascular leakiness hallmark to tumor vasculature.103 

Therefore, chemically functionalizing a cell penetrating peptide and homing peptide 

could be a feasible tissue specific alternative to peptide conjugate delivery alone. In 

addition, to overcome the limitations of coupling of the drug to the tissue specific 
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conjugate, nanoparticle therapeutic loading can be achieved by two synthetic methods: 

one, by incorporating the drug at the time of nanoparticle production or secondly, by 

adsorbing the drug after the formation of nanoparticles by incubating them in the drug 

solution.104 Lastly, a tissue specific nanoparticle could be a feasible means of drug 

conjugate delivery.  

Ultimately, tissue specific peptides and their conjugates could enhance drug 

delivery and treatment, by their ability to discriminate between tissue types. Tissue 

specific conjugates as we have designed may be valuable tools for drug delivery and 

visualization, including the potential to treat cancer and other disease, while minimizing 

systemic toxicity due to their tissue targeted approach.  
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APPENDIX A: SUPPORTING INFORMATION 
 

 

 

 

 

 

Figure S1. Fluorescence Detection of the Breast Homing Peptide PEGA with 
TAMRA Fluorophore. (A) Fluorescence detection of PEGA TAMRA peptide conjugate 
in MCF-7 cells by confocal laser scanning microscopy; (B) DIC image. Cells were 
incubated with 10 μM PEGA TAMRA peptide conjugate fluorophore for 60 min 
followed by imaging in fluorescence mode at 63x magnification. The PEGA TAMRA 
peptide conjugate only binds the membrane of MCF-7 cells indicated by the purple 
signal.  
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Figure S2. HPLC trace of 1A. 
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Figure S3. HPLC trace of 2A.  
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Figure S4 HPLC trace of 3A.  
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APPENDIX B: ABBREVIATIONS 
 

°C degrees   Celsius 

µM    Micromolar 

A   Alanine 

A-549   Human alveolar adenocarcinoma cell line 

Ab   Antibody 

APaseM  Aminopeptidase M 

APaseN  Aminopeptidase N 

APaseP  Aminopeptidase P 

B27   Serum free supplement 

BBB   Blood brain barrier 

BLM   Bleomycin 

Boc   Di-tert-butyl dicarbonate  

C or C*  Cysteine 

C1   Biacore sensor chip 

CO2   Carbon dioxide 

Cu   Copper  

CuI   Copper (I) iodide 

C57BL/6  Black 6 mice 

CPP   Cell penetrating peptide 

DCC   Dicyclohexylcarbodiimide 

DCM    Dichloromethane 

DEAD   Diethyl azodicarboxylate 
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DIC   Differential interference contrast 

DIEA   Diisopropyl ethyl amine 

DMAP   4-Dimethylaminopyridine 

DMEM  Dulbecco’s modified eagle medium 

DMF   N,N-dimethylformamide 

DMSO   Dimethylsulfoxide 

E   Glutamic acid 

Et3N   Ethylamine 

EtOAc   Ethyl acetate 

Eqv   Equivalents 

FBS   Fetal bovine serum 

FC   Flow cell 

FITC   Fluorescein isothiocyanate 

Fmoc   Fluorenylmethyloxycarbonyl chloride  

g   Gram 

G   Glycine 

GUACUC  Georgetown University Animal Care and Use Committee 

H   Histidine 

H2O   Water 

HCl   Hydrochloric acid 

HOBt   N-hydroxybenzotriazole 

HPLC    High performance liquid chromatography 
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HBS-P Buffer: 0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v 

Surfactant P20 

iPr2Net   N,N-Diisopropylethylamine 

IR   Infrared spectroscopy 

K   Lysine 

KD   Equilibrium dissociation constant 

L   Leucine 

LC   Liquid chromatography 

LiCl   Lithium chloride 

LSM   Laser scanning microscope 

M   Molar 

MAESTRO  2D fluorescence imaging system for animals 

MAP   Model amphipathic peptide 

MCF-7   Human breast adenocarcinoma cell line 

MDA-MB-231 Human breast adenocarcinoma cell line 

MeOH   Methanol 

mM   Millimolar 

MRI    Magnetic resonance imaging 

MS    Mass Spectroscopy 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NaN3   Sodium azide 

Na2SO4  Sodium sulfate 

P   Proline 
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PBS   Phosphate-buffered saline 

PC-3   Human prostate cancer cell  

PEGA   Breast homing peptide, CPCPEGAGC 

Pd(PPh3)2Cl2  Bis(triphenylphosphine)palladium(II) dichloride 

Ph3P   Triphenylphosphine 

PVec   Cell penetrating peptide 

PyBOP Benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate 

Q   Glutamine 

R   Arginine 

R.T.    Room temperature 

S   Seconds 

SEM    Standard error of the mean 

SPPS   Solid phase peptide synthesis 

T   Tyrosine 

TAT   Cell penetrating peptide 

TAMRA   Tetramethylrhodamine 

TBST   Tris-buffered saline/ 0.3%Tween-20 

THF   Tetrahydrofuran 

TIS   Triisopropylsilane  

TFA   Trifluoroacetic acid 

TLC    Thin layer chromatography 

TsCl   Tosyl chloride 
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UV   Ultraviolet 

Vis   Visible 

W    Tryptophan 

XPNEP1  Aminopeptidase P recombinant protein 
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