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Abstract

Cytotoxic chemotherapies are used to treat breast cancer, but are limited by systemic toxicity. The 

key to addressing this important issue is the development of a nontoxic, tissue selective, and 

molecular specific delivery system. In order to potentially increase the therapeutic index of clinical 

reagents, we designed an Aminopeptidase P (APaseP) targeting tissue-specific construct 

conjugated to a homing peptide for selective binding to human breast-derived cancer cells. 

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 to APaseP in the vascular endothelium. 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 

with the membrane-bound proline-specific APaseP (KD = 723 ± 3 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. Ultimately, tissue specific peptides and their conjugates can 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 breast cancer, while simultaneously minimizing systemic toxicity.
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Graphical abstract

INTRODUCTION

Protein molecular targets are the predominant focus of drug discovery and delivery, as they 

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

transtuzumab (Herceptin), has made major advances for breast cancer; however, its efficacy 

has been limited by resistance, 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, nonpathological 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 develop tissue specificity, cell penetration, and tumor delivery 

in 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 peptide with the sequence 

CPGPEGAGC, referred to as PEGA.4 Shown to selectively localize to breast tissue, the 

PEGA sequence is a critical component to 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

APaseP is 96.3 kDa 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 10.7 The membrane-bound form can be found on the plasma membrane of 

endothelial and epithelial cells.7 APaseP catalyzes the removal of any unsubstituted N-

terminal amino acid adjacent to the penultimate proline residue.6 The nine-amino-acid 

bradykinin is a known ligand for APaseP.7 The PEGA peptide which is similar to bradykinin 

has been reported to bind to APaseP by column affinity chromatography.4
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Aminopeptidases are ubiquitously expressed in a variety of human tissues, and are named by 

the amino acid they preferentially cleave, and at least 11 aminopeptidases (subtypes N, M, 

A, and L) besides APaseP have been reported.8 Aminopeptidase N (APaseN) is a ubiquitous 

(100 kDa) peptidase found mainly on the epithelial cells of the small intestine and kidneys, 

monocytes, and granulocytes, and in endothelial cells in a variety of tissues.9,10 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.9–11 Aminopeptidase M (APaseM), a 280 kDa peptidase widely distributed in 

various human tissues, such as the kidneys, intestines, and liver,12 has been 

pharmacologically linked to cell growth, angiogenesis, and tumor progression, and has been 

used to determine pharmacological markers of cancer.13 Alanine aminopeptidase (236 kDa) 

found in several tissues is used as a marker of kidney function, and can help detect kidney 

disorders following urinalysis.14 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.15,16

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 Therefore, to directly target breast tissue we focused our 

conjugate design efforts on APaseP, along with the addition of a transcription-activating 

factor (Tat) derived from HIV-1 for cell penetration of conjugate. Since the interaction 

between PEGA and APaseP may be limited to the cell’s surface, an improved drug delivery 

conjugate may be realized with cellular internalization.4

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

expression.17 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.18–22 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.18 

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 

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.18,19 Therefore, using more efficient cell penetrating peptides like model 

amphipathic peptide (MAP) and transportan that cause cellular leakage was not ideal.18 

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

amino-acid peptide derived from murine vascular endothelial-cadherin protein.23 Although 

pVEC had shown efficacy in the delivery of nitrogen mustard, chlorambucil, to breast-

derived cells when coupled to PEGA, pVEC itself has been shown to exhibit hemolytic 

properties.5,24 In addition, Tat has higher protein transduction efficiency and fluorescent 

readout when compared to pVEC.24,25 Tat has also been successfully coupled to 

nanoparticles to enhance their cellular penetration; and doxorubicin, an anti-neoplastic drug, 
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via an N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer with a fluorescein label 

and effectively allowed for cell entry.26 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 both addressed in the design of the drug delivery 

conjugate, by PEGA and Tat, respectively.

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. 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.27 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 autofluorescence from 300 to 500 nm rendering 

signal interpretation problematic.27 For in vitro studies TAMRA is potentially ideal for live 

cell and in vivo imaging because of its stability, and its detection would not be affected by 

autofluorescence.

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 1A). 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.

RESULTS

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 

1B). 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.28 The addition of the 

fluorophore-functionalized lysine was easily introduced into the peptide synthesis. Upon 

completion of the 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 during the acid induced cleavage of the peptide.28 After 3 h 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.29,30
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Tissue Specific Expression of APaseP in Breast Cancer Derived Cell Lines

To achieve an effective and specific drug delivery conjugate utilizing the PEGA binding 

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

effective drug delivery system, differential expression of APaseP would be critical. 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 2). 

The breast cancer cell lines showed robust staining for APaseP, indicating the tissue-specific 

binding properties of PEGA to breast-derived tissues.

Binding Affinity of Breast Tissue Drug Delivery Conjugate for Aminopeptidase P (APaseP)

A Biacore assay was used to determine the binding affinity of APaseP for the breast tissue 

specific drug delivery conjugate. During Biacore analysis, APaseP was immobilized directly 

onto the flow cell (FC).27,31,32 The breast tissue specific drug delivery conjugate was run in 

the mobile phase in HBS-P (10 mM Hepes/150 mM NaCl/0.05% P-20). These analytes were 

injected over the FC at varying concentrations. Assuming a (1:1) analyte binding model, the 

breast tissue specific drug delivery conjugate showed binding affinity to APaseP, KD = 723 

± 3 nM. Bradykinin, a physiological ligand to APaseP, bound APaseP at KD = 15.3 ± 8 

&mu;M. The observed KD demonstrated nanomolar binding between construct 3B and 

APaseP (Figure 1B and Table 1).

Cytotoxicity of Breast Tissue-Specific Conjugate in the MCF-7 Breast Cancer Derived Cell 
Line

To determine the toxicity of the conjugate, the PEGA peptide and Tat peptide were treated 

with serial dilutions of each 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 nor Tat TAMRA peptide was toxic to cells. The conjugate itself did not 

decrease cell viability when compared to control up to concentrations of 25 μM (Figure 3). It 

had been previously shown that the Tat peptide does not induce membrane leakage up to a 

concentrations of 20 uM, suggesting that the peptide building blocks and conjugate showed 

no toxicity to cells.18,33

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 h 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 4. The Tat-TAMRA labeled peptide 

entered all cell types, whereas the conjugate only entered breast-derived cells.
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As shown in Figure 4, the breast tissue specific conjugate conferred tissue selectivity that 

overcame Tat’s nonspecific cell penetration. Quantification of the fluorescent intensity 

revealed similar results that the breast tissue specific conjugate was more selective for breast 

cells than lung or prostate (Figure 4D). 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 1B). 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 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 

the loss of breast tissue selectivity. The distribution of the PEGA modified 2 sequence 

fluorescence, and fluorescence intensity was similar to that of 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 h post treatment in cells. Cells showed no signs of stress after treatment. In addition, 

the PEGA peptide alone did not enter breast-derived cells (Figure S1). This result suggests 

that the PEGA-APaseP interaction may be limited to the cell surface and PEGA alone does 

not allow for cellular entry. Z-stacking data was also collected in breast and lung cancer cell 

lines post treatment of the breast tissue specific conjugate. 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. Careful consideration was taken when 

performing these studies, because fixation has been known to distort localization studies and 

give false positive CPP localization in the cytosol and nucleus.34 Determining the correct 

localization and distribution of the conjugate is critical in determining its efficacy as a 

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.

In Vivo Localization of the Breast Tissue Specific in a 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.35 In an effort to 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 
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distribution of the conjugate in vivo, fluorescent whole animal images were collected upon 

intravenous administration of the conjugate in phosphate buffered saline (PBS). 

Fluorescence signal was detected in the tumor margins, less than 5 min after administration 

(data not shown). After 10 min there was noticeable distribution in the tumor and mammary 

tissue (Figure 5B). In addition, fluorescence was detected in the bladder of the animal 

(Figure 5C), suggesting that urinary excretion may be the main route of elimination of the 

conjugate.

DISCUSSION

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. 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 or 

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 h, and nontoxic for up to 96 h. The 

nontoxic nature of the conjugate may 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 the C-terminus of the amino acid, allowing for a variety of 

therapeutic agents to be conjugated involving different chemical couplings.13,14 Solid phase 

peptide synthesis also proved to be very effective means of synthesis, and 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. Possible limitations from our studies reside in the breast cancer 

xenograft model. It is possible that the breast adenocarcinoma model was not adequate 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, 
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elucidating its binding kinetics and tumor visualization properties, which were accomplished 

within the scope of this paper. This proof-of-concept study showed that Aminopeptidase P is 

a promising target for breast tissue specific drug delivery.

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 

min 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 1 min, and then manually shaken 

for 30 s. 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 min on a shaker 

table. After 5 min the solution was eluted and the beads were washed with 15 mL of DMF 

(10×). 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) Reaction mixture of 3.5 equiv of amino acid as a powder, 

3.4 equiv of PyBOP, and 3.4 equiv 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 equiv of DIEA was then 

added to the vessel; (4) the reaction vessel was then capped and placed on a shaker table and 

allowed to react for 75 min; (5) upon completion, the solvent was eluted from the vessel; (6) 

the beads were then rinsed with 20 mL of DMF (5×), 20 mL of DCM (3×), 20 mL of DMF 

(4×); (7) a small aliquot of beads was 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 (10×), 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.28 The beads were taken up in 30 mL of methanol and the peptide was 

cyclized by air oxidation in solution. The beads were then 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 the final peptide sequence on resin in the reaction vessel. The vessel was 

swirled every 30 min for 5 min intervals, and the cocktail was allowed to react with the 

beads for 3 h. 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 of its original volume 

and allowed to stir overnight to promote cyclization of the peptide by air oxidation. Cold 

ether (25 mL) 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 
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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 × 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 min, and then 100% for 5 min was 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.

Synthesis of TAMRA Labeled Lysine

A solution of TAMRA succinimide ester (0.08 mmol; 0.050 g) in 30 mL of DMF was added 

to Fmoc-lysine (1 equiv) in a round-bottom flask and placed in an ice bath. DIEA (2 equiv) 

was immediately added to the reaction. The mixture was allowed to react for 30 min, and 

then removed from the ice bath. The solution was then allowed to stir for 2 h and warmed to 

room temperature. HCl (2 M, 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 × 20 mL) and LiCl(aq) (3 × 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 NMR (400 MHz; 

CDCl3): δ = 1.49–1.51 (6H, m, 3×CH2), 1.53–1.80 (6H, m, 3×CH2), 1.87 (6H, s, 2×CH3), 

1.92 (2H, q, CH2), 2.74 (6H, s, 2×CH3), 3.14 (2H, t, CH2), 3.19 (2H, t, CH2), 4.26 (2H, m, 

2×CH), 4.28 (2H, d, CH2), 7.2 (1H, s, CH), 7.99 (3H, m, 3×CH), 8.09 (2H, m, 2×CH), 8.27, 

(3H, m, 3×CH).

Tumor Cell Culture

The carcinoma cell lines MCF-7, MDA-MD-231, A-549, and PC-3 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 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 MCF-7, MDA-MD-231, A-549, and PC-3 carcinoma cell lines were grown 

in six-well plates 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 min 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 1× PBS for 5 min each. The fluorochrome-conjugated 

secondary antibody, Alexafluor 488 labeled anti-IgG secondary, was diluted in antibody 
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dilution buffer and treated for 1–2 h at room temperature in the dark. The specimens were 

rinsed three times in 1× 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 63× 

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 by amine coupling of XPNPEP1, 

in pH 4.0 and 10% acetate buffer. Samples were prepared in HBS-P (10 mM Hepes + 150 

mM 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 s and dissociation time of 120 s. Double-referencing 

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

nonspecific binding.31,32 Data were evaluated with BIAevaluation software, and the best fit 

(lowest χ2) was obtained using a 1:1 binding model.31,32 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 serially diluted in prewarmed culture medium. 

Methylthisazolyldiphenyltetrazolium 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 

prewarmed medium containing the different concentrations of the compounds from 500 nm 

to 25 μM.33,36 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, and PC-3 carcinoma cells were cultured in media on a 

fluorodish with glass bottom (World Precision Instruments, 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 (3×). 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.37–39 ImageJ software 

was used for image processing and analysis.40–42 The image magnification was 63×. The 

pseudocolor of TAMRA is green. Z-stack analysis was performed on MCF-7 and A-549 
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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.37

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 long-pass filter.38,43

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 left 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 the tumor implants reached ~80 mm3, the 

tumor-bearing mice were subjected to in vivo studies.35,44,45 After 1 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.45,46

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 long-pass. The acquisition 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 nose-cone 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.37 Images were 

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

imaged for 20 min 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.37
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Figure 1. 
Design and structures of breast tissue specific conjugates. (A) Composed of four 

components as follows: (1) TAT, cell penetrating sequence; (2) tissue specific homing 

moiety; (3) fluorescent tag; and (4) synthetic handle. (B) Solid phase peptide synthesis was 

used to synthesize the drug delivery conjugates with a tetramethylrhodamine fluorophore 

functionalized lysine. C* refers to cysteine amino acid.
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Figure 2. 
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.
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Figure 3. 
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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Figure 4. 
Fluorescence detection and quantification of the breast tissue specific drug 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). (E) 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 

ImageJ software. *P ≤ 0.05, ** P ≤ 0.01. (F) 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), and 10 (purple) μM of the conjugate for 60 min and analyzed by 

flow cytometry.
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Figure 5. 
In vivo fluorescence localization of the breast tissue specific conjugate in MCF-7 tumor 

xenograft model. (A) 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) Main route of elimination of the nontoxic drug delivery 

conjugate may be through urinary excretion.
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Table 1

Binding Affinity of the Breast Tissue-Specific Conjugate (3B) for APasePa

Peptide Conjugate KD (M)

(3B) 723 ± 3 nM

Bradykinin 15.3 ± 8 μM

(1B) 430 ± 5 nM

Brain Homing Peptide NB

a
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. NB = no binding
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