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ABSTRACT
Cancer remains a significant healthcare burden worldwide and novel strategies to improve treatment
outcomes with improved patient quality of life are needed. Recently, nanomedicines, which encapsulate a
therapeutic drug within a protected core, have been added to the repertoire of therapeutic options for a number of
diseases. Nanomedicines provide increased circulation time and bioavailability for their encapsulated cargo, and can
enhance the toxicity profile of therapeutic molecules in cancer cells. However, there are still significant doselimiting and off-target toxicities that lead to poor clinical outcomes. Active targeting of nanomedicines to malignant
cells may improve the therapeutic index of otherwise non-targeted nanomedicines. Phage display, a tool that uses a
bacteriophage or ‘phage’ vector to display randomized peptide fusions within a structural protein of the parent
vector, has been used by a number of research groups to identify ligands that interact specifically with the target
cancer cells.
In this project, two landscape phage display libraries were used to identify a number of novel ligands that
interact specifically with overexpressed cell surface receptors on a non-small cell lung cancer (NSCLC) cell line.
Two predominate phage clones, ANGRPSMT and VNGRAEAP, were shown to be selective for their target cells
and the amino acids surrounding the common NGR motif can modulate the endocytic pathway of uptake and
subcellular distribution of intact phage clones. The utility of these two peptides to increase cytotoxicity of a
liposomal nanomedicine (Lipodox) by incorporation of the full-length phage major coat protein, pVIII, which
displays the cell-specific fusion peptide on the exterior of the liposome membrane after insertion, was demonstrated.
The VNGRAEAP-modified Lipodox performed better than ANGRPSMT-modified Lipodox. This showed that
internalization of the targeting ligand is required for improved drug delivery. The increase in toxicity was
determined to be due to an increased rate of intracellular doxorubicin uptake when compared to untargeted Lipodox.
It was hypothesized that this actively-targeted drug delivery system could be translated into a functional
screening assay in which selected ligands from either of the landscape phage display libraries could be screened for
improved toxicity in the context of a common nanomedicine core. This strategy would prove more advantageous in
comparison to a system developed through rational design based on binding data alone. Additionally, a novel pVIII
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protein isolation procedure, which allows for rapid modification of a common nanomedicine core (Lipodox) with
minimal modifications to the liposome integrity and drug retention, was developed. In this context, a novel
characterization assay for quantification of protein modification to targeted liposomes using flow cytometry and
characterization of protein orientation using a novel dot blot assay was also established. Using this screening assay,
seven ligands that displayed increased functional activity when compared to unmodified Lipodox were identified. In
a doxorubicin-sensitive cell line (breast cancer; MCF-7), four ligands – DMPGTVLP, ANGRPSMT, VNGRAEAP,
and ANDVYLD – were determined to be functionally active. Similarly, in a doxorubicin-resistant cell line
(pancreatic cancer; PANC-1), three ligands with structurally similar YL motifs increased toxicity at least 2-fold in
comparison with unmodified Lipodox. Results provide evidence of the utility of this platform for large scale
functional screening of targeted nanomedicine preparations in a number of cancer phenotypes.
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CHAPTER 1
ACTIVE TARGETING OF ANTICANCER NANOMEDICINES
1.

Failure of Classic Small Molecule Chemotherapies
Significant progress has been made in the management and treatment of malignant neoplasms; however

cancers are still recognized as a leading cause for mortality in the United States and worldwide (Mathers et al.
2008). Classically, efforts in tumor management using different cytotoxic drugs rely primarily on the specificity of a
given drug to selectively kill cells undergoing mitosis. In general, chemotherapeutic drugs accumulate nonspecifically in all reachable cells. Once high enough concentrations of the cytotoxic drugs accumulate within the
cells, most classic chemotherapies will act by interfering with progression of a cell through the cell cycle and cause
cell death by apoptosis or other mitotic catastrophes. Several common classes of chemotherapies that are classified
by their mechanism of action, including: alkylating agents (Bignold 2006), anti-metabolites (Kaye 1998), anti-tumor
antibiotics (Galm et al. 2005; Abdella & J. Fisher 1985), topoisomerase inhibitors (Pommier 2006), and mitotic
inhibitors (Chan et al. 2012). Each class of chemotherapy is intended to interfere with a certain defined process
within the cell cycle or to cause direct damage to DNA molecules, thereby inhibiting cell replication. Once these
cells accumulate in a stalled cell state, and if they are unable to repair the damage or bypass the defect, they will
begin the process of programmed cell death or apoptosis. Thus, commonly used chemotherapy drugs provide an
initial level of cell cycle-specific targeting by inhibition of specific processes within the normal cell cycle.
Combinations of several different classes of small molecule drugs have been used successfully in the clinic for
decades. However, despite the effects achieved by cell cycle-specific targeting, there are significant side effects
and/or increased risk factors for increases in toxicity due to non-specific accumulation of these drugs. For example,
doxorubicin is commonly known for its severe cardiotoxicity, and as a result, patients are limited to a maximum
lifetime treatment dose that is considered safe in order to prevent severe complications (Chlebowski 1979).
Improvements in small molecule drugs have led to the development of a new class of tyrosine kinase inhibitors
(TKIs), such as Gleevec, which act by modulating growth signaling pathways aberrantly expressed in certain
cancers. TKIs have shown significant improvements in cancer management, however tumors are still prone to
develop drug resistance and lack treatment response in the general, unselected patient population (Arora & Scholar
2005).
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Several limitations have been observed with traditional small molecule therapies, apart from the nonspecific cell accumulation. These include: 1) rapid blood clearance, 2) poor aqueous solubility for certain
hydrophobic molecules, 3) inherent susceptibility to ATP-binding cassette (ABC) transporters, and 4) rapid
degradation/modification into a non-toxic, non-active metabolite (Z. G. Chen 2010). These limitations have
traditionally been overcome by altering dosing schedules and/or increasing doses, administration of the small
molecule with a biologically-compatible excipient (Buggins et al. 2007; Gardner et al. 2008), or modulation of ABC
transporter activity (Shukla et al. 2011). Despite these improvements, it is common for these drugs to have a low
therapeutic index – typically defined to be the ratio of the highest exposure of drug that results in no toxicity to the
exposure that produces the desired effect (P. Y. Muller & Milton 2012). Drugs that have a low therapeutic index
often result in sub-optimal patient quality of life. There is a critical need for improvements in cancer drug delivery
systems that would result in improved patient care with increased survival time post-treatment.
2.

Rise of Nanomedicines and Drug Delivery Systems
The last few decades have witnessed significant advances in nanotechnology, which deals with particles in

the scale of 1-1,000 nm in any single dimension (Ferrari 2005). Nano-scale devices have been developed for a
number of applications that fall broadly into three categories: diagnostic (Grodzinski et al. 2006), therapeutic (Petros
& DeSimone 2010), or theranostic. The latter is an emerging treatment paradigm that combines disease diagnostics
with therapeutics into a single device (Xie et al. 2010). Following is a brief discussion of therapeutic nanoparticles.
Many of the same principles that apply to nanomedicines also apply to diagnostic nanoparticles. Therapeutic
nanoparticles, or nanomedicines, are composed primarily of two major components: a therapeutic molecule and a
drug delivery system/nanocarrier. Nanomedicines can also be modified to contain additional components including a
polymer coating, like polyethylene glycol (PEG), a targeting molecule(s), or a reactive linker molecule. Drug
conjugates, nanoparticles composed of a therapeutic molecule covalently attached to one or more of the additional
component like PEG, are also classified as nanomedicines because of their nano-scale size and similar biological
properties even though they lack a defined nanoparticle core.
A common characteristic of nanomedicines is their ability to improve the systemic bioavailability of small
molecule drugs and subsequently improve their therapeutic effect by providing prolonged circulation of such
molecules in a patient (Ventola 2012). It is clear that nanomedicines increase the circulation time of a therapeutic
molecule when compared to non-encapsulated forms (Gabizon et al. 1994). In general, encapsulation of a
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therapeutic molecule within a nanomedicine core greater than ~10 nm in diameter prevents rapid renal clearance
(Longmire et al. 2008) and provides protection against metabolic degradation (Paolino et al. 2010; Immordino et al.
2004). Both of these mechanisms lead to loss of activity. However, because of the inactivation of renal clearance
mechanisms, nanomedicines, such as liposomes, are rapidly cleared in the liver or through actions of the
mononuclear phagocyte system (MPS)1. Therefore, modifications must be made to the nanocarrier to prevent such
rapid clearance (Gabizon & Papahadjopoulos 1988). Traditionally, this is achieved by coating the nanomedicine
with a biologically unreactive polymer coating such as PEG to prevent binding of serum opsonins (Gabizon et al.
2003; Lankveld et al. 2011). Despite improvements in bioavailability provided by polymer coatings, nanomedicines
are still rapidly removed after repeated doses by a phenomenon referred to as accelerated blood clearance (ABC)
(Ishida et al. 2003; Ishida & Kiwada 2008). This emphasizes the need for improved therapeutics with increased
activity in a single dose to prevent therapeutic intolerance. Untargeted nanomedicines alone increase the therapeutic
index compared to their unencapsulated counterparts via mechanisms discussed above. However, dose limiting
toxicities still remain and non-specific accumulation of nanomedicines in the liver, spleen and other components of
the MPS produce undesired side effects.
In the early 1900s Paul Ehrlich pioneered the concept of a therapeutic “magic bullet” and ushered in the era
of modern chemotherapy research (Strebhardt & Ullrich 2008). This idea that a therapeutic molecule could be
delivered specifically to diseased cells within an organism, serves as the foundation upon which various research
groups have built for the past hundred years. Once delivered, the therapeutic molecule was envisioned to provide
curative treatment of the disease by either correction of the disease state or removal of the diseased cells. While
leaving the healthy cells unharmed. Ehrlich proposed that this could be achieved through specific interactions of an
antigen interacting with a side chain or receptor molecule expressed on the surface of a cell (Strebhardt & Ullrich
2008). This led to the general hypothesis that nanomedicines could be targeted specifically to cancer cells by a
process termed active targeting, a term that describes the accumulation of a nanocarrier in a target due to cellspecific, ligand-receptor interactions (Bae & K. Park 2011). Following is a short review of the field of actively
targeted anti-cancer nanomedicines with a specific focus on the benefits and properties achieved through active
1

Also referred to as the Reticuloendothelial System (RES) in older literature, but has been replaced for the term

MPS as it is now understood that most endothelial cells do not possess phagocytic activities like macrophages
(Singh 2006).
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targeting of peptide ligands. Included is a brief summary of future directions and areas requiring additional study in
this rapidly developing field.
3.

Present Trends in Actively Targeted Nanomedicines
Active targeting can be achieved by a variety of different reactive moieties including those provided by

small molecules, peptides and proteins, DNA aptamers, antibody fragments, or even whole antibodies. These ligands
can be generated from a number of sources including naturally derived products, phage display libraries (G. P.
Smith & Petrenko 1997), aptamer libraries (Cerchia & de Franciscis 2010), or engineered antibodies (Attarwala
2010). Regardless of the type of ligand used, there are a number of factors that affect the delivery of a nanocarrier
including ligand density, ligand charge and ligand orientation/availability (Bertrand et al. 2014). These ligands can
be attached to one of the components of the drug delivery system in a number of methods including covalent
linkages, hydrophobic interactions or non-covalent interactions, such as the streptavidin-biotin system.
3.1. Systemic Interactions
3.1.1.

Circulatory system

Following IV infusion of a nanomedicine, any exposed targeting ligand will be immediately subjected to
serum proteases, DNAses, and RNAses. Free peptides (< 50 amino acids) show very rapid serum degradation and
clearance from circulation by the kidneys. Attachment of peptides to a high molecular weight PEG or nanocarrier
delivery system results in increased circulation time and decreased renal clearance (Pollaro & Heinis 2010). Several
strategies have been used to increase resistance of protein ligands to degradative effects of serum proteases
including: optimization/selection of cleavage-resistant primary sequences, introduction of secondary structure to
reduce substrate recognition, shielding of functionally active domains, derivatization of cleavable sites, and
functionalization of peptide termini. For example, using mRNA display, protease-resistant peptides were generated
with increased serum stability as much as 400-fold higher when compared to peptides selected in the absence of a
protease selective pressure (Howell et al. 2014). Protein ligands can also be synthesized as inactive precursors that
display the active targeting ligands following enzymatic cleavage with serum proteases.
Ligands can also be susceptible to certain spontaneous or enzyme-mediated chemical reactions that modify
the final binding interactions with the desired cell targets. For example, peptide ligands containing asparagine are
susceptible to deamination and isomerization at physiological conditions (37ºC and pH 7.4) that result in either
aspartic acid or L/D-iso-aspartic acid residues (Wakankar & Borchardt 2006). The reactivity of asparagine residues
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can modify the resulting charge of a ligand under certain physiological conditions, resulting in undesired alterations
in peptide binding (Corti & Curnis 2011).
3.1.2.

Immune Reactivity and Clearance

Nanomedicines promote a number of immune responses in vivo because they are recognized as foreign
substances that must be removed to prevent damage to the host (Dobrovolskaia & McNeil 2007). Targeting ligands
are subject to the same general problems of immunogenicity as untargeted nanomedicines. However, targeted
ligands are more of a concern for immunogenicity and design considerations that limit adverse immune responses
are required to improve bioavailability. In some situations, proteolytic cleavage of protein ligands by serum
proteases prior to cellular uptake can result in higher immunogenicity by cytotoxic T cells following presentation of
the MHC class I complex (Falo et al. 1992). This results in increased nanomedicine clearance with repeated doses.
Nanomedicines and their impact on the immune system was discussed in a previous review (Zolnik et al. 2010) and
focused on the immunotoxicity of nanoparticles rather than the immunoreactivity of nanomedicines with active
targeting moieties.
3.2.

Microenvironment-Specific Interactions

3.2.1.

Interactions of Non-targeted Nanomedicines with Diseased Vasculature

The circulatory system can be regarded as the primary route for nanomedicine dispersion throughout the
body. However, to exert their biological effect they must escape from circulation and enter into the cancer
microenvironment. Physiologically normal capillaries are composed of three major components: endothelial cells,
pericytes, and a basement membrane. These three components work together to provide a continuous conduit for the
circulatory system and serves as a primary barrier for erythrocytes, plasma proteins, and other circulating
cells/molecules from diffusing into the surrounding environment under normal physiological conditions. As shown
in Figure 1 (left), physiologically normal blood capillaries contain tight endothelial junctions between neighboring
cells. However, capillaries within a tumor tissue are more disorganized and contain large gaps between neighboring
endothelial cells (Figure 1, right). These gaps, or fenestrations, are commonly observed in rapidly growing
neovasculature of tumor tissues due to the secretion of vascular endothelial growth factor (VEGF) into the
surrounding tissues by neoplastic cells. Rapid capillary growth results in highly fenestrated capillaries instead of a
properly formed, continuous capillary bed (Roberts & Palade 1997). Fenestrated capillaries are typically
characterized as having gaps ≤100 nm in diameter. However, in tumor xenografts, such capillaries can allow
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liposomes of up to ~600 nm in diameter to extravasate out of the capillaries and into the tumor microenvironment
(Yuan et al. 1995). Increased vessel leakiness is a single feature in a collection of interrelated processes referred to
as the enhanced permeation and retention (EPR) effect. Nanomedicines designed to rely on passive accumulation
within the tumor microenvironment by virtue of the EPR effect showed promising results in the clinic with
liposomes drug delivery systems such as Doxil (Gabizon et al. 2003).

Figure 1: Scanning electron micrograph of the luminal side of (Left) tight endothelial cell
junctions in normal blood capillaries and (Right) disorganized endothelial cell junctions in a tumor
model. Reprinted with permission from (Baluk et al. 2005).
3.2.2.

Interactions of Targeted Nanomedicines with Diseased Vasculature

The vascular bed of normal and diseased tissues is highly heterogeneous and expresses a number of
different cell surface receptors based on the tissue site (Rajotte et al. 1998) and disease state (Arap, Pasqualini &
Ruoslahti 1998a; Ruoslahti 2000; Ruoslahti 2002). This can be exploited to deliver therapeutics specifically to a
diseased site by attachment of a homing peptide (Arap, Pasqualini & Ruoslahti 1998a). Actively targeted
nanomedicines may be recruited specifically to vasculature around the tumor microenvironment (Figure 2) through a
mechanism similar to that observed with leukocyte accumulation at specific sites. During leukocyte accumulation,
rolling adhesion interactions are formed between leukocytes and specific integrins or selectins expressed on
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endothelial cell surfaces (Berlin et al. 1995). Blood rheology studies show that a transported nanomedicine should
follow the path of greatest effective diffusion, which is reduced as a particle moves from larger to smaller vessels.
Further, as the size of a nanomedicine increases, the smaller its diffusion coefficient becomes. This can create a
physiological barrier preventing delivery of nanomedicines from the microcirculation (Gentile, Ferrari, et al. 2008b).
Spherical particles of small size (<200 nm) will only marginate to the capillary wall under the effects of external
field forces such as gravity or electromagnetic fields (Gentile, Curcio, et al. 2008a). However, non-spherical
particles have a greater propensity to marginate to vessel walls than spherical particles due to more
dynamic/stochastic particle movements within the vessels (Carboni et al. 2014). Collectively, these observations
indicate that a low-affinity, vascular-specific targeting ligand will allow selective partitioning of nanomedicines out
of the central blood flow and towards the outer edges of capillary walls. Once nanomedicines are marginalized and
slowed, the number of interactions with the vascular fenestrations is increased resulting in enhanced accumulation of
particles by the EPR effect. Cancer vasculature-specific proteins have been identified including aminopeptidase N,
integrins, and cell surface expressed nucleolin as discussed below.
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Figure 2: Schematic of actively targeted nanomedicines to penetrate into the complex tumor
microenvironment. Active targeting allows marginalization of nanomedicines to sites of diseased
vasculature followed by extrusion through fenestrations present in the endothelial capillary cells
via the EPR effect.
Aminopeptidase N (APN/CD13), a type II integral membrane protein composed of 967 amino acids that
exists as a homodimer, is responsible for the catalytic removal of neutral amino acids from small peptide fragments.
CD13 plays an important role in tumor cell invasion (Ishii et al. 2001), extracellular matrix degradation (Saiki et al.
1993), and angiogenesis (Rangel et al. 2007). It is selectively expressed by vascular endothelial cells (Fukasawa et
al. 2006) liver cancer stem cells (Haraguchi et al. 2010), and in a number of disease states including breast cancer
(Dixon et al. 1994), colon cancer (Hashida et al. 2002), melanoma (Menrad et al. 1993), non-small cell lung cancer
(Tokuhara 2006), and pancreatic cancer (Ikeda et al. 2003). CD13 may serve as a marker of poor clinical prognosis
for diseases such as non-small cell lung cancer (Tokuhara 2006), and is expected to identify poor prognosis for
additional cancer phenotypes. Ligands containing an exposed Asn-Gly-Arg (NGR) motif were suggested to interact
specifically with CD13 (Corti et al. 2008; Pasqualini et al. 2000).
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Integrins are a class of type I transmembrane glycoproteins that exist as heterodimers composed of α and β
subunits that are responsible for cell-cell and cell-extracellular matrix (ECM) interactions. In mammals, there are 18
α subunits and 8 β subunits that display inter-species structural conservation (Carson-Walter et al. 2001).
Combination of α and β subunits produces the 24 known heterodimer assemblies (R. O. Hynes 2002). Integrins
activate cell signaling pathways that affect a number of physiological responses and conditions including: cell cycle
progression (Giancotti 1997; Moreno-Layseca & Streuli 2014), cell shape (Boudreau & P. L. Jones 1999),
composition of the ECM, and cell motility (Huttenlocher & Horwitz 2011). Tumor endothelial cells express a
number of different integrins. Such expression can indicate angiogenesis, which may result in metastasis and a poor
prognosis (Desgrosellier & Cheresh 2010). For example, most proliferative endothelial cells within tumor-associated
blood vessels express elevated levels of integrin αvβ3. This is identified as a poor prognostic marker for breast cancer
patients (Gasparini et al. 1998). Ligands containing an exposed Arg-Gly-Asp (RGD) motif can interact with a
number of integrin heterodimers including: α5β1, α8β1, αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, and αIIbβb (Ruoslahti 1996; Pytela
et al. 1985). The amino acids surrounding an RGD motif and peptide conformation (linear vs. cyclic) can have
significant functional properties that change binding specificity or activation of certain downstream signaling
cascades (Pfaff et al. 1994; Fani et al. 2006).
Nucleolin, a soluble phosphoprotein composed of 707 amino acids that corresponds to an apparent
molecular mass of ~100-110 kDa (77 kDa predicted molecular mass), is primarily involved in nucleosome
remodeling (Angelov et al. 2006), pre-rRNA processing (Ginisty et al. 1998), and the nuclear-cytoplasmic shuttling
of ribosomal proteins/subunits (Ginisty et al. 1999). However, nucleolin may have additional functions (Tajrishi et
al. 2011). Initially, nucleolin was described as a predominantly nuclear protein comprising up to 5-10% of the total
nuclear protein mass and expressed in large quantities during exponential cell growth (Lapeyre et al. 1987).
However, recent data showed constant expression of nucleolin on the surface of cancer cells, where it acts to
internalize bound ligands in a calcium- and temperature-dependent mechanism (Hovanessian et al. 2010). Nucleolin
is constitutively expressed on the surface of neovascular endothelial cells (Christian 2003) and also on tumor cells
(Hovanessian et al. 2010). Cell surface nucleolin was implicated in cell behaviors including enhanced cell
proliferation (Srivastava & Pollard 1999; Hovanessian et al. 2010), tumorigenesis (Di Segni et al. 2008),
angiogenesis (Y. Huang et al. 2006) and acting as a molecular shuttling protein from the cell surface to the nucleus.
A number of ligands including the F3 (AKVKDEPQRRSARLSAKPAPPKPEPKPKKAPAKK) peptide (Christian
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2003), HB-19 pseudopeptide (Krust et al. 2011), and the fusion phage protein DMPGTVLP (Fagbohun 2010) were
identified as targeting ligands for cell surface expressed nucleolin.
3.2.3.

Transport Across Endothelial Cell Barriers

Current active targeting mechanisms rely heavily on the EPR effect to promote accumulation within the
tumor microenvironment. However, extensive debate remains on the clinical presentation of the EPR effect that is
observed in preclinical models. This raises concerns about the feasibility of designing nanomedicines seeking to
therapeutically exploit leaky vascular found in tumors (Taurin et al. 2012; Prabhakar et al. 2013). Some active
targeting systems could fail because of the assumption of the EPR effect being present in the tumor
microenvironment. As shown in Figure 3, the passive accumulation of non-ligand-targeted nanomedicines results in
increased deposition of particles within the tumor microenvironment as a result of the leaky vasculature. This allows
the delivery of the therapeutic molecule to the tumor. Similarly, as described above, active targeting of a
nanomedicine together with passive targeting supported by the EPR effect allows for increased marginalization
toward the outer capillary walls. This, in turn, allows for increased penetration of nanomedicines into the tumor
microenvironment via leaky vasculature. As discussed above, the receptor being targeted may be expressed on
endothelial cells. However, the receptor may also be overexpressed on cancer cells resulting in increased
accumulation and penetration. Overall, active targeting of a nanomedicine in the presence of the EPR effect is
hypothesized to improve the biologic effect of the nanomedicine when compared a system relying only on passive
targeting. Alternatively, if the same actively targeted nanomedicine is applied to a biological system without an
observed EPR effect, in which there are no leaky blood vessels, the nanomedicines will likely marginalize but fail to
cross the endothelial cell barrier and reach the tumor microenvironment. This results in failure of the nanomedicine
to induce a biologic response and explains some of the discrepancies observed in active targeting data obtained in in
vitro versus in vivo studies (Gray et al. 2013).
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Figure 3: Schematic of nanomedicine deposition by passive and/or active targeting in the presence
or absence of an EPR effect (leaky vasculature). Left: Passive targeting of non-ligand targeted
nanomedicines results in delivery and a biologic effect. Center: Passive targeting of an actively
targeted nanomedicine results in enhanced delivery and an improved biologic effect. Right: Active
targeting of a nanomedicine in the absence of leaky vasculature results in marginalization of
nanomedicines without delivery into the tumor microenvironment resulting in no biologic effect.
To overcome an intact endothelial cell barrier, three mechanisms that may enable nanomedicines within a
blood capillary to escape/extravasate into the tumor microenvironment are being explored, including: 1) transcytosis
through the intact endothelial cell layer, 2) paracellular transport by extravasation between the tight junctions of
neighboring endothelial cells as seen during leukocyte extravasation, and 3) modulation of the EPR effect.
Transcytosis, which involves the specific, bidirectional transport of molecules across an endothelial cell
barrier, occurs in all continuous and fenestrated vascular endothelium (Tuma & Hubbard 2003). The transcellular
transport route is supported by caveolin-mediated endocytosis (see below). Active transport mechanisms of the
vasculature system are bidirectional, however most proceed in an apical-to-basolateral direction based on typical
concentration gradients (Tuma & Hubbard 2003). Transport proceeding in the apical-to-basolateral direction is
required for ideal nanomedicine transport from the blood to the tumor interstitium. Theoretically, therefore,
nanomedicines should be able to escape the vascular system to reach the interstitium of any tissue; however this is
not observed. A major question in transcytosis transport is – how does the endothelial cell recognize particles for
transcytosis versus degradation? It is envisioned that, upon endocytosis, certain cell surface receptors will route
vacuoles to different subcellular locations that promote degradation, while other receptors will route the vacuoles
across the cell. For example, the low density lipoprotein (LDL) receptor supports specific transcytosis of LDL
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across the blood brain barrier (BBB) in a receptor-mediated mechanism (Dehouck et al. 1997). Another major
concern here is – how does a cell recognize cargo to be used within the cell versus that destined for transport for use
by other cells? Here it is hypothesized that post-translational modifications, such as ubiquitination of a cytoplasmic
domain, mark vacuoles for degradation, while unmodified protein domains are marked for transport (Haglund et al.
2003). Identification of ligands that promote transcytosis for improved rational design of drug delivery systems are
ongoing (Ivanenkov & Menon 2000). However, progress has been made in the transcellular delivery of
nanomedicines. For example, using an antibody (TX3.833) developed to target lung caveolae, up to 89%
accumulation of an IV injected drug dose was identified in the lungs within 30 minutes. Following their
accumulation studies, antibody-drug conjugates were delivered to the underlying cells via transendothelial transport
and increased specific drug delivery up to 170-fold when compared to untargeted drug (McIntosh et al. 2002).
In normal blood vessels, neighboring endothelial cells are held in close contact to each other through a
combination of adherens junctions, tight junctions, and gap junctions (Hartsock & Nelson 2008). Adherens junctions
form through the interaction of two VE-cadherin molecules expressed extracellularly on adjoining cells (Vestweber
2008). Intracellular components of these molecules (α-, β-, and gamma-catenins and p120) interact with the
cytoplasmic domain of VE-cadherins to modulate adhesive strength and regulate vessel homeostasis and/or
angiogenesis (Lampugnani & Dejana 2007). Tight junctions are primarily composed of the occludins, claudins, and
junctional adhesion molecule-1 (JAM-1) that are involved in membrane permeability and cell polarity required to
maintain vascular integrity (Bazzoni & Dejana 2004). Gap junctions are primarily involved with intercellular
communication and molecule transport, however they may also function as a physical barrier that limits
nanomedicine extrusion (M. W. M. Li et al. 2012).
The paracellular transport route is restricted to molecules < 6 nm in diameter (Komarova & Malik 2010).
However, under proper conditions, this barrier can be traversed by much larger objects, as is observed during
leukocyte extravasation and diapedesis (W. A. Muller 2009; Petri & Bixel 2006). Few nanomedicine drug delivery
systems are reported to increase paracellular transport. Still, chitosan treatment was used to disrupt JAM-1
interactions reversibly and increased penetration of a tracer molecule into the tumor microenvironment (Sonaje et al.
2012; J. Zhang et al. 2014). Treatments involving irreversible tight junction modifications designed to increase
nanomedicine penetration should not be used as a treatment strategy. Loss of paracellular transport barrier functions
were implicated in an increased number of metastatic lesions (Martin & Jiang 2009). Extensive work on the BBB,
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which is commonly used as a model of endothelial tight junctions, is ongoing with strategies involving direct
modification of tight junction integrity or use of positively charged nanoparticles to increase delivery (Lockman et
al. 2004). However, no targeting ligands have been identified to increase paracellular transport in vivo. Recently,
two peptides, PIP 640 and PIP 250, were designed to reversibly open tight junctions of polarized intestinal epithelial
cells allowing minor increases in insulin uptake into the portal vein following a direct injection into the lumen of the
distal jejunum. The PIP 640 peptide, RKKRRVEVKYDRR, increased paracellular permeability for molecules up to
70 kDa in vitro, while the PIP 250 peptide was less effective, only enabling a maximum of 4 kDa proteins to
traverse the cell barrier. (Taverner et al. 2015) Because mechanisms that regulate tight junction permeability in
epithelial and endothelial cells are similar (Shen et al. 2010), active targeting with ligands containing these peptides
may increase paracellular transport activity.
An alternative method of crossing endothelial barriers, independent targeting ligands, involves the chemical
modulation of interactions between intercellular tight junctions of neighboring cells (J. Fang et al. 2011). One
method to increase the EPR effect in tumor tissues is to increase leakiness of tumor blood vessels by causing a
systemic constriction, or hypertension, in normal blood vessels. For example, angiotensin II (AT-II) can be used to
cause systemic vasoconstriction of the pericytes surrounding blood vessels. However, because of the lack of
pericytes in tumor vessels, there is no constriction in these vessels (M. Suzuki et al. 1981). The resulting constriction
in normal vessels causes an increase in blood volume locally within the tumor and enables deposition of additional
nanomedicines within the microenvironment (J. Fang et al. 2011). A second method used to increase the EPR effect
involves use of nitric oxide (NO)-releasing compounds at specific sites that cause selective vasodilation of the
nearby blood vessels. Nitroglycerin, a commonly used vasodilator, was used in combination with a small molecule
anthracycline, which resulted in enhanced delivery of the anthracycline in the tumor and showed an improved
therapeutic response (Seki et al. 2009). This method requires the use of additional small molecule therapies to
modulate the EPR effect and enhance passive targeting rather than using active targeting to overcome the barrier.
Further discussion of this strategy is available in an excellent review provided elsewhere (J. Fang et al. 2011).
3.2.4.

Microenvironment Penetration

It is hypothesized that the failure of numerous nanomedicines could be associated with the inability of
nanomedicines to penetrate through the complex tumor microenvironment into the core of certain tumors. The tumor
microenvironment is composed of three major compartments: 1) the interstitial fluid; 2) the non-cellular interstitial
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components, such as the extracellular matrix (ECM); and 3) the cellular components or stromal cells (Wiig et al.
2010). Owing to the complex tumor microenvironment, it is commonly observed that larger nanomedicines will fail
to penetrate into the tumor and only reach the first few layers of tumor cells, as suggested in Figure 4 (Stapleton et
al. 2013). This causes nanomedicines to release their therapeutic drug within the first layer of cells and results in loss
of nanomedicine activity and minimal objective response to the treatment.

Figure 4: Schematic of nanomedicine deposition
by passive and active targeting with a complex
tumor microenvironment.
Tumor interstitial fluid is composed of various regulatory molecules, growth factors, waste products
generated from tumor cells, and a number of soluble, tumor-associated biomolecules (Gullino et al. 1964). Another
physiological characteristic commonly associated with the EPR effect is poor lymphatic drainage, which results in
pooling of interstitial fluid within the tumor microenvironment. This increase in non-cellular components and a
decreased rate of lymphatic drainage results in increased interstitial pressure within the tumor microenvironment,
which subsequently creates a barrier to deep tumor penetration (Ferretti et al. 2009). Normalizing and repairing the
dysfunctional blood and lymphatic vessels in the tumor microenvironment by modulating angiogenic signaling
pathways can result in decreased tumor interstitial pressure. Normalization of tumor vasculature with improved
lymphatic drainage can be a useful approach to increase the penetration of nanomedicines into the tumor
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microenvironment (Heldin et al. 2004). Reduction of tumor interstitial pressure reduced the proliferation rate of
tumors cells in preclinical models, which may provide an alternative treatment strategy (Hofmann et al. 2006).
Several tumor-specific proteases, or cancer-associated proteases, found in interstitial fluid are involved in
tumor cell invasion or metastasis. These include: urokinase, several types of cathepsins, and various matrix
metalloproteases (MMPs) (Duffy 1996). Thus, targeting ligands will be exposed to increasing concentrations of
these proteases as the disease progresses and as the nanomedicine comes in closer contact with the tumor
microenvironment. Consequently, active targeting ligands must be designed to withstand increasing protealytic
activity. Similarly, nanomedicines can be developed with an inactivated form of targeting ligand that becomes
activated in the presence of specific cancer-associated proteases. In this regard, a responsive targeting system can be
used to improve drug delivery. In this system a secondary targeting motif can be exposed upon treatment with a
tumor-associated protease or alternatively, a drug carrier can be dissociated upon proteolytic cleavage (X.-X. Zhang
et al. 2012), thereby increasing the concentrations of drug specifically within the tumor microenvironment.
The extracellular matrix (ECM) of the tumor microenvironment is an important structural component of the
tumor interstitial space composed primarily of collagen fibers, glycosaminoglycans (ex. hyaluronan and chondroitin
sulfate), and proteoglycans (Wiig et al. 2010). This ECM forms an effective barrier to systemically administered
nanomedicines. Active targeting seeks to reduce non-specific ECM interactions that prevent delivery of
nanomedicines. Consequently, strategies to improve delivery have focused on degradation of the ECM using
specific enzymes that results in improved interstitial pressure and promotes fluid flow (Jie Wang et al. 2011a).
Given the dynamic role of the ECM in promoting cellular growth and cell morphology (Lu et al. 2011; Senoo &
Hata 1994), the possibility that degradation/remodeling of the ECM may promote increased proliferation and
metastatic spread of the tumor and tumor cells to alternative locations must be considered (M. Fang et al. 2014).
Therefore, alternative strategies should be sought to increase penetration of nanomedicines through the ECM.
The remaining cellular components of the tumor microenvironment consist primarily of stromal cells, such
as cancer-associated fibroblasts and pericytes; and immune cells, such as cancer-associated lymphocytes and
myeloid-derived suppressor cells (MDSCs) (H. Li et al. 2007a). These cellular components are often considered to
co-evolve with malignant cells as the tumor progresses, resulting in a self-sustaining microenvironment that
promotes increased tumor growth. While these supportive cells are typically non-malignant, they exert significant
effects on the tumor microenvironment. Consequently, these cells may serve as targets for new therapies (H. Li et al.
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2007a; Bijlsma & van Laarhoven 2015). Tumor stromal cells can account for a vast majority (>50%) of the tumorassociated cells, especially for certain tumors like pancreatic cancer. These cells may limit effective delivery of
nanomedicines and even small molecule therapies and prevent an effective treatment response (Feig et al. 2012).
Targeting nanomedicines with a tumor-penetrating peptide could significantly improve delivery into more central
regions of the tumor. Tumor-infiltrating cytotoxic (CD8+) T cells are primarily associated with the removal of nonself-identified malignant cells. This is used as an indicator of improved prognosis for breast (Ali et al. 2014),
colorectal (Naito et al. 1998), esophageal (Cho et al. 2003) and ovarian cancers (Sato et al. 2005). However, the
tumor microenvironment will accumulate a large number of immunoregulatory cells, such as MDSCs and regulatory
T cells (Tregs) that allow malignant cells to escape detection by CD8+ T cells and continue to grow (Oleinika et al.
2013). This decrease in active immune cells within the tumor microenvironment can have an impact on treatment if
the therapeutic molecule relies on the activity of functional CD8+ T cells. Alternatively, actively targeting
nanomedicines to immunoregulatory cells can remove the immunosuppressive phenotype in the microenvironment
allowing CD8+ T cells to identify and remove malignant cells (Ha 2009). Given the dynamic nature of the tumor
microenvironment and the role it can play in disease progression, actively targeting nanomedicine to specific
components within the tumor microenvironment may help modulate tumor growth (Tsai et al. 2014). Alternatively,
identification of ligands that promote tumor penetration and navigation through the tumor microenvironment to the
malignant cell population should be used.
3.3.

Cell-Specific Interactions
Once a given nanomedicine has been deposited within the tumor microenvironment, its journey is not

complete. For nanodiagnostics or nanoimaging systems, specific deposition within the tumor environment and
identification of cancer cells by surface protein expression may be sufficient to complete the desired task. However,
for therapeutic activity of a nanomedicine to occur, it must deliver its cargo specifically to the cancer cells
displaying the diseased phenotype. Indeed, even specific delivery of a therapeutic molecule to an appropriate
subcellular organelle is generally desired. Cell-specific delivery of nanomedicines can reduce doses given to a
patient, thereby decreasing the total cumulative dose and undesired side effects in the patient.
3.3.1.

Cancer Cell-Specific Binding

Once within the tumor microenvironment, an actively targeted particle must navigate successfully through
a number of cellular and extracellular components, discussed above, to reach the desired target cell. At the cell
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surface, an actively targeted nanomedicine must be able to discriminate between phenotypically normal cells and
diseased cells. A byproduct commonly observed with neoplastic transformation of cancer cells is the aberrant
expression numerous cell surface proteins as the result of a various subcellular abnormalities including: altered gene
expression (Baylin et al. 2001) or altered post-translational protein modification. Alterations in gene expression are
often caused by altered DNA methylation patterns (Das & Singal 2004), alternative intron splicing (J. Chen & Weiss
2015; Venables 2004), or changes in microRNAs (miRNAs) expression (H. Suzuki et al. 2013; Croce 2009). Posttranslational protein modifications observed in cancer cells include alterations in glycosylation patterns
(Christiansen et al. 2014). However, alternative post-translational modifications are also thought to play a role. As
neoplastic transformation progresses from early stage to metastatic disease, surface protein profiles continue to
change (Luque-García et al. 2010). Therefore, identification of an appropriate cell-targeting ligand that is present
and persistent throughout the course of treatment must be identified. Another issue that is becoming apparent for
active tumor targeting is the presence of intertumor heterogeneity between patients and between patients with the
same type of cancer, as well as intratumor heterogeneity found within tumors of a single patient (R. Fisher et al.
2012; Burrell et al. 2013). This tumor heterogeneity requires identification of a ligand(s) that can be used to target
tumors with different cell surface phenotypes.
3.3.2.

Cancer Cell-Specific Receptors

A number of cell surface proteins/receptors are recognized as cancer cell-specific markers based on their
aberrant expression compared to normal cells within the same tissue. These molecules are often exploited for use in
actively targeted nanomedicines in a disease specific manner. Examples of these include: HER2, folate receptor,
transferrin receptor, and nucleolin. The human epidermal growth factor receptor 2 (HER2), also known as receptor
tyrosine-protein kinase ERBB-2, is one of the most commonly utilized biomarkers. Increased HER2 expression was
observed for ~20-30% of breast cancer patients (Slamon et al. 1989; Kennecke et al. 2010) and often signals poor
patient prognosis with significant decreases in disease-free and overall survival rates (Tsutsui et al. 2002). The
ERBB superfamily of receptors includes four structurally related members – ERBB-1, ERBB-2, ERBB-3, and
ERBB-4. Each of the ERBB receptors are composed of three functional domains: an extracellular ligand-binding
domain, a single transmembrane domain, and a cytoplasmic tyrosine kinase domain for activation of intracellular
tyrosine signaling pathways (N. E. Hynes & Lane 2005). The ERBB receptors were implicated in a number of
processes involved in malignant transformation including increased cell proliferation/survival, angiogenesis, cell
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migration and metastatic invasion (Holbro et al. 2003). Anti-HER2 immunoliposomes increased the therapeutic
response in ERBB-2 expressing models when compared to unencapsulated or free drug preparations. This treatment
resulted in significant objective response in preclinical models (J. W. Park et al. 2002). Despite high expression
levels that can be exploited for targeting in some patients, expression of ERBB-2 is dynamic and can show inverse
expression compared to other common breast cancer receptors like the estrogen receptor (Lopez-Tarruella & Schiff
2007). Therefore, certain active targeting strategies that target ERBB-2 may lose their efficacy in clinical studies due
to the dynamic nature of certain receptor families, which transition to alternative redundant signaling pathways, as
suggested with targeted antibodies like trastuzumab (Gutierrez & Schiff 2011) or small molecule inhibitors like
lapatinib (F. L. Chen et al. 2008).
Transferrin receptor (CD71) is an essential membrane protein involved in intracellular iron uptake and
regulation of cell growth (T. R. Daniels, Delgado, Rodríguez, et al. 2006b). There are two isoforms of the transferrin
receptor (transferrin receptor 1 and 2) that import iron intracellularly through receptor-mediated endocytosis of a
transferrin-iron complex. Due to its involvement with cell proliferation, CD71 is overexpressed in a number of
malignant cell types including: brain (Recht et al. 1990), breast (Habashy et al. 2010), ovarian (Calzolari et al.
2007), and pancreatic (Ryschich et al. 2004) cancers. A number of different nanomedicines were targeted using
transferrin or an anti-transferrin receptor conjugate (T. R. Daniels, Delgado, Helguera, et al. 2006a; T. R. Daniels et
al. 2012). The success of actively targeted nanomedicines via the transferrin receptor-mediated endocytosis pathway
is reflected by the number of transferrin conjugates currently in clinical trials as discussed below.
The folate receptor (FR) is another essential membrane protein involved in intracellular uptake of
tetrahydofolate, which is then processed into alternative forms and commonly used as a biological cofactor (Kamen
& A. K. Smith 2004; Antony 1996). Two predominate forms of the folate receptor (FR-α and FR-β) are expressed in
human tissues, with FR-α being overexpressed in epithelial cancer cells and FR-β being expressed in non-epithelial
cancer cells (Ross et al. 1994). Folate receptor overexpression was implicated as a marker of poor clinical outcome
for breast (Hartmann et al. 2007) and ovarian cancers (Kalli et al. 2008). The folate receptor was also exploited as a
target by conjugating folate-derivatives to different nanomedicines, resulting in increased intracellular delivery
(Zwicke et al. 2012).
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3.3.3.

Subpopulation Targeting

Two major hypotheses were proposed for the generation, establishment, and expansion of a tumor: 1) the
clonal evolution theory (Nowell 1976) and 2) the cancer stem cell theory (Tan et al. 2006). The clonal evolution
theory states that tumors arise from the accumulation of spontaneous mutations in normal cells that give rise to a cell
with an enhanced survival phenotype. These mutations occur through progression of the disease and generate a
number of genotypically and phenotypically unique clones within the growing tumor. Each subclone will then
propagate itself by clonal division in a highly competitive microenvironment in which the subclone(s) with greatest
growth potential will outgrow other clones or eventually metastasize to distant locations. Under the cancer stem cell
theory, a cancer stem cell with unlimited proliferative potential produces a daughter cell that differentiates into a
mature cancer cell after a single round of cell division. This cancer stem cell division continues unregulated and the
tumor mass continues to grow and expand by clonal expansion. Under this theory, the cancer stem cell-of-origin
may either be a resident adult stem cell that accumulates a number of oncogenic mutations or be the result of
dedifferentiation of a cell after an oncogenic mutation into a cancer stem cell with increased proliferative potential
(Visvader 2011). Cancer stem cells were proposed to be intrinsically resistant to many forms of chemotherapy
because of their higher expression levels of drug efflux pumps (Hirschmann-Jax et al. 2004) and their slower cell
cycle, which enables the cell to avoid accumulation of cytotoxic drug during the progression of the normal cell cycle
(Moore & Lyle 2011).
Irrespective of tumor expansion model, there is a subpopulation of cells within some tumors with a higher
propensity to promote tumor growth. Active targeting of nanomedicines to specific subpopulations of tumor cells
with a highly aggressive phenotype or other tumor-initiating properties could prevent continued growth and
expansion of a developing neoplasm. For example, a number of ligands have been identified that allow identification
of the tumor-initiating subpopulation of a glioblastoma xenograft model. These ligands could subsequently be added
to a nanomedicine to specifically enhance delivery of a therapeutic drug to the driving population of a tumor mass
(J. K. Liu et al. 2014). This therapeutic strategy was suggested by specific targeting of the tumor-initiating
subpopulation within a bladder cancer model through inhibition of CD47, a cell surface receptor responsible for
inhibiting macrophage phagocytosis, using a monoclonal antibody. This resulted in elimination of the aggressive
subpopulation in vitro (Chan et al. 2009). However, studies using an actively targeted nanomedicine to deliver a
drug specifically to the tumor-initiating cell population are lacking. Two significant problems in targeting the tumor-
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initiating population are their low occurrence within a tumor population (~1-5% of the total population) and their
central location within the tumor, which then requires mechanisms to increase tumor penetration as discussed
previously (Visvader & Lindeman 2008; LaBarge 2010).
3.3.4.

Cell Internalization

In the absence of nanomedicine internalization, a therapeutic molecule must be released extracellularly and
is rapidly redistributed to surrounding cells within the tissue microenvironment. This results in loss of cell-specific
drug targeting. Extracellular release of therapeutic molecules results in a decreased overall dosage accumulated per
cell and can increase drug resistant phenotypes by increasing expression of drug transporters following low-dose
sensitization of cells (Schuurhuis et al. 1993). With continued treatment, drug resistant cell subpopulations become
enriched within the tumor leading to poor clinical outcomes. Alternatively, delivery of a nanomedicine
intracellularly results in higher doses of therapeutic drug being reached within the desired cell targets, which leads to
increased cytotoxicity and improved therapeutic indices. For example, delivery of a doxorubicin immunoliposome
with a cell-internalizing antibody resulted in an increased survival time compared to the same preparation targeted
with a non-internalizing antibody (Sapra & Allen 2002). Following appropriate discrimination of cells with a
neoplastic phenotype, nanomedicines must therefore be internalized to deliver their therapeutic payload by one of
two major pathways: 1) direct penetration through the cytoplasmic membrane and delivery into the cytoplasm, or 2)
endocytosis and escape from endosomes.
A number of cell penetrating peptides (CPPs) have been identified that promote intracellular delivery,
including the octa-arginine (R8), TAT, pHLIP and polyhistidie peptides (PHPs) (Gupta et al. 2005; Weiqin Wang et
al. 2015). The TAT peptide (GRKKRRQRRRPQ), a peptide derived from the human immunodeficiency virus-1
(HIV-1) trans-acting activator of transcription (TAT), has been shown to rapidly translocate through the plasma
membrane and accumulate within the nucleus, however extensive debate on the mechanism of internalization
remains (Brooks et al. 2005). The pH Low Insertion Peptide (pHLIP), a peptide derived from the bacteriorhodopsin
C transmembrane helix, was found to be water soluble at physiological pHs with an unstructured state. However, a
rapid change in conformation allows it to insert across a membrane when there is a change in pH to a slightly acidic
pH (7.0 – 6.5 or less) (Andreev et al. 2010).
Conjugation of a CPP to a therapeutic molecule or drug delivery system can increase the intracellular
accumulation of a drug compared to an untargeted drug (Torchilin 2008). For example, the pHLIP peptide was
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conjugated to PEGylated liposomes, which results in fusion of liposome and cell membranes under acidic conditions
typically found in the tumor microenvironment. Subsequently, the targeted liposomes delivered an encapsulated
therapeutic molecule to the cancer cells within an acidic microenvironment (Yao, J. Daniels, Wijesinghe, et al.
2013b). Similarly, the pHLIP peptide was conjugated to gold nanoparticles for diagnostic imaging of cancer cells
using a similar mechanism (Yao, J. Daniels, Danniels, et al. 2013a). A number of pHLIP peptides have been
generated with refined peptide-lipid bilayer interactions allowing rational design of peptides that can modify tumor
specificity, distribution, and blood clearance properties (Weerakkody et al. 2013). Recently, a polyhistidine peptide
containing 16 histidine residues (H16) showed a 15-fold increase in cell penetrating activity when compared to the
R8 peptide in a charge-independent mechanism under physiological conditions (Iwasaki et al. 2015). The
mechanism of CPP uptake is still under debate, however several critical factors have been identified that influence
effective uptake including: temperature (Richard et al. 2003), the clustering of negatively charged phospholipids
(Bechara & Sagan 2013), and activation of endocytosis for certain types of CPPs (Madani et al. 2011). As suggested
previously, a CPP can be combined with an enzyme-cleavable domain to prepare a targeting ligand that is active
only when certain enzymes are present in the microenvironment. For example, lysine residues found in the TAT
peptide, which are responsible for translocation of the peptide through the membrane, were modified with a
blocking dipeptide. To promote tumor specific accumulation, the dipeptide was cleaved by APN or dipeptidyl
peptidse IV, which are highly expressed on tumor cells, allowing the TAT peptide to translocate into the cell
membrane (Bode et al. 2015).
Endocytosis is the primary mechanism used for penetration of nanomedicines and delivery of therapeutic
molecule into the cytoplasm. Two broad classes of endocytosis pathways are phagocytosis, which typically involves
the uptake of large solid particles, and pinocytosis, which are a collection of fluid phase uptake pathways. Several
pinocytosis pathways were discovered and have been reviewed extensively (Sahay et al. 2010). Briefly, pinocytosis
uptake pathways can be mediated by clathrin (clathrin-mediated endocytosis, CME), caveolae (caveolae-mediated
endocytosis), or other clathrin- and caveolae-independent mechanisms. Ligands shown to promote CME are
mannose-6-phosphate, transferrin, and nicotinic acid. In this pathway, receptors are engulfed in a clathrin-coated
invagination of the cytoplasmic membrane through the use of a number of accessory proteins. The CME pathway is
the most utilized mechanism for cellular uptake of essential nutrients and is functional in all active mammalian cells
(Sahay et al. 2010). Attachment of an endocytosis-promoting ligand to a nanomedicine scaffold can promote
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changes to the primary route of intracellular trafficking. Ligands promoting transport via caveolae-mediated
endocytosis pathway include the Shiga toxin and cyclic RGD peptide, which interacts with the αvβ3 integrin as
discussed previously. Caveolae-mediated transport is reported to be the major pathway involved in transcytosis and
is one of the only pathways that does not lead to degradation by lysosomes. Extensive work is still proceeding
identify ligands that promote delivery of nanomedicines to a specific endocytosis pathway.
3.4.

Combination/Multiple Targeting
The use of multiple, unique ligands decorated on the surface of a nanomedicine core (as in Figure 5) was

shown to result in synergistic targeting, in which the combination of targeting ligands will outperform the efficiency
of treatment when compared to the individual targeting ligands alone (Ringhieri et al. 2015; H.-W. Yang et al. 2012;
Y. Liu et al. 2011; Kluza et al. 2012; Kontermann 2012). For example, dynamic signaling pathways like the ERBB
superfamily of receptors can develop treatment resistance through modification of expression levels. Combination
targeting that uses two cell-specific binding ligands is hypothesized to decrease the occurrence of acquired
resistance, as was shown using a combination of ERBB-2 small molecule drugs. To overcome the dynamic nature of
these receptors, a combination of EGFR targeting and FR targeting was used with a common liposomal core to
increase delivery of doxorubicin to cells that overexpress either type of receptor (Saul et al. 2006). A 10-fold
increase in nanomedicine toxicity could be achieved through the use of two different targeting ligands. However, the
use of multiple/combination targeting can result in an increased antigenicity. Similarly, the complexity of each
preparation would be increased with each additional ligand added to the drug delivery system.
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Figure 5: Schematic of a PEGylated liposomal nanomedicine targeted via a combination of three
targeting ligands.
Combining multiple motifs into a single-targeting ligand or identification of ligands with a desired
functional activity can be used to overcome the increased complexity of multi-targeted nanomedicines. Phage
display can be used to enrich for clones with specificity to multiple cancer types with highly different phenotypes,
which results in the generation of ligand fusions containing two functional domains as show in Figure 6. These
multi-functional ligands, which contain multiple functional domains within the same targeting ligand, were shown to
increase the inherent selectivity of the peptide to multiple cellular phenotypes (Gross et al. n.d.). These ligands were
shown to increase the toxicity of nanomedicines across multiple cell lines when compared with a nanomedicine
targeted with a ligand containing a single peptide motif. Similarly, bispecific antibodies, in a number of formats,
have been developed to specifically target two different targets with a single targeting ligand (Kontermann 2012).

23

Figure 6: Selection of multi-domain ligands for cancer cell-specific targeting. Motif 1 was
identified from a selection against lung cancer cells (A) and motif 2 was identified from a
continued selection against pancreatic cancer cells (B) to generate a single ligand with multiple
targeting domains. Similarly, multi-domain ligands with over-lapping functional motifs can be
enriched as shown from a selection against lung cancer cells (C).
3.5.

Clinical Progress in Actively Targeted Nanomedicines
Six actively targeted nanomedicines are under evaluation in phase I or II clinical trials, as summarized in

Table I below. However, the FDA has not approved any actively targeted nanomedicines for general use at this time.
Of the six actively targeted nanomedicines, 66% (4/6) were based on a liposomal nanocarrier, with the remaining
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33% (2/6) based on polymer assemblages. The same proportion of nanocarriers was observed to enter into phase II
clinical trials. The active pharmaceutical ingredients (API) studied in these trials were traditionally wellcharacterized cytotoxic chemotherapy drugs. However two nucleic acid-based APIs were also studied – a silencing
RNA (siRNA) and a corrective gene product. These trials show that only a small number of targeting ligands (4
different ligands) were studied for therapeutic activity in a clinical setting. Of the 4 ligands, only 2 have successfully
passed into a phase II trial where efficacy of targeting can be evaluated, with the predominant ligand being
transferrin.
From available data on these nanomedicines reported at the conclusion of their respective phase I trials, all
formulations were identified as safe in patients and showed less systemic toxicity compared to the unencapsulated
version of the API. For example, the doxorubicin immunoliposomes, MCC-465 and C225-ILS-DOX, showed no
signs of palmar-planter erythrodysaesthesia (hand-foot syndrome), or cardiotoxicity in the patient group. These
symptoms are commonly observed, dose-limiting toxicity profiles associated with free doxorubicin. An objective
response to either doxorubicin immunoliposome was not observed (1 of the 26 patients in the C225-ILS-DOX study
showed complete response, while a second patient showed partial response), however 40-55% of the patients
presented with stable disease by the end of the study (Mamot et al. 2012; Matsumura et al. 2004). Pharmacokinetic
data were not available from either study to allow quantification of drug deposition within the tumor. Phase II trials
have not been planned for either doxorubicin immunoliposome.
Similarly, the SGT-53 nanocomplex was shown to be non-toxic following systemic infusion up to 3.6 mg
of DNA per infusion, which resulted in significant expression levels of the delivered p53wt gene. Preferential
delivery of SGT-53 to tumor tissues, including metastatic lesions, was shown in comparison to normal tissue
biopsies. Quantification of the gene transcript successfully delivered to the tumors was not estimated. However,
even at the lowest administered dose of SGT-53, there was still expression of the p53wt gene in target cells. SGT-53
was shown to promote stable disease in 66% (8/12) of the patients after 6 weeks of treatment. Unlike the
immunoliposomes, SGT-53 was not intended for use as a single therapeutic agent, rather it is intended to be used as
a combination with standard treatment regimens (Senzer et al. 2013). SGT-53 was well tolerated, but no phase II
trials are planned.
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Table I: Actively targeted nanomedicines with ongoing/completed clinical trials. Adapted from (Sanna et al. 2014).
Name
(Identifier)

Nanocarrier

Ligand

API

Condition

PL(G)A-PEG
polymers

Anti-PSMA small
molecule

Docetaxel

Advanced solid tumors

Liposomes

Fab’ of cetuximab
(anti-EFGR)

Doxorubicin

Advanced solid tumors

Cyclodextrincontaining
polymers

Transferrin

siRNA; antiribonucleotide
reductase

Various solid tumors

Liposomes

Transferrin

Oxaliplatin

Advanced or metastatic
solid tumors

Liposomes

F(ab’)2 of GAH

Doxorubicin

Advanced or metastatic
gastric cancer

Liposomes

scFV to
Transferrin
Receptor

p53 plasmid
(+docetaxel or
+topotecan &
cyclophosphamide)

Various solid tumors
(adults & children)

PL(G)A-PEG
polymers

Anti-PSMA small
molecule

Docetaxel

Prostate, NSCLC, or
KRAS+/Squamous NSCLC

Liposomes

Transferrin

Oxaliplatin

Liposomes

scFV to
Transferrin
Receptor

p53 plasmid
(+temozolomide or
+nab-paclitaxel &
gemcitabine)

Gastric, Gastroesophageal,
or Esophageal
adenocarcinomas

Phase I
BIND-014
(Hrkach et al. 2012)
(NCT01300533)
C225-ILS-DOX
(Mamot et al. 2012)
(NCT01702129)
CALAA-01
(Davis et al. 2010)
(NCT00689065)
MBP-426
(Phan et al. 2007)
(NCT00355888)
MCC-465
(Matsumura et al.
2004)
(N/A)
SGT-53
(Senzer et al. 2013)
(NCT00470613 &
NCT02354547)
Phase II
BIND-014
(NCT01812746,
NCT01792479 &
NCT002283320)
MBP-426
(Senzer et al. 2009)
(NCT00964080)
SGT-53
(NCT02340156 &
NCT02340117)

Glioblastoma or metastatic
pancreatic cancer

All nanomedicines that have successfully reached phase II trials are ongoing and will not be discussed in
this review since all data has not been collected and processed. However, all formulations were tolerable by patients
and the nanomedicine form reduced non-specific toxicities compared to the unencapsulated API.
4.

Conclusions
Active targeting of nanomedicines was shown to significantly increase the therapeutic index of an

unencapsulated therapeutic molecule in preclinical settings. There are increasing concerns that actively targeted
nanomedicines are not showing significant improvements in tumor accumulation compared to their passively
targeted counterparts as originally hypothesized. The extensive work that is unfolding on the complexity of the
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tumor microenvironment has provided the research community with additional challenging factors to overcome with
targeting. At this time, a number of barriers that current active targeting strategies fail to overcome leads them to
perform similarly to their non-targeted equivalents. As suggested, combination of multiple ligands with appropriate
functions to overcome specific barriers will likely prevail as a necessity for success of actively targeted
nanomedicines. Subsequently, an understanding of the underlying biological and/or physical barriers that caused
many actively targeted drug delivery systems to fail must be identified and appropriate ligands must be generated to
overcome these barriers. A phage protein-modified liposome system was previously described and was used as a
model to allow direct comparison between different ligands in a common nanomedicine (Petrenko & Jayanna 2014).
The use of phage display to generate cancer cell-specific ligands that can increase delivery of a commonly used
liposomal doxorubicin (Doxil) without prior knowledge of the expressed cell surface proteins is presented in the
following chapters. A paradigm shift from rational development of active targeting systems based on binding
activity to non-rational development of nanomedicines based on a combinatorial ligand-screening assay that allows
identification of active targeting nanomedicines based on the desired functional activity is presented.
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CHAPTER 2
SELECTION OF LUNG CANCER-SPECIFIC LANDSCAPE PHAGE FOR TARGETED DRUG
DELIVERY
1.

Abstract
Cancer cell-specific diagnostic or therapeutic tools have been hypothesized to significantly increase the

success rate of lung cancer diagnosis and targeted therapies. Using two landscape phage display libraries, f8/8 and
f8/9, which display an 8- or 9-mer random peptide fusion respectively, a number of novel peptide families that are
specific to non-small cell lung cancer cells were identified that will significantly increase the repertoire of available
lung cancer cell-specific peptides. Using a phage capture assay, two of the selected phage clones, ANGRPSMT and
VNGRAEAP, were shown to be selective for NSCLC cells and distribute into unique subcellular fractions. Phage
ANGRPSMT uptake was inhibited by treatment with endocytosis inhibitors chlorpromazine (27.6%) or genistein
(27.8%) and phage VNGRAEAP was inhibited by genistein (42.5%) or cytochalasin D (41.8%). Phage
ANGRPSMT is internalized primarily by receptor-mediated transport while VNGRAEAP is internalized by
caveolae-mediated endocytosis or macropinocytosis. These results show that amino acid residues surrounding a
positionally constrained Asn-Gly-Arg (NGR) motif modulate the endocytic uptake route and subcellular distribution
of phage displaying these peptide sequences across their surface. The application of VNGRAEAP-modified Lipodox
to significantly increase the intracellular doxorubicin accumulation, thereby increasing the cytotoxicity profile of
unmodified Lipodox, was shown. Results from this study provide numerous ligands suitable for NSCLC cell
targeting and identifies ligands that can modify the route of cell penetration of targeted therapeutics.
2.

Introduction
Respiratory neoplasms remain a significant health problem in the United States accounting for an estimated

14% of new cancer cases and approximately 30% of cancer mortalities for both men and women in 2014 (Siegel et
al. 2014). Lung cancer is classified into two major groups based on observed histological differences: non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC) (Vescio et al. 1990). Both NSCLC and SCLC display a
high level of heterogeneity within the tumor (Fraire et al. 1987) that may limit successful therapeutic responses due
to a small population of cells escaping the effects of treatment and causing recurrent diseases demonstrating
resistance to the treatment. This observation suggests a modification of therapeutic strategies and a need for novel
diagnostic and therapeutic probes to overcome the shift in the lung cancer molecular phenotype towards NSCLC.
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Several strategies have been suggested to overcome drug resistance including the use of nanomedicines to
deliver lethal concentrations of drug to cancer cells before resistance develops (Modok et al. 2006; Markman et al.
2013). The use of nanomedicines, encapsulated forms of existing cytotoxic drugs, has resulted in significant
increases in therapeutic index of existing drugs and will concurrently reduce dose-limiting side effects commonly
associated with non-encapsulated forms of the drugs. Nanomedicines accumulate at the site of tumor pathology by
the enhanced permeation and retention (EPR) effect, which involves their passive diffusion through vascular defects
commonly associated with rapidly forming blood vessels in certain tumor types (Torchilin 2011). Even with passive
targeting, chemotherapy resistance and tumor relapse are still observed clinically for numerous cancer types. It was
suggested that the tumor-specific effects achieved by passive targeting could be enhanced by attachment of targeting
molecule to nanomedicines (Nobs et al. 2004). However, a limited number of targeting ligands are available to be
used in conjunction with a passively targeted nanomedicine. Therefore, a need for novel ligands remains a challenge
for adequate active tumor targeting.
Phage display (G. P. Smith & Petrenko 1997) has been used extensively over the past three decades for
generation of protein ligands interacting with cellular components or surface receptors across a wide range of
diverse sources including isolated molecules, intact bacterial cells, and mammalian cells (in vitro, in vivo, or ex
vivo). In particular, vectors based on filamentous bacteriophages of the class Ff (M13, fd, and f1), supporting a
variety of different display formats depending on the host protein used, have been used extensively for displaying
foreign peptides and proteins (G. P. Smith & Petrenko 1997). Structurally, filamentous phage consist of a small, ~9
kb single-stranded, circular genome surrounded by 5 structural proteins (pIII, pVI, pVII, pVIII, and pIX) to produce
long, filamentous particles (Marvin et al. 2014). Phage display on the Ff class of bacteriophage vectors has produced
numerous libraries with large structural complexities on the order of ≥109 unique sequences. These libraries contain
a number of constrained and/or randomized structures which provides a rich source of targeting ligands for
numerous applications (Kuzmicheva, Jayanna, Sorokulova, et al. 2009b). Thus, phage display in minor coat protein
p3 has been used to identify cancer specific peptides for a variety of tumor types including lung cancer (McGuire et
al. 2014).
Landscape phage libraries of type f8 (Kuzmicheva, Jayanna, Eroshkin, et al. 2009a; Petrenko et al. 1996;
G. P. Smith 1993) designed on the filamentous bacteriophage vector fd-tet, consist of a collection of phage with
random inserts introduced at the N-terminal end of every copy of the pVIII major coat protein of the phage vector
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and are subsequently expressed in ~4,000 copies across the length of the phage particle (Figure 7). This layout
dramatically alters the physical properties of the phage surface so that each phage particle is structurally unique
compared to the remainder of the library and each phage possesses a specific ability to interact with the surrounding
environment.

Figure 7: Schematic of f8 type landscape phage display libraries. Diverse fusion derivatives of
filamentous phage fd-tet from f8/8 and f8/9 libraries consist of phage with dimensions of 1.2 µm ×
6.5 nm and contain a randomized peptide (red) fused to every copy of the N-terminus of the major
coat protein pVIII (blue). The major coat proteins cover the length of the single-stranded DNA
accommodated at the core of the phage particle. The ends of phage particles are closed by minor
coat proteins pIII, pVI, pIX, & pVI. Phage composed of different random peptide fusions create a
library of billions of different phage variants with unique surface landscapes.
Landscape phages are an ideal targeting material compared to traditional antibodies as large quantities of
pure phage or phage proteins can be produced inexpensively while retaining high product purity and shelf-storage
stability. Numerous platforms derived from the protein products of the fd-tet vector have been developed over the
past decade for various diagnostic and therapeutic applications. These platforms include targeted nanoparticles for
gene delivery to specific cells (Gandra et al. 2013; Mount et al. 2004), MRI probes for cancer diagnostics (Deutscher
2010), cancer-specific liposomes or micelles containing various therapeutic payloads (Petrenko & Jayanna 2014;
Tao Wang, Petrenko, et al. 2010b), cancer-specific siRNA nanoparticles (Bedi et al. 2013), and nanorods for
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photothermal therapy (Jing Wang et al. 2012a). Given the wide number of platforms being targeted with phage
display-derived peptides, there is an increasing need for diverse collections of targeting ligands that possess tumor
cell specificity and also capable of intracellular delivery.
A NSCLC cell line, Calu-3, was explored due to its derivation from a metastatic site in a patient receiving
prior chemotherapy and used to mimic the advanced stage disease commonly treated as a recurrent or metastatic
disease. In this study, two previously characterized 8- and 9-mer landscape phage display libraries, f8/8 and f8/9,
was used as a source of novel protein ligands identified against a NSCLC cell line in vitro to expand the collection
of available ligands with specificity to NSCLC. Two novel phage clones, containing a commonly identified NGR
motif, were identified that display unique subcellular distributions and showed that these ligands significantly
increased the toxicity of liposomal doxorubicin.
3.

Materials and Methods
3.1. Cells
All cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA) as a

frozen vial and maintained as described in the technical bulletins. All cell passages were cultured in 25-cm2 cell
culture treated flasks (Corning, Corning, NY) in a humidified 37ºC incubator with 5% CO2. Cells were subcultured
when they reached 80-90% confluence by trypsin-EDTA treatment and reseeded at a density of ~4×104 cells/cm2.
3.2. Phage Display Libraries
As a source of diverse binding ligands we used multibillion clone landscape phage display libraries f8/8
and f8/9, constructed from the fd-tet type vectors f8-1 and f8-6 (Petrenko & G. P. Smith 2005), which respectively
display an 8- or 9-mer peptide fusion at the N-terminus of every copy of the pVIII major coat protein (Petrenko et al.
1996; Kuzmicheva, Jayanna, Sorokulova, et al. 2009b). Phage derived from these landscape libraries have a 55
amino

acid

mature

pVIII

major

coat

protein

sequence

NH2-AXXXXXXXX[D/X]PAKAAFDSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS-COOH

of
rather

than a 50 amino acid wild-type protein, where X can be any random amino acid (coded by NNK codons, where N is
any base and K is G or T bases). The 10th position of the pVIII protein fusion is D for phage derived from the 8-mer
library and X for phage derived from the 9-mer library. Herein, phage are commonly identified by their fusion
peptide sequence, however all protein references refer to the full-length, 55 amino acid protein sequence unless
specified otherwise. All general phage handling, propagation, purification, titering, and DNA sequencing procedures
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have been described previously (Brigati et al. 2008). The number of phage particles was estimated using either
spectroscopy to measure the number of physical phage particles (virions) or by titering phage in a bacterial host as
colony forming units (CFU). Physical titering of phage was performed when phage concentrations were higher than
1012 virions/mL by measuring the absorbance at 269 nm and converted to vir/mL by the following formula for f8/8
and f8/9 libraries (9198 nucleotide genome) as derived previously (Kuzmicheva, Jayanna, Eroshkin, et al. 2009a):
1 Absorbance Unit (AU)269 = 6.5×1012 virions/mL

(1)

3.3. Selection of Lung Cancer Specific Phage
3.3.1.

First Round Selection

Calu-3 and SAE cells were cultured in 25-cm2 flasks until ~90% confluent. An aliquot of each library
containing 1.2×1011 virions, with each unique fusion sequence being represented by ~100 copies, was diluted in
blocking buffer (0.5% BSA + EMEM with 10% FBS) and transferred to an empty, cell culture treated 25-cm2 flask
for one hour incubation at room temperature to remove phage binding to the treated plastic. Unbound phage were
recovered and transferred to a flask that had been treated overnight with EMEM/10% FBS for one hour at room
temperature to remove medium and serum binding phage. The f8/8 library underwent a single round of serum
depletion, while the library f8/9 underwent two rounds of serum depletion. The unbound phage were recovered and
then incubated with normal lung airway epithelial cells (SAE cells) for 1 hour at room temperature. The resulting
depleted libraries were then transferred to flasks containing target Calu-3 lung cancer cells and allowed to incubate
for one hour at room temperature. Cells were washed and phage recovered as in Chapter 2, Section 3.3.3.
3.3.2.

Second to Fourth Rounds of Selection

For further rounds, an aliquot of 1.0×1011 virions from each of the eluate and lysate sublibraries generated
from the previous round was incubated with confluent Calu-3 cells in EMEM with 10% FBS in an incubator at 37ºC
and 5% CO2 for 1 hour. A schematic of selection is presented in Figure 8. Cells were washed and phage recovered
as in Chapter 2, Section 3.3.3.

32

Figure 8: Selection scheme to identify lung cancer cell-specific phage clones. Two input
sublibraries were used beginning with second round, identified as an eluate input (solid line) and a
lysate input (dashed line). Each input sublibrary was split into two library fractions consisting of
eluate and lysate phage that were amplified as individual fractions. In subsequent rounds of
selection, the eluate input sublibrary was prepared by combining the eluate fractions generated
from both the eluate and lysate output sublibraries from the previous round of selection. A similar
scheme was followed for the lysate input.
3.3.3.

Washing and Sublibrary Generation

Unbound phage were recovered from the flasks and saved for titering. The Calu-3 cells were washed ten
times with cold washing buffer (0.1% Tween 20/0.5% BSA in EMEM) for 5 minutes each to remove low binding
phage. Washes were collected and saved for titering. Surface bound phages were recovered by addition of elution
buffer (200 mM glycine, pH 2.2/0.1% BSA in EMEM) followed by neutralization with neutralizing buffer (1 M
Tris-HCl, pH 9.1). Adherent cells were washed with washing buffer two times at room temperature and collected as
“post-elution washes” for titering. The remaining cell monolayers were scrapped from the bottom of the culture
flask and transferred to a centrifuge tube. Cells were pelleted and the remaining cell pellets were lysed with lysis
buffer (2% w/v sodium desoxycholate/10 mM Tris-HCl, pH 8.0/2 mM EDTA) for 10 minutes at room temperature
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to isolate internalized phage. Recovered surface bound and post-elution wash phage were concentrated to ~0.2 mL
with Amicon 100 kDa MWCO concentrators (EMD Millipore, Billerica, MA). Concentrated phages from eluate and
post-elution wash fractions were combined as a single eluate sublibrary. Phage from eluate and lysate sublibraries
were infected into K91BluKan E. coli cells, amplified, and purified by PEG/NaCl precipitation the following day for
future rounds of selection. All recovered fractions were titered and quantified as described previously (Brigati et al.
2008).
3.3.4.

Sequencing of Sublibraries

A portion of the amplified library was spread on an NZY/Tet agar plate after 45 minutes of growth and
placed in an in 37ºC incubator overnight. Individual clones were gridded on NZY/Tet agar plates and incubated at
37ºC overnight. The sequence of gpVIII was amplified by PCR as described previously (Brigati et al. 2008). PCR
products were purified and sequenced by dye-terminator sequencing at the Massachusetts General Hospital (MGH)
DNA Core (Cambridge, MA). Unique clones were propagated in 2 mL scale and concentrated by a double
PEG/NaCl precipitation for storage and future experiments.
3.4. Computational Analysis
The gpVIII sequence from unique phage clones was translated to their corresponding pVIII protein
sequences using the EditSeq tool (DNASTAR, ver. 11; Madison, WI). Phage clones were manually curated for
common structural motifs and subsequently grouped into families of related peptide motifs based on an identified
consensus motif. Unique phage clones isolated from both phage libraries were analyzed for information content
using the INFO tool found within the RELIC suite of programs designed for the statistical analysis of combinatorial
peptide libraries such as the two phage libraries studied here (Mandava et al. 2004). A histogram showing the
relative change in information content between both libraries was constructed by subtracting the relative abundance
of information observed at a given information content in the selected library from the relative abundance of
information observed in a random sampling of the unselected phage libraries. The overall diversity of the two
libraries before and after four rounds of selection was calculated using the AADIV tool also found within the RELIC
suite of programs.
Using MimoDB (ver. 4.2, updated April 2014), a manually curated, publicly accessible database of
peptides identified following selection with random phage display libraries (J. Huang et al. 2012), unique phage
clones that we identified were submitted to the optimized MimoDB BLAST tool designed for identification of
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conserved structural motifs within short peptides and compared to the latest released version of the database.
Resulting peptide motifs identified following selection against other cancer cell lines or known cell surface receptors
were manually compiled into a single table and conserved peptide motifs were grouped and reported in Table V.
3.5. Phage Capture Assay - Selectivity and Specificity
The ability of unique phage clones to bind to their target lung cancer cells, Calu-3, in comparison to other
control cells and serum was studied by a phage capture assay described previously (Fagbohun et al. 2012). In this
assay, small airway epithelial cells were used as phenotypically normal lung epithelial cells and MCF-7 breast
cancer cells were used as a non-related cancer. Briefly, 5.0×104 cells per well of each cell type was plated in
triplicate for each phage in a 96-well plate in EMEM and allowed to grow to 90% confluence. Triplicate wells
containing EMEM was also prepared for each phage clone to be used as a negative control. After overnight
incubation, cells were incubated for 1 hour with serum-free medium at room temperature. Individual phage clones
were added to corresponding wells at ~106 CFU per well in blocking buffer (0.5% BSA in EMEM) for 1 hour in a
37ºC/5% CO2 cell culture incubator. Unbound phages were removed by washing with washing buffer (0.5%
BSA/0.1% Tween 20 in EMEM) for 5 minutes for a total of eight washes. Cells were lysed with CHAPS (3-[(3Cholamidoproply)dimethylammonio]-1-propanesulfonate) lysis buffer (2.5% CHAPS/0.5% BSA in EMEM) for 10
minutes with gentle shaking on a rocker. The remaining cell lysis was then titered for phage with K91BluKan E.
coli. A previously identified phage displaying an unrelated peptide, VPEGAFSSD that binds streptavidin (Petrenko
& G. P. Smith 2000), was used as a negative control in all assays. Phage recovery was calculated as the ratio of
recovered phage versus the input phage as follows:
Percent Recovery (%) =

Phage Output
PhageInput

× 100

(2)

3.6. Phage Capture Assay - Mode of Interaction
Interactions between phage clones displaying a fusion peptide with high target specificity to their target
Calu-3 cells were studied by tracking the uptake of intact phage particles. Phage capture assay was performed as
above, however phages bound to the surface were recovered by eluting with elution buffer (200 mM glycine, pH
2.2/0.1% BSA in EMEM), neutralized with neutralizing buffer (1 M Tris-HCl, pH 9.1), and saved for titering. Cells
were then washed twice with washing buffer and saved for titering. The remaining cell monolayer was lysed with
lysis buffer to recover internalized phage and saved for titering. All recovered fractions were titered as described
previously (Brigati et al. 2008). Recoveries were reported as a percentage of the total number of input phage. Cell
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uptake percentages were calculated as the number of phage recovered in a particular fraction by the sum of all
recovered phage from all fractions as follows:
Percent Recovered fraction (%) =

Phage fraction
Phageeluate !PhagePEW + Phagelysate

× 100

(3)

3.7. Inhibition of Phage Uptake with Endocytosis Inhibitors

Intracellular uptake of phage clones into target Calu-3 NSCLC cells was studied using a modified phage
capture assay in the presence of different endocytosis inhibitors. Calu-3 cells were seeded at 5.0×104 cells per well
in a 96 well plate and allowed to grow until reaching 90% confluence. Prior to treatment with isolated phage clones,
cells were pretreated at room temperature with either 1) 10 µg/mL chlorpromazine for 30 minutes, 2) 1 µg/mL
genistein for 30 minutes, 3) 30 mM cytochalasin D for 30 minutes, 4) 450 mM sucrose for 1 hour, or 5) fresh
medium as an untreated control. Endocytosis inhibitor concentrations were identified from literature that displayed
no reported toxicity to the cells. Following drug treatment, individual phage clones were added to corresponding
wells (~106 CFU) in blocking buffer (0.5% BSA in EMEM) for 1 hour in a 37ºC/5% CO2 cell culture incubator.
Cells were washed and remaining phages were recovered and titered as in the phage capture assay. Endocytosis
inhibition was reported as the percent change between phage uptake in the presence of an inhibitor compared to an
untreated control as follows:
Uptake Inhibition Inhibitor   (%) =

Phage Inhibitor !PhageControl
PhageControl

× 100

(4)

3.8. Confocal Microscopy

Calu-3 cells were seeded in 4-well chamber slides in fresh culture medium. CellLight Early Endosome-RFP
reagent (Molecular Probes, Carlsbad, CA) was added to exponentially growing Calu-3 cells and incubated overnight
in a 5% CO2 incubator at 37ºC as recommended by the manufacturer. The following day, culture medium was
aspirated and replaced with fresh medium containing ~107 virions (~106 CFU) for 1 hour at 37ºC. Unbound phages
were removed and cells were washed for 5 minutes with wash buffer three times. Cells were fixed with 4%
formaldehyde for 15 minutes at 37ºC. The cell plasma membrane was stained with Wheat Germ Agglutinin (WGA)
conjugated with Alexa Fluor 555 (Molecular Probes, Carlsbad, CA) for 10 minutes at room temperature. Cells were
washed twice with 1X Hank’s balanced salt solution and permeabilized with 0.2% Triton X-100 at room
temperature for 10 minutes. Cells were then washed three times with 1X TBS, pH 7.4 for 5 minutes at room
temperature followed by incubation with blocking buffer for 30 minutes at room temperature. Cells were incubated
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with a polyclonal rabbit anti-fd IgG diluted in blocking buffer for 1 hour at room temperature. Cells were washed
three times with washing buffer, followed by treatment with a goat anti-rabbit IgG conjugated with Alexa Fluor 488
for 30 minutes at room temperature. Cells were again washed three times with washing buffer. Cell nuclei were
labeled with TOPO-3 stain (Molecular Probes, Carlsbad, CA) according to the manufacturer’s recommendations and
overlaid with ProLong Gold anti-fade reagent (Molecular Probes). Slides were cover-slipped and sealed with nail
polish. Slides were imaged by confocal microscopy with a Nikon Eclipse TE 2000-E and analyzed with NIS
Elements (Nikon Instruments)
3.9. Preparation of Phage Protein-modified Liposomal Doxorubicin
Phage protein-modified liposomal doxorubicin (Lipodox; SUN Pharmaceutical Ind. Ltd. Gujaat, India) was
modified by cholate-solubilized major coat proteins at a lipid-to-protein mass ratio of 200:1 at 37ºC followed by
dialysis in 1X PBS, pH 7.4 as described previously (Tao Wang et al. 2014).
3.10. Cell Viability Assay and Doxorubicin Uptake Assay
Calu-3 cells were seeded into a 96-well plate at a density of 5,000 cells/well and exposed to different
concentrations of doxorubicin-loaded liposomes for 36 hours of treatment. Cell viability was estimated by
measurement with MTT assay as described previously (Bedi et al. 2014). Cell associated doxorubicin was estimated
after 4 hours of doxorubicin exposure by extraction of total associated doxorubicin with acidified isopropanol
followed by quantification by fluorescent signal (ex 470/em 590) as described previously (Bedi et al. 2014)
4.

Results
4.1. Selection of Lung Cancer Cell-Specific Phage
To identify a collection of phage and phage protein probes that interact specifically with novel or aberrantly

overexpressed receptors of unknown identity present on the surface of NSCLC cells, two proprietary landscape
phage libraries were used that display a randomized 8- or 9-mer fusion peptide in the N-terminus of every copy of
the pVIII major coat protein of fd-tet phage. These phage libraries consist of phage clones containing random DNA
oligomers inserted into a specific region of the pVIII gene of the wild-type phage. When expressed during phage
morphogenesis, this fusion allows the translated peptide to be expressed at the N-terminus of the mature major coat
protein, pVIII. When phage from these libraries are propagated, they express ~4,000 copies of a single, modified
protein containing a fusion between the protein encoded by the randomized DNA insert and the N-terminus of the
wild-type pVIII major coat protein.
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To identify phage particles that interact specifically with NSCLC, first phage interacting with unrelated
targets such as: 1) plastic, 2) cell culture medium, 3) serum components, and 4) phenotypically normal lung cells,
were removed. After these depletion steps, each phage library was enriched for phage interacting at room
temperature with the surface receptors of a NSCLC cell line and binding phage were separated into eluate and lysate
library fractions that would theoretically contain cell surface-binding and cell-internalizing phage respectively, as
depicted in the flow chart in Figure 8. As expected, a moderate recovery of phage from the eluate fractions of both
libraries (Figure 9) and lower recovery of phage from the lysate fractions (Figure 10) was observed for the first
round of selection.

Figure 9: Recovery of phage following each round of selection. Output phage generated from the
eluate selection scheme (solid line from Figure 8), isolated from the depleted f8/8 library (gray
bars) and f8/9 library (black bars). (Phage yield = output phage/input phage, %)
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Figure 10: Recovery of phage following each round of selection. Output phage generated from the
lysate selection scheme (dashed line from Figure 8), isolated from the depleted f8/8 library (gray
bars) and f8/9 library (black bars). (Phage yield = output phage/input phage, %)
The temperature of phage incubation was increased from room temperature to a more physiologically
relevant temperature of 37ºC to increase the stringency of the following rounds of selection, as depicted in the flow
chart (Figure 8). It was hypothesized that the increase in temperature would increase the yield of the phage
recovered in the lysate fraction, irrespective of input library used, due to increased endocytosis and other
metabolically active transport mechanisms. The increased temperature leads to enrichment of the phage library for
NSCLC specific phages that are internalized by active transport mechanisms. Beginning with the second round of
selection, the input was prepared by combining eluate fractions prepared in the previous round of selection as
depicted in Figure 8. For example, the eluate input was prepared as a combination of phage from both eluate and
lysate fractions. An approximate 10-fold increase in phage recovery was observed for each subsequent round of
selection for both fractions in both libraries (Figure 9 & Figure 10), with the exception for the final round of
selection with the f8/9 library lysate fraction that resulted in a slight decrease in recovered phage. These results
suggest enrichment of the recovered phage population for the peptide sequences that interact specifically with their
target NSCLC cells. The significant enhancement of phage yield recovered in the lysate fraction after increasing the
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incubation temperature may suggest that active transport mechanisms are probably used to increase intracellular
phage penetration.
Approximately 100 clones from each library were sequenced after four rounds of selection to identify the
corresponding fusion peptide sequence of each recovered phage clone and determine the overall diversity present in
the libraries after selection. Several families of phage containing common linear motifs were identified with the f8/8
library (Table II) and with the f8/9 library (Table III). Also a few common motifs between both libraries were
identified, including EPG[Q/E], NGR, RGD and DGR, most families were unique within their respective library of
origin due to the differences in amino acid diversity in each library before selection. A family of sequences
containing the motif DxDY[S/T] that had been identified in previous screening of an 8-mer phage library against the
MCF-7 breast cancer cell line (Fagbohun et al. 2012) was identified suggesting a common receptor could be
identified between the two types of cancer. A phage clone, VEEGGYIAA, isolated during selection against lung
cancer cells, was also selected and had also been reported previously in selection against breast cancer (Fagbohun et
al. 2012) and pancreatic cancer cells (Bedi et al. 2014) using the same library suggesting a common receptor
between all three cancer types.
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Table II: Families of peptides identified from f8/8 library. Lung cancer-specific phage clones
recovered after the fourth round of selection with the f8/8 library in target Calu-3 cells. Phage
were grouped into nine different peptide families based on a common consensus sequence (shown
in bold) identified between phage clones. Orphan phage clones that did not contain a common
consensus sequence between any identified clones were grouped into another family.
ASP----ASPLAAPA
ASPMDVNS

----GTSASLPGTSQ
DPTGTSAP

V/AD-DYS/T
GTADQDYS
VDPDYTSP

AS/TL----Q
ASLPGTSQ
ATLWSLGQ

--LWS--ATLWSLGQ
ALWSDSGA

Other
ANEHPMSQ
DAGPMWSG
DNGTFREM
DTSLTTDE
EMSYNADA
ETMMPYGT
VTDPSAST

----EPGQ
AMLMEPGQ
ATLMEPGQ
VTIPEPGQ
ATVIEPGE
VTGHEPGE
---FSG-APGFSGQP
DNPFSGTQ

-NGRP-VNGRAEAP
ANGRPSMT
ANGRPTHL
ATGRPTHL
--P-LS-E
ARPILSSE
GTPLLSPE
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Table III: Families of peptides identified from f8/9 library. Lung cancer-specific phage clones
recovered after the fourth round of selection with the f8/9 library in target Calu-3 cells. Phage
were grouped into sixteen different peptide families based on a common consensus sequence
(shown in bold) identified between phage clones. Orphan phage clones that did not contain a
common consensus sequence between any identified clones were grouped into another family.
AP---D-DT
APAHEYGYD
APMFSDHDT
APYSFDADT

-EY-E-VNA
AEYGESVNA
GEYVELVNA

------MDQ
ESYPMHMDQ
GVSYVDMDQ

----EYG--

----RGD--

D/E-S-SYIDQ
DESISYIDQ
DSSLSYIDQ
DASFMAVDQ
EGMNYHIDQ

APAHEYGYD
AEYGESVNA

GLNGRGDPD
EPRGDSLDL

------GDS/M
DGESWGGDS
DHVWAEGDS
DMERYSGDM
VESGALGDM

----SYI-DMSYIASED
DESISYIDQ
DSSLSYIDQ

DGR-----DGRDHDAEN
DGRFDSETS
DGRSYTGED
VDGRTGTDS

---GES--AEYGESVNA
DGESWGGDS
DWMPVEGES

GVDSEIVSL
VGDYDVVDS

----EASTL
ADTSEASTL
EIDPEASTL

GYD--L--GYDFNLTDQ
GYDLDLNAD

---VEE--EVNVEEINL
VEEGGYIAA

---EPGL-EPFEPGLAS
GMVMEPGLD

GSLEE-S-L
GSLEEVSTL
GSLEESSNL

------VDS

Other
ANDVYLD
DIPWYGDES
AYDPDLGGD
EDARTAAMA
ADYDFMVDN
DPLAEVTTL
DPRVESMSG
DYPNEYSSA
EFYAESTSL
EHVYDEGSN
EYSPYAGDT
GNATLSSME
VDIAEQSTA

After selection with the f8/8 library, a common EPG[Q/E] motif that was enriched in 18% (5/28) of the
total unique sequences identified was observed. Previous results showed that phage clones containing an EPGX
motif often interact non-specifically with an unidentified component in serum (Fagbohun et al. 2012). As a result of
this data, a reduction in the number of serum-binding clones isolated during screening of the f8/9 library was sought.
To accomplish this, a second step of serum depletion was performed during the selection scheme of the f8/9 library.
After four rounds of selection with the f8/9 library, only 4% (2/47) of clones were observed to contain this motif
suggesting an enhanced depletion of serum-binding clones during the added depletion step.
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The RELIC suite of statistical analysis programs, which was developed specifically for the analysis of
combinatorial peptide libraries such as the two landscape phage libraries used in this study, was used to study the
evolution of the libraries during selection and identify functionally significant clones. Briefly, the information
content of any random phage displayed peptide can be generally defined as the probability of an amino acid
appearing following selection versus the probability of the amino acid appearing by chance in an unselected library
in a defined position. Thus, phage with high information content contain a fusion peptide with amino acids
statistically underrepresented in the unselected library and often indicate the presence of a selective pressure to
maintain the rare amino acid. The change in total information associated with each phage library before and after
four rounds of selection against Calu-3 NSCLC cells was sought. It was hypothesized that following selection, there
would be enrichment of phage clones with high information content and a decrease in phage clones with low
information content. After four rounds of selection with the f8/8 library against a NSCLC cell line, 30 unique phage
clones were analyzed for their information content compared to a collection of 73 random, unselected clones from
the f8/8 library. A decrease in phages with low information content and a decrease in some phages with moderate
information content was observed. There was an increase in some moderate information containing phage as well as
an increase in high information content phage that was also observed (Figure 11, solid line). Overall, selection with
the f8/8 library produced clones with higher information content than the unselected population suggesting a
successful selection experiment and enrichment of lung cancer specific phage in the generated output library.
Similarly, 53 unique phage clones recovered after four rounds of selection with the f8/9 library were analyzed and
compared to a collection of 64 random clones from the unselected f8/9 library. A larger decrease in moderate
information containing phage as well as a larger increase in high information content phage was observed (Figure
11, dashed line). An increase in low information content phage compared to an unselected population was also
observed. Thus, the results suggest there was enrichment of lung cancer specific phage clones in the f8/9 library.

43

Figure 11: Histogram of the change in information content available in each sublibrary generated
after four rounds of selection against a NSCLC cell line, Calu-3. Information content from clones
in f8/8 (black line) and f8/9 (dashed line) are presented. Positive values indicate an increase in
total information content, while negative values indicate a decrease in total information content.
More detailed information is given in the results section.
Another common characteristic used to measure the quality and utility of a phage display library is the
calculation of the peptide diversity, also referred to as the completeness of sequence representation within the
libraries. Next, the observed protein diversity of our two generated libraries (composed of the eluate and lysate
clones after the fourth round of selection) was determined using the AADIV tool found in the RELIC analysis suite.
It was hypothesized that following selection there should be a decrease in the overall population diversity compared
to an unselected library due to the selective enrichment of cell-binding motifs identified through the selection
procedure and a loss of non-specific peptides. There was a 2.42 fold decrease in overall peptide diversity from
9.14×10-3 ± 4.49×10-3 in the unselected f8/8 library to 3.77×10-3 ± 2.76×10-4 (P < 0.0001) following four rounds of
selection against Calu-3 lung cancer cells. Similarly, there was a 4.51 fold decrease in overall peptide diversity from
2.67×10-3 ± 1.44×10-3 in the unselected f8/9 library to 5.93×10-4 ± 3.53×10-4 (P < 0.0001) following four rounds of
selection. After selection, there was a significant decrease in overall diversity per amino acid from 55.6% to 37.3%
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in the f8/8 library and from 51.8% to 43.8% in the f8/9 library. From these data, it is shown that there was
enrichment of both phage libraries for clones with high information content and a decrease in overall amino acid
diversity as expected following selection against our target cells. As suggested previously (Kuzmicheva, Jayanna,
Sorokulova, et al. 2009b), each of the two f8-type libraries biopanned here occupy different sequence spaces
resulting in different populations of ligands following the same selection protocol.
4.2. Interaction of Phage with Lung Cancer Cells
Ideal ligands for targeted drug delivery should have the ability to interact specifically with their target
cancer cells and not with phenotypically normal cells surrounding the tumor. A phage capture assay was used to
determine if the enrichment of phage clones observed during our final round of selection produced lung cancer cellspecific phage clones. In Figure 12, the binding specificities of a representative collection of identified phage clones
from the f8/8 and f8/9 libraries are presented.
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Figure 12: Representative selectivity and specificity assay for select phage clones from the f8/8
library. Individual phage clones were incubated at a constant concentration with: 1) target Calu-3
cells (black), 2) non-related MCF-7 cancer cells (striped), 3) phenotypically normal lung small
airway epithelial cells (white), and 4) culture medium with 10% serum (grey). After washing,
mammalian cells were lysed and the remaining phage were titered as described in the methods
section. Percent recovery was plotted as the number of recovered phage per number of input phage
particles for each phage clone. All phage clones binding Calu-3 cells were statistically different
from an unrelated phage (P < 0.0001) and also different from paired phage samples with different
targets (P < 0.0001). Phage interactions with MCF-7 cells were compared between paired phage
samples with different targets and significant interactions were marked (* P < 0.0001).
Clones were screened from the f8/9 library according to their associated information content compared to
an unselected library (Table IV). As expected, all representative clones showed a statistically significant increase in
binding to Calu-3 cells compared to a non-related phage containing the guest fusion sequence of VPEGAFSSD,
which was shown previously to have an affinity to streptavidin and possess little ability to bind cancer cells (P <
0.0001). The ratio of phage yield (output/input) obtained for each clone bound to Calu-3 cells by phage yield of nonrelated phage (VPEGAFSSD) is referred to as a phage’s specificity. Alternatively, for each clone the ratio of phage
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yield to Calu-3 cells by yield to another cell line is referred to as a phage’s selectivity. A number of clones studied
showed minimal binding to normal lung epithelial cells or serum components (high specificity), however some of
the phage clones identified from the f8/9 library showed equal or better binding to serum under identical conditions.
Clones such as VNGRAEAP, DTSLTTDE, and DESISYIDQ show specific interactions with only the target Calu-3
cells (P < 0.0001). Some identified clones such as EVNVEEINL, and DAGPMWSG, show moderately high
interaction with the target cells and possess the ability to interact with other non-related cancer cells more than
normal cells (Tukey-Kramer HSD test, non-related cancer vs. normal cells; P = 0.0198 and P < 0.0001 respectively).
However some phage clones, like ARPILSSE, were shown to have moderately high interactions with the target cells
(Tukey-Kramer HSD test, target vs. non-related cancer cells, P < 0.0001), but also showed minor interacts with a
non-related cancer type and phenotypically normal cells that were statistically equally to each other. (Tukey-Kramer
HSD test, non-related cancer vs. normal cells; P = 0.0587). It was also observed that some clones, such as
ANGRPSMT, ASPLAAPA, DAGPMWSG, and GTADQDYS, were selective to a non-related breast cancer cell
line, MCF-7, when compared to a non-related phage described in materials section (P < 0.0001). Two prominent
phage clones that showed high relative selectivity and specificity at the studied concentration were ANGRPSMT
and VNGRAEAP that both contain a conserved NGR motif shown to interact with aminopeptidase N (CD13), a
commonly overexpressed marker on tumor cells and vascular endothelium around tumor tissues (Corti et al. 2008).
Table IV: Representative selectivity data for select phage clones from the f8/9 library. Information
content refers to a statistic generated by RELIC comparing the probability of amino acid
occurrence in a selected clone compared to an unselected library. Selectivity refers to the ability of
a clone to identify the target compared to an unrelated clone. Specificity refers to the ability of a
clone to discriminate between two cell types, here Calu-3 cells compared to phenotypically normal
lung cells (SAE).

Phage
EVNVEEINL
GEYVELVNA
GMVMEPGLD
GVSYVDMDQ
AEYGESVNA
DESISYIDQ
VPEGAFSSD

Information
Content

Specificity

28.245	
  
26.867	
  
26.092	
  
25.452	
  
25.054	
  
25.029	
  
-‐	
  

76.91	
  
145.12	
  
62.49	
  
119.53	
  
48.11	
  
24.04	
  
2.23	
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Selectivity
(Calu-3/SAE)
3.31
2.40
2.29
1.15
1.73
14.01
4.11	
  

Most drug delivery applications requiring a cell-specific ligand not only need to discriminate the desired
target cell from a collection of normal cells, but also be able to be internalized for successful treatment. Thus, the
relative uptake distribution for a select number of lung cancer specific phage was sought. It was hypothesized that
selective phage clones would undergo different mechanisms of transport based on the specific interaction between
their fusion peptide and their currently unidentified receptors. The interaction of intact phage with Calu-3 cells using
a modified phage capture assay, in which phage were recovered from phage-treated cells using different extraction
buffers, was sought to determine a general subcellular distribution of phage probes within the NSCLC cells. Phages
were split into three representative subcellular fractions as performed during selection (eluate, post-elution wash,
and lysate) and titered. From the studied phage clones, there were three distinct classes of phage interactions
observed with lung cancer cells: 1) clones that predominately bind to the surface of the cells and remain restricted to
the cell surface; 2), clones that are internalized and associate with an internal membrane or membrane bound
organelle; and 3) clones that internalize and remain in the cytoplasm (Figure 13A-C).
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Figure 13: Phage mode of interaction with Calu-3 cells after recovery of cell-associated phage by
different elution steps with acid and detergent. Cells were split into three general subcellular
fractions and the amount of phage associated with each fraction was determined by titering in
K91BluKan E. coli. The portion of each fraction was calculated as the part of each fraction per
total recovered phage. Three different classes of phage were identified based on binding
distribution: A) surface bound, B) membrane bound, and C) cytoplasmic.
The first class of phage was represented by phage clones, DNGTFREM and ASPLAAPA, which show
greater than 70% of phage recovery in the eluate fraction (Figure 13A). It was hypothesized that these phage clones
interact with surface restricted receptors that do not undergo endocytosis or have a slow rate of endocytosis, which
leads to minimal phage uptake. The second class of phage was represented by phage clone, ANGRPSMT, which
showed greater than 50% of phage recovery in the lysate fraction and <10% recovery in the eluate fraction (Figure
13B). It was hypothesize that these phage either interact with receptors that undergo rapid endocytosis or are able to
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directly penetrate through the cell membrane upon interaction with a surface receptor. Similarly, it was hypothesized
that this class of phage clones are internalized and protected from the post-elution washes by a membrane bound
organelle or other hydrophobic compartment/membrane. The third and most common class of phage clones was
represented by phage clones: ARPILSSE, DAGPMWSG, VNGRAEAP, GTADQDYS, and DPTGTSAP, which
were identified by a composition of ~40% of phage recovered in the eluate fraction, ~5% in the lysate fraction, and
~60% in the post-elution wash fraction (Figure 13C). It was hypothesized that this class of phage interacts with a
receptor that undergoes endocytosis and resides primarily in the cytoplasm of the cells. It was shown previously that
phage recovered from the post-elution wash fractions are released from the cytoplasm after activation of
phospholipases during pH shock, resulting in membrane defects and subsequent release of internalized phage
(Jayanna, Bedi, DeInnocentes, et al. 2010a). The observed rapid cytoplasmic release can also be contributed to the
instability of the endosomal membrane after accumulation of certain phage particles during intracellular trafficking
that leads to the collapse and subsequent leakage of infectious phage particles from the endosomal compartment to
the cytoplasm. Increased endosomal escape activity of phage proteins was demonstrated previously for phage
proteins with the fusion peptide DMPGTVLP that were incorporated into liposomal nanomedicines (Tao Wang, S.
Yang, et al. 2010c). Nanoparticles that enhance endosomal escape and avoid degradation of their encapsulated
payload are becoming a requirement for nanomedicines. The identification and classification of ligands that promote
endosomal escape is an important consideration for effective ligand selection in many therapeutic applications.
4.3. Mechanism of Phage Uptake into Lung Cancer Cells
The amino acid residues surrounding a consensus motif, such as RGD, have been shown to play a vital role
in the functional activity of cell binding motifs. Due to the relatively high binding and the observed difference in
cellular distribution between the two phage clones with a conserved NGR motif (ANGRPSMT and VNGRAEAP),
it was hypothesized that the observed difference in phage uptake could be explained by a difference in primary
endocytic route. To determine the endocytic routes used during cell penetration, a modified phage capture assay was
performed in which different endocytosis inhibitors, used at sublethal concentrations, were pre-incubated with Calu3 cells prior to addition, recovery and titering of phage. Chlorpromazine, a cationic amphiphilic drug commonly
used to inhibit the formation of clathrin-coated pits, was used to inhibit clathrin-mediated endocytosis (L H Wang et
al. 1993; Vercauteren et al. 2010). Genistein, a tyrosine-kinase inhibitor that causes disruption of the actin network
(Parton et al. 1994) and inhibits recruitment of dynamin II (Nabi & Le 2003), was used to inhibit caveolae-mediated
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endocytosis (Vercauteren et al. 2010). Cytochalasin D, an inhibitor that destabilizes the cytoskeletal structure of
cells by inducing actin network depolymerization (Gottlieb et al. 1993), was used to inhibit macropinocytosis.
Hypertonic sucrose, which inhibits clathrin and HA2 adapters from forming into mature vesicles (Hansen et al.
1993; Heuser & Anderson 1989), was also used to inhibit clathrin-mediated endocytosis. It was hypothesized that
these phage clones are internalized through an active transport mechanism and inhibition of cellular processes
involved in specific endocytosis pathways would result in a significantly reduced phage titer following a phage
capture assay. As expected from phage binding and uptake results, a significant difference (Dunnett’s test; p <
0.0001) in phage uptake for all treatments following incubation with different endocytosis inhibitors compared to
untreated control cells was observed (Figure 14). The greatest difference was observed in ANGRPSMT phage
recovery following chlorpromazine (27.6 ± 2.8%, two-tailed t-test vs. control cells; p < 3.67×10-4) or genistein (27.8
± 0.4%, two-tailed t-test vs. control cells; p < 5.27×10-5) treatment. Similarly, the greatest difference in recovery of
VNGRAEAP phage was observed following treatment with genistein (42.5 ± 0.50%, two-tailed t-test vs. control
cells; p < 2.17×10-5) or cytochalasin D (41.75 ± 2.62%, two-tailed t-test vs. control cells; p < 8.82×10-5) suggesting
fundamentally different primary mechanisms in how these intact phage particles are taken up into mammalian cells.
These data show that phage ANGRPSMT is internalized primarily by clathrin-mediated or caveolae-mediated
endocytosis, suggesting a receptor-mediated intracellular transport mechanism to occur following a specific
interaction between ANGRPSMT phage particles and a currently unknown receptor. In contrast, phage
VNGRAEAP is internalized primarily by caveolae-mediated endocytosis or macropinocytosis, suggesting this phage
is internalized primarily by fluid phase transport mechanisms or different receptor-mediated transport mechanisms.
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Figure 14: Decrease of phage endocytosis in Calu-3 cells by chemical inhibition. Calu-3 cells were
incubated with different endocytosis inhibitors for 1 hour prior to the addition of isolated phage
clones ANGRPSMT and VNGRAEAP. Cells were washed, lysed and the remaining cellassociated phage were counted by titering in K91BluKan E. coli. The percent uptake inhibition
was calculated as the number of phage particles taken up by Calu-3 cells in the presence of
endocytosis inhibitor per number of phage particles taken up by Calu-3 cells without an inhibitor.
Significantly different changes in phage uptake in the presence of different inhibitors were marked
(two-tailed t-test vs. control; * p < 0.0001). Treatments from left to right: Chlorpromazine (black
bars), Genistein (striped bars), Cytochalasin D (gray bars), and Sucrose (hashed bars).
Confocal microscopy was used to confirm the observed difference in uptake mechanisms between the two
NGR phages, ANGRPSMT and VNGRAEAP. A significant difference in phage labeling between the two different
NGR phages in Calu-3 cells was observed prior to treatment with any endocytosis inhibitor. ANGRPSMT phage
(Figure 15A) showed an accumulation of phage primarily within the cytoplasm and is suspected to be found within
endosomes as suggested by the orange overlay found in the cytoplasm. However, VNGRAEAP phage (Figure 15C)
showed large changes in cell morphology and phage distribution compared to ANGRPSMT phage in representative
micrographs as shown. These cells appeared to have a large protrusion extending from the cytoplasmic membrane
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engulfing a large number of phage particles. A redistribution of phages was apparent following treatment of Calu-3
cells with genistein for both ANGRPSMT (Figure 15B) and VNGRAEAP (Figure 15D) phage as expected from the
phage capture assay following endocytosis inhibition. Inhibition of caveolae-mediated endocytosis in Calu-3 cells
followed by treatment with phage shows predominant clustering of both phage clones to be restricted to the cell
surface, resulting in minimal phage uptake. Restriction of phage to the cell surface did not result in co-localization
of phage particles with the cell membrane labeled with wheat germ agglutinin. Combined results of the phage
capture assay and microscopy show that ANGRPSMT and VNGRAEAP phage interact with the same target cells,
but with different primary mechanisms of endocytosis leading to differences in subcellular distribution.

Figure 15: Confocal microscopy of phage associated with Calu-3 cells. Calu-3 cells were
incubated with two different phage clones, ANGRPSMT (A and B) and VNGRAEAP (C and D),
at the same concentration in the presence (B and D) or absence (A and C) of genistein, an inhibitor
of caveolin-mediated endocytosis. Cells were washed, fixed, and permeabilized prior to treatment
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with a rabbit anti-fd phage antibody followed by a goat anti-rabbit antibody conjugated with Alexa
fluor 488 (green). Cell membranes were identified by incubation with WGA-Alexa fluor 555 (red)
and cell nuclei were identified by staining with TOPO-3 (blue). Control cells that were untreated
with phage are shown (E). Images were obtained on a Nikon Eclipse TE 2000-E under the same
magnification (60X) and image acquisition settings. Scale bar = 10 µm.
4.4. In vitro activity of phage protein-modified liposomal doxorubicin
The application of two of the top binding phage clones (ANGRPSMT and VNGRAEAP), containing a
conserved NGR motif, in a previously developed liposomal doxorubicin platform was demonstrated (Petrenko &
Jayanna 2014). It was hypothesized that the peptide VNGRAEAP would significantly increase the toxicity of
unmodified liposomal doxorubicin due to the large accumulation of phage in the post-elution wash (cytoplasm). As
shown in Figure 16, there was a significant decrease in cell viability following treatment with VNGRAEAPmodified Lipodox at high concentrations (P < 0.05), however we also observed a significant decrease in viability
with ANGRPSMT-modified Lipodox (P < 0.05). As hypothesized previously, active targeting of nanomedicines is
expected to increase the intracellular concentration of cytotoxic drugs. The increase in toxicity was, in part, due to
the increased cellular accumulation of VNGRAEAP-modified Lipodox compared to unmodified Lipodox (P < 0.05)
as shown in Figure 17.
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Figure 16: Cell viability of Calu-3 cells after treatment with Lipodox (squares), ANGRPSMTmodified Lipodox (diamonds), and VNGRAEAP-modified Lipodox (circles) for 36 hours. Cell
viability was estimated by MTT assay. Data are presented as the mean ± standard deviation where
N = 3. T-test was performed between modified and unmodified samples and * P < 0.05 was
considered statistically significant.
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Figure 17: Doxorubicin cell-associated uptake after 4 hours of treatment of 20 µg/mL (grey) or 5
µg/mL (striped) doses of doxorubicin in Calu-3 cells. Doxorubicin was extracted by acidified
isopropanol and quantified by fluorescence (ex 470/em 590). Data are presented as the mean ±
standard deviation where N = 3. T-test was performed between modified and unmodified samples
and * P < 0.05 was considered statistically significant.
5.

Discussion
Phage display libraries containing a rich collection of highly diverse molecular probes are commonly used

in biopanning/selection screens to identify protein sequences with high affinity to a desired target. Neoplastic cells,
including lung cancer cells, often result in cells with different molecular phenotypes leading to different cell surface
receptors being expressed across the cellular landscape. This cellular landscape can also be affected by differences
in local tumor microenvironment following chemotherapy and/or radiotherapy treatments leading to a more complex
landscape. Due to the dynamic nature of the cellular landscape, identification of a suitable selection scheme and
cellular targets is important for the improvement of tumor-specific therapeutics or diagnostics.
Here, a subtractive selection scheme was used to identify a collection of peptides with specificity towards a
lung cancer adenocarcinoma cell line previously receiving chemotherapy before isolation from a metastatic site.
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Identification of cancerous cells that may have received previous chemotherapy and/or also may have metastasized
away from the primary lesion remains a challenge. The identified peptides would be ideal candidates for detection
and targeted cancer chemotherapy applications. Lung cancer specific peptides have been isolated by other groups
from pIII phage display libraries displaying 12-mer (Zang et al. 2009) or 20-mer (Tsuksa Oyama et al. 2003;
Tsukasa Oyama et al. 2006) peptide sequences within the five copies of the mature pIII protein. The pVIII landscape
phage display library format, rather than modification of the pIII protein commonly used with other phage display
libraries, provides a unique protein landscape across the length of the surface of each phage based on the selected
fusion peptide sequence. A comparison of affinity between selected phage from both types of libraries has been
described elsewhere (Knez et al. 2013), with phage identified from landscape libraries often displaying higher
affinities in the sub-nanomolar Kd range due, in part, to the density of ligands within each phage. It was shown
recently that a landscape phage clone, displaying a breast cancer specific ligand (DMPGTVLP) had an affinity in the
picomolar range (Kd = 1.3x10-12 M) to its target MCF-7 breast cancer cells suggesting the utility of landscape phage
in generating high affinity targeting probes (Fagbohun et al. 2012).
Using a previously developed phage capture assay, recovered phage clones were screened in their target
cell line to determine how they interact with the cells. One noted limitation of our phage capture assay is the ability
to only identify intact, infective phage particles. This could slightly alter the elution profiles of each phage due to
phage degradation by proteases at physiological temperatures or collapse of phage structure intracellularly. This
limitation is unlikely given the highly stable structure of phage particles and the short incubation time of phage with
mammalian cell targets. Using the information content generated from the RELIC analysis, it was hypothesized that
phage with high relative information content would bind specifically with our target cells. This information content
statistic could allow for identification of phage likely to interact with a given target compared to the unselected
library and provide an ideal starting point for selectivity experiments following a final round of selection that may
result in a large number of highly diverse structural families. However, using this statistic to replace selectivity
experiments is not recommended, as the degree of selectivity or specificity towards a given target is not included in
the calculation. For example, from the f8/9 clones presented, DESISYIDQ showed to be highly selective producing
a specificity ratio of 14.01 from an information content of 25.029, however EVNVEEINL was less selective with a
specificity ratio of only 3.31 from a higher relative information content of 28.245 (Table IV).
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Neighboring peptides surrounding a shared structural motif can modulate the binding or activity of the
RGD motif with surface integrins as proposed previously (Koivunen et al. 1995), as was shown with the RGD motif.
It was shown here that a similar effect was observed with an NGR motif. Structurally, the NGR motif was located in
the same position on each of the studied phages (ANGRPSMT and VNGRAEAP), however the selectivity and
subcellular distribution were consistently different between the two phages. One clone, VNGRAEAP, showed
dramatic cell specificity and was commonly found within the cytoplasm of Calu-3 cells. Alternatively,
ANGRPSMT, showed more broad reactivity with cancer cells and found predominately in membrane bound
organelles or endosomes. Thus, the results show that these neighboring residues can increase the affinity or
specificity of the parent motif as well as modulate cell signaling and other regulatory events within the cell after
binding (Maheshwari et al. 2000). Phage recovered in higher percentages from the post-elution wash fraction, such
as VNGRAEAP phage, can significantly increase the toxicity of liposomal doxorubicin. Therefore, targeting ligands
that internalize into the target cell rather than bind to surface restricted receptors should be used for delivery of
cytotoxic drugs as shown previously with antibody-targeted liposomes (Sapra & Allen 2002).
Optimization of the subcellular delivery of nanomedicines should proceed through specific pathways that
lead to improved deposition of doxorubicin in the nucleus that results in reduction of off-target toxicities and
decreased resistance phenotypes. Here, phage VNGRAEAP was internalized by caveolae-mediated endocytosis and
macropinocytosis while phage ANGRPSMT was internalized by clathrin- and caveolae-mediated endocytosis. It is
expected that nanomedicines modified with these phage proteins will modify the primary endocytic pathway of
intracellular uptake. Macropinocytosis of the VNGRAEAP-modified Lipodox was suggested to internalize larger
volumes of nanomedicines from the environment, however macropinosomes (vesicles formed following uptake by
macropinocytosis) mature to lysosomes. Alternatively, VNGRAEAP-modified Lipodox can also be internalized by
caveolae-mediated endocytosis, which typically bypasses maturation into lysosomes and can delivered to the
nucleus or other subcellular organelles (Sahay et al. 2010). Thus, it can be shown that phage proteins can be selected
that allows delivery by a specific subcellular pathway.
6.

Supplemental Material

Table V: Cancer-interacting motifs. Lung cancer identified peptides were screened for additional common structural motifs
between phage selected against other cancer or cell surface markers using the publically accessible database, MimoDB
v4.2. Common motifs between recovered phage and other libraries are shown in bold.
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Calu-3 cell
interacting
peptides
ADTSEASTL
ADYDFMVDN
AEYGESVNA

ALWSDSGA
ANDVYLD
APGFSGQP
APMFSDHDT
APYSFDADT
ASLPGTSQ
ASPLAAPA

ASPMDVNS
ATLWSLGQ
AYDPDLGGD

Motif-containing peptides from other
selected peptides
CLSASTLMC

DESISYIDQ

VTRGDSISYL
RGDWYESVSYWGVIDW
RQGRGDSRTS
ALGRGDSDLI
VQGRGDSHPAI
DGRSYSTKYWFM
IPWYPY
LWSPWYGGSW
DPRATTTT
EVTTEHVEAN
CVTTLNLTC
DPRIATMS

DPLAEVTTL
DPRVESMSG

Human NSCLC4 cell line, CL1-5 (T.-Y. Lee et al. 2007)
Aminopeptidase N (Y. Zhang et al. 2010)
Caveolin-1 (Couet et al. 1997)
Aminopeptidase N (Y. Zhang et al. 2010)
Caveolin-1 (Couet et al. 1997)
Integrin α5/β6 (Kraft et al. 1999)
ICAM-11 (Bélizaire et al. 2003)
Human NSCLC3 cell line, NCI-H1299 (Zang et al. 2009)
Human glioblastoma cell line, U87MG (C. Wu et al. 2008a)
Human colon cancer cell line, HT29 (Kelly & D. A. Jones
2003)
Integrin α6/β3 (Murayama et al. 1996)
Human epidermoid carcinoma, A431 (Kamada et al. 2007)
Integrin α5/β3 (Kraft et al. 1999)
FGFR-25 (Maruta et al. 2002)
Angiopoietin-1 receptor (X. Wu et al. 2008b)
Human osteosarcoma cell line, OS732 (Zhu et al. 2003)
VCAM-16 (Kelly et al. 2005)
Integrin α5/β1 (Healy et al. 1995)
Human PC cell line, PC-3 (Newton-Northup et al. 2011)
Human colon cancer cell line, HT29 (Kelly & D. A. Jones
2003)
Integrin α5/β1 (Koivunen et al. 1994)
FGFR-24 (Maruta et al. 2002)
Human heptatocellular carcinoma cell line, HepG2 (Zhao et
al. 2013)
Integrin α5/β5 (R. Li et al. 2003)
ICAM-11 (Bélizaire et al. 2003)
Integrin α5/β3 (R. Li et al. 2003)
Integrin α5/β3 (R. Li et al. 2003)
Integrin α5/β3 (Hufton et al. 2000)
Integrin α5/β3 (Kraft et al. 1999)
Con A7 (Scott et al. 1992)
P-glycoprotein, Pgp (Popkov et al. 1998)
Human PC2 cell line, LNCaP (Romanov et al. 2001)
Anti-HER-2 Polyclonal Antibody (Denisova et al. 2009)
Human colon cancer cell line, HT29 (Kelly and Jones, 2003)
Human PC2 cell line, LNCaP (Romanov et al. 2001)

CDHASPMHC
RGDVWTLWSVGDTRS
TPGLDAAVFWSLGSE
CIDPSLGLC
CASFFAVQC
MAVDPLR
AYILPRIKSFTA

DGRSYTGED
DIPWYGDES

Human colon cancer cell line, HT29 (Kelly & D. A. Jones
2003)
ICAM-12 (Bélizaire et al. 2003)
Human PC3 cell line, PC-3 (Jayanna, Bedi, DeInnocentes, et
al. 2010a)

PYRIDAWADVDEMVWM
AEYGESVNA
AEYGESGNA
AEYGESVLI
AEYGERGNA
VNSHQALWSPAQ
TLQSILPPRLWS
RNVPPIFNDVYWIAF
GFSGHRLFDLSS
PVRYGFSGPRLAILW
RSDLDTLLARHQ
PYRIDAWADVDEMVWM
YPHYSLPGSSTL
VAPFWVASLPAP
CLLPLAAPC
FGRIPSPLAYTYSFR
GLLKYQQWASPLC
RGDLAAPHRTGA
LAAPPKA
NSLSNASEFRAP
SLTMMSPPAASD

DASFMAVDQ

DGRFDSETS

Target/Reference

2

Intercellular adhesion molecule 1
Prostate Carcinoma
4
Non-small Cell Lung Cancer
5
Fibroblast growth factor receptor 2
6
Vascular cell adhesion protein 1
7
Concanavalin-A
3
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DPTGTSAP
DSSLSYIDQ
DYPNEYSSA
EDARTAAMA
EFYAESTSL

WPRYAESTLQLR

EGMNYHIDQ
EHVYDEGSN
EIDPEASTL

EGMHYHT
VVFYDYGS
CGTRCVRCQNGPEASCEQPL
CLSASTLMC

EMSYNADA
EPFEPGLAS

ITMSSNAEHSRI
FRSFESCLAKSH
PVGEPGLLWRLLSAPVWRE
EVRGDSLP
LPYGTSNRHAPV
CVNVEYRNC
ISSLLEEINTILMDIIEYL
SPARGDLFRFMGAVH
ASGALSPSRLDT
AEYGESVNA
AEYGERGNA
AEYGESGNA
AKYYCEELVNHCTSAQ
CRFDKEYRTLVC

EPRGDSLDL
ETMMPYGT
EVNVEEINL
EYSPYAGDT
GEYVELVNA

GLNGRGDPD
GMVMEPGLD
GNATLSSME
GSLEESSNL
GSLEEVSTL

Human PC2 cell line, LNCaP (Qin et al. 2011)
Integrin α5/β3 (Healy et al. 1995)
Estrogen receptor (Chang et al. 1999)
Rat glioma cell line, RG2 (Samoylova et al. 2003)
Human PC2 cell line, LNCaP (Romanov et al. 2001)
Human colon cancer cell line, HT29 (Kelly & D. A. Jones
2003)
Human nasopharyngeal carcinoma cell line, CEN-1 (SUN et
al. 2007)
EFGR8 (Hamzeh-Mivehroud et al. 2012)
Con A6 (Oldenburg et al. 1992)
Human breast cancer tumor (Krag et al. 2006)
Human colon cancer cell line, HT29 (Kelly & D. A. Jones
2003)
Human NSCLC3 cell line, NCI-H1299 (Zang et al. 2009)
Interlukin-10 receptor α, IL-10R (Naiyer et al. 2013)
Estrogen Receptor (Chang et al. 1999)
Rat glioma cell line, RG2 (Samoylova et al. 2003)
Human glioma cell line (Ho et al. 2004)
Integrin α5/β1 (Koivunen et al. 1994)
Interlukin-6, IL-6 (Kobayashi et al. 2011)
Integrin α5/β1 (Healy et al. 1995)
Human osteosarcoma cell line, 143B (Sun et al. 2010)
Human PC2 cell line, PC-3 (Jayanna, Bedi, DeInnocentes, et
al. 2010a)

IYSNTSAPHLII
MWVFSRGDSSLFCCG
AHGESSLLAWLLSGEYSSA
DDTRYSSA
DPRTAAMA
CSLRTAAAC

Human PC2 cell line, PC-3 (Newton-Northup et al. 2011)
PSA9 (P. Wu et al. 2000)
Integrin α5/β3 (R. Li et al. 2003)
Estrogen Receptor (Chang et al. 1999)
Human PC2 cells, PC-3 (Newton-Northup et al. 2011)
Integrin α5/β6 (Kraft et al. 1999)
Human NSCLC3 cell line, NCI-H1299 (Zang et al. 2009; Tu
et al. 2009)
Human PC2 cell line, PC-3 (Newton-Northup et al. 2011)
Human NSCLC3 cell line, NCI-H1299 (Zang et al. 2009; Tu
et al. 2009)
Human breast cancer xenograft, MDA-MB-435 (Arap,
Pasqualini & Ruoslahti 1998b)
VEGFR-110 (An et al. 2004)
Human NSCLC3 cell line, CL1-5 (T.-Y. Lee et al. 2007)
Human PC2 cell line, PC-3 (Jayanna, Bedi, DeInnocentes, et
al. 2010a)
Integrin α5/β3 (R. Li et al. 2003)
IGFBP-111 (Lowman et al. 1998)
Human PC2 cell line, PC-3 (Jayanna, Bedi, DeInnocentes, et
al. 2010a)
Undifferentiated embryonic carcinoma stem cell line, P19
(Morita et al. 2006)

GSGRGDADLH
PVGEPGLLWRLLSAPVWRE
TPGLDAAVFWSLGSE
TRDLHTLSSTRH
YPHYSLPGSSTL
IKAPNPPSVSTLPPR
YPHYSLPGSSTL
CTCVSTLSC

GTPLLSPE
GVDSEIVSL
GVSYVDMDQ
VDGRTGTDS
VDIAEQSTA

SHWETPLLSWFF
SPLLSTRAVQLS
VDVSEQMSL
VSRGDMPPMW
EVDGRWWIVETFLAKWDHMA
VDVSEQMSL
MGIAEQLMH
RGDIPSMSTLPR

8

Epidermal growth factor receptor
Prostate specific antigen
10
Vascular endothelial growth factor receptor 1
11
Insulin-like growth factor binding protein 1
9
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AQSTAFQKPLIM
CGWVDVIASGDTATLAC
VEEGGYIAA
VGDYDVVDS

GGSIAASELEYY
VGDYDVVDS

VTDPSAST

QHTLIIDATMPSASP

Integrin α5/β6 (Kraft et al. 1999)
Human NSCLC3 cell line, CL1-5 (T.-Y. Lee et al. 2007)
P-selectin (Molenaar et al. 2002)
VPAC1 receptor (Tang et al. 2013)
Human PC2 cell line, PC-3 (Jayanna, Bedi, DeInnocentes, et
al. 2010a)
Human PC2 cell line, PC-3 (Newton-Northup et al. 2011)
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CHAPTER 3
COMBINATORIAL SYNTHESIS AND SCREENING OF CANCER CELL-SPECIFIC NANOMEDICINES
TARGETED VIA PHAGE FUSION PROTEINS
1.

Abstract
Active tumor targeting of nanomedicines has recently shown significant improvements in the therapeutic

activity of currently existing drug delivery systems, such as liposomal doxorubicin (Doxil/Caelyx/Lipodox).
Previously, we have shown that isolated pVIII major coat proteins of the fd-tet filamentous phage vector, containing
cancer cell-specific peptide fusions at their N-terminus, can be used as active targeting ligands in a liposomal
doxorubicin delivery system in vitro and in vivo. Here, we show a novel major coat protein isolation procedure in 2propanol that allows spontaneous incorporation of the hydrophobic protein core into preformed liposomal
doxorubicin with minimal damage or drug loss while still retaining the targeting ligand exposed for cell-specific
targeting. Using a panel of 12 structurally unique ligands with specificity towards breast, lung, and/or pancreatic
cancer, we showed the feasibility of pVIII major coat proteins to significantly increase the throughput of targeting
ligand screening in a common nanomedicine core. Phage protein-modified Lipodox samples showed an average
doxorubicin recovery of 82.8% across all samples with 100% of protein incorporation in the correct orientation (Nterminus exposed). Following cytotoxicity screening in a doxorubicin-sensitive breast cancer line (MCF-7), three
major groups of ligands were identified. Ligands showing the most improved cytotoxicity included: DMPGTVLP,
ANGRPSMT, VNGRAEAP, and ANDVYLD showing a 25-fold improvement (p < 0.05) in toxicity. Similarly
DGQYLGSQ, ETYNQPYL, and GSSEQLYL ligands with specificity towards a doxorubicin-insensitive pancreatic
cancer line (PANC-1) showed significant increases in toxicity (2-fold; p < 0.05). Thus, we demonstrated proof-ofconcept that pVIII major coat proteins can be screened in significantly higher throughput to identify novel ligands
displaying improved therapeutic activity in a desired cancer phenotype.
2.

Introduction
Cancer remains the second leading cause of death in the United States across all age groups for both

genders and continues to produce a significant burden on the healthcare system for improved patient outcomes with
an improved quality of life in cancer survivors (Siegel et al. 2015). Treatment options include surgery,
chemotherapy, radiation therapy or a combination of the three and are dependent on the tumor stage at initial
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diagnosis and the overall health/age of the patient. For example, breast cancer is commonly treated with surgery and
radiation therapy (60%) in early stages (I or II) with the addition of chemotherapy in some cases (39%). However in
later stages (III or IV), chemotherapy is used significantly more often (74%) in a patient’s treatment strategy
(DeSantis et al. 2014). Tumor management with chemotherapy has shown to prevent tumor recurrence and prolong
a patient’s overall survival, but can also decrease the quality of life due to non-specific side effects associated with
the high toxicity profile of many chemotherapy treatments.(Early Breast Cancer Trialists' Collaborative Group
(EBCTCG) 2005; Riihimäki et al. 2012)
Pegylated liposomal doxorubicin (Doxil, Caelyx, or Lipodox) was introduced as the first FDA-approved
nanomedicine composed of the commonly used anticancer drug doxorubicin encapsulated within the core of
liposomes. Liposomal doxorubicin is the first nanomedicine approved for use in the clinic for a variety of cancer
types. It showed significant improvements in circulation and bioavailability, and leads to overall reduction of tumor
volume while significantly increasing the long-term survival of patients (Gabizon et al. 2003). Nanomedicines
provide an increase in therapeutic activity by passively targeting their therapeutic payloads and using the leaky
vasculature commonly associated with many tumors, a pathophysiological phenotype known as the enhanced
permeability and retention (EPR) effect (J. Fang et al. 2011). It has been suggested extensively from pre-clinical
models that active targeting of nanomedicines can provide an additional improvement in the therapeutic activity
compared to solely relying on the EPR effect and other passive targeting strategies. Active targeting commonly
involves attachment of a homing molecule onto either the therapeutic drug molecule, such as a doxorubicinconjugate (Florent & Monneret 2008), or onto a drug delivery system, such as doxorubicin-loaded liposomes (Shroff
& Kokkoli 2012; Petrenko & Jayanna 2014). The homing molecule would then provide cell-specific accumulation
of the therapeutic molecule specifically to the desired cells, thereby reducing major side effects and also reducing
dose-limiting toxicities commonly seen with highly active molecules like doxorubicin.
Two broad mechanisms are commonly used to conjugate a targeting ligand into a liposomal drug delivery
system: “pre-insertion” modifications and post-insertion modifications. “Pre-insertion” modifications consist of a
covalent conjugation of the targeting ligand to one of the subcomponents of the drug delivery system before
assembly of the nanoparticle. Attachment of a peptide/protein is commonly achieved by covalent modification of an
activated lipid or polyethylene glycol (PEG)-lipid through either an amide conjugation or a disulfide/thioether
conjugation (Rongrong Wang et al. 2012b). Following conjugation, the protein-lipid conjugates can then be used as
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one of the many assembly blocks used in a self-assembly mechanism to produce larger drug delivery systems, such
as observed with liposomes (D.-H. Lee et al. 2014). There are several advantages of attaching a ligand prior to
nanoparticle assembly including: 1) highly controlled reaction conditions of ligand to a specific lipid, 2) more
commonly available characterization methods available for quality control, and 3) a highly stable conjugation of the
ligand to the lipid molecule. However, “pre-insertion” modifications often require a trained chemist to optimize
reaction conditions/analyze products, result in moderate yields of the desired final product which then require
purification, and can also degrade the functional activity of the targeting molecule depending on reaction conditions.
Alternatively, post-insertion methods of nanomedicine modification involve attachment of a targeting ligand after
assembly and drug loading. It has been reported that some liposomal nanomedicines are stable enough to perform an
amide conjugation to an activated lipid exposed from the nanomedicine surface, however this still requires
purification of final product before testing (Kung & Redemann 1986). Another common method of post-insertion
modification includes the use of a biotinylated lipid embedded in a lipid bilayer, which will then react almost
irreversibly with a streptavidin-peptide conjugate or streptavidin-biotin-peptide conjugate (Loughrey et al. 1987).
Another method of post-insertion modification includes the use of pVIII major coat proteins isolated from
filamentous bacteriophage, such as M13 or fd, that display a targeting motif fused at the N-terminus of the protein
(Petrenko & Jayanna 2014). Post-insertion methods offer several advantages including rapid/simple modification
reactions, milder reaction conditions that keep nanomedicines and ligands functionally intact, and stable noncovalent interactions between nanomedicines and the attached ligands. However, post-insertion methods can also
cause nanomedicine instability or drug loss during modification that requires the optimization of reaction conditions
to prevent undesired effects.
Filamentous bacteriophage of class Ff, including phage vectors such as M13, fd, and f1, are long
cylindrical virions (~1 µm × 6.5 nm) structurally composed of a single-stranded DNA genome (<10 kbp) and 5
structural proteins (pIII, pVI, pVII, pVIII, and pIX) (Marvin et al. 2014). Each of the wild-type phage particles
consist of 2,700 copies of the pVIII major coat protein, which accounts for ~90% of the mass of each virion. The
remaining 10% is derived from the phage’s DNA genome and also a minor contribution from the four remaining
structural proteins (<1%). Landscape phage display libraries of type f8, introduce a random peptide fusion into each
of ~4,000 domains of the pVIII major coat protein of the fd-tet vector to create a unique landscape across the surface
of each phage clone (G. P. Smith 1993; Petrenko et al. 1996; Kuzmicheva, Jayanna, Sorokulova, et al. 2009b).
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Landscape phage libraries have been used extensively to generate ligands with specificity towards various cancer
phenotypes (Bedi et al. 2014; Fagbohun et al. 2012; Jayanna, Bedi, DeInnocentes, et al. 2010a). The pVIII major
coat proteins produced from these phage vectors have an 8- or 9-mer peptide fusion at the N-terminus and also
contain an intrinsic membrane-spanning domain between residues 21-39 of the wild-type vector. This highly
hydrophobic core serves to accumulate the pre-coat protein in the bacterial membrane during phage morphogenesis
and also participates in formation of a highly stable phage particle to protect the genome from degradation.
Filamentous phage particles and their isolated proteins show superior thermal stability while also maintaining the
desired binding capacity compared to antibodies and also retain functional activity after exposure to harsh
environments including relatively high temperatures (Brigati & Petrenko 2005), acidic or alkaline solutions,
moderate percentages of organic solvents (Olofsson et al. 1998), and protealytic enzyme treatment (Schwind et al.
1992) making filamentous phage and their pVIII major coat proteins ideal candidates for substitute antibodies in the
targeted drug development (Petrenko & G. P. Smith 2000; Petrenko 2008). The intrinsic membrane domain of the
pVIII major coat protein has provided an ideal platform to develop targeted nanomedicines by isolating the major
coat protein and introducing the solubilized proteins into preformed, drug-loaded liposomes through spontaneous
interactions of the hydrophobic core with the liposome bilayer (Tao Wang, D’Souza, et al. 2010a; Jayanna, Bedi,
Gillespie, et al. 2010b; Petrenko & Jayanna 2014). Several methods for solubilization and isolation of phage major
coat protein have been studied including phenol extraction, several classes of detergents and a number of organic
solvents. However, two critical factors that significantly effect the functional activity of the isolated protein include:
1) rapid aggregation rates of the protein due to the highly hydrophobic nature of the protein, and 2) an irreversible
conformation change in secondary structure from α-helical to a β-sheet (Spruijt et al. 1989; W. Li et al. 2007b).
Identification of a solvation procedure that allows high recovery of phage major coat protein in an α-helical
conformation that would also limit damage to the membrane of pre-formed liposomes is ideal.
One of the major limitations in ligand screening of targeted nanomedicines is due to highly complex
reactions and optimizations required to prepare and purify a single targeted nanomedicine. In this study, we have
developed a rapid protein isolation method to solubilize the pVIII major coat protein in high concentration, yield,
and purity that also retains the desired functional activity. (Figure 18) We show this isolated protein is then suitable
to prepare targeted nanomedicines following a post-insertion modification strategy of preformed, drug-loaded
liposomes. We hypothesized that optimization of ligand solubilization and insertion strategies would allow
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identification of cancer cell-specific ligands that increase the desired specific cytotoxic effect of liposomal
nanomedicines in much higher throughput. We demonstrate the application of this technique for identifying ligands
in a single combinatorial experiment combining novel cancer cell-specific ligands with a preformed liposomal
doxorubicin core generating 12 nanomedicines targeted with structurally unique ligands and subsequently screening
for their anticancer activity in vitro. From this screening experiment, we were able to identify 8 novel targeting
ligands able to significantly increase the therapeutic response of untargeted liposomal doxorubicin across two
different cancer types.

Figure 18: Phage fusion protein-targeted nanoparticles. Target-specific phage fusion protein
selected from phage libraries can be introduced into drug-loaded PEGylated liposomes exploiting
their intrinsic properties to spontaneously integrate into lipid bilayers.
3.

Materials and Methods
3.1. Reagents
Reagent grade or higher calcium chloride, chloroform, hydrochloric acid (HCl), 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), phenylmethylsulfonyl fluoride (PMSF), 2-propanol, proteinase K, and
sodium dodecyl sulfate (SDS) were obtained from Sigma Aldrich (St. Louis, MO). Lipodox (PEGylated liposomal
doxorubicin, composed of 1,2-distearoyl-sn-glycero-3-phosphocholine, cholesterol, 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE- PEG2000) in molar ratio 56 :
39 : 5 containing ~2 mg/mL encapsulated doxorubicin) was obtained from SUN Pharmaceutical Ind. Ltd. (Gujaat,
India).
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3.2. Cell Culture
An established breast adenocarcinoma cell line, MCF-7 (ATCC, HTB-22™), and an established pancreatic
adenocarcinoma cells line, PANC-1 (ATCC, CRL-1469™), were used throughout this study. All cell lines were
purchased from the American Type Culture Collection (ATCC, Manassas, VA) as a frozen vial and maintained as
described in the technical bulletins in a 37ºC cell culture incubator with 5% CO2. Cells were maintained in the
recommended basal medium supplemented with 10% defined fetal bovine serum (FBS) and 1% v/v 100X
antibiotics/antimycotics (Ab/Am). Cells were tested for mycoplasma contamination using a commercial
mycoplasma PCR detection kit (ATCC) and confirmed to be free of mycoplasma contamination following all
experimental procedures. Eagle’s Minimum Essential Medium (EMEM) and Dulbecco’s Modified Eagle’s Medium
(DMEM) were obtained from ATCC. Hyclone defined FBS and Gibco 100X Ab/Am, a cocktail of 10,000 U/mL
penicillin, 10,000 µg/mL streptomycin, and 25 µg/mL amphotericin B, were obtained from Thermo Fisher Scientific
(Waltham, MA).
3.3. Phage Propagation & Protein Isolation in 2-propanol
All general phage handling, propagation, purification, titering, and DNA sequencing procedures have been
described previously (Brigati et al. 2008). Phage clones isolated from landscape phage display libraries f8/8 and f8/9
were designated by the sequences of the foreign fusion peptides. Phage clones DMPGTVLP or VPTDTDYS were
isolated from an in vitro biopanning of the f8/8 library over MCF-7 breast cancer cells; similarly, the phage clone
VEEGGYIAA was isolated from an in vitro biopanning of the f8/9 library over MCF-7 breast cancer cells as
described previously (Fagbohun et al. 2012). Phage clones ANDVYLD, ANGRPSMT, GLNGRGDPD, or
VNGRAEAP were isolated from the f8/8 library through in vitro biopanning with Calu-3 non-small cell lung cancer
(NSCLC) cells, and phages DGQYLGSQ, DVRGDGLQ, EPSQSWSM, ETYNQPYL, or GSSEQLYL were isolated
from the f8/8 library by in vitro biopanning with the PANC-1 pancreatic cancer cells, as described previously (Bedi
et al. 2014).
Approximately 3×1013 phage particles dissolved in 1X TBS were transferred to a sterile 1.7 mL
microcentrifuge tube followed by addition of 3 volumes of 100% 2-propanol and 30 µL of chloroform. Phage
samples were vortexed vigorously to mix and shear intact phage particles into its primary components. Phage DNA
was removed from the mixture by centrifuging at 13,000 × g for 5 minute at room temperature. The upper phase
containing phage protein was transferred to a new sterile 1.7 mL microcentrifuge tube and stored at 4ºC. Phage

67

protein concentration was determined by measuring the UV/Vis absorbance of the solution at 280 nm with a
NanoDrop. Absorbance values were converted to protein concentration, in mg/mL, using the appropriate 1 A(280)
conversion factor as listed in Table VI.
Table VI: Phage Major Coat Protein (pVIII) Properties. Phage major coat protein (pVIII)
properties were calculated following sequence analysis of the full length (55 amino acid) pVIII
protein sequence using DNAStar Protean version 10.0.1. Phage are identified by their 8- or 9-mer
fusion

peptide

sequence

within

the

full

length

protein

sequence

of

NH2-AXXXXXXXX[D/X]PAKAAFDSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSK
AS-COOH, where X can be any amino acid. Proteins with an 8-mer peptide fusion will contain a
D in the 10th position of the pVIII fusion protein, while proteins with a 9-mer peptide fusion will
have a random amino acid.
Phage
ANDVYLD
ANGRPSMT
DGQYLGSQ
DMPGTVLP
DVRGDGLQ
EPSQSWSM
ETYNQPYL
GLNGRGDPD
GSSEQLYL
VEEGGYIAA
VNGRAEAP
VPTDTDYS

MW
(g/mol)
5612.49
5751.67
5786.62
5747.72
5777.65
5869.76
5946.84
5703.57
5815.70
5711.63
5731.62
5815.64

1 A(280) =
X mg/mL
0.59
0.70
0.58
0.70
0.70
0.42
0.52
0.69
0.58
0.60
0.69
0.61

3.4. Characterization of Isolated Phage Protein by SDS-PAGE
Two-fold serial dilutions of isolated phage protein in 1X Laemmli sample buffer were heated at 95ºC for 1
hour. A 10-fold dilution of the Precision Plus Protein WesternC Standards (Bio-Rad, Hercules, CA) was diluted in
1X Laemmli sample buffer and heated at 95ºC for 10 minutes. Prepared samples were separated on a 4-20% MiniPROTEAN TGX polyacrylamide gel (Bio-Rad, Hercules, CA) at a constant voltage of 100 V for 45 minutes.
Following separation, the gel was fixed for 10 minutes in a methanol/acetic acid/water (v/v/v 50:10:40) fixing
solution. Protein bands were labeled with a Colloidal Blue Staining Kit (Thermo Fisher Scientific, Waltham, MA) as
described in the manufacturer’s instructions. Briefly, the fixed gel was incubated in the prepared staining solution
(stainer A/stainer B/methanol/water v/v/v/v 20:5:20:55) for 3 hours at room temperature with gentle shaking. The
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staining solution was replaced with distilled water and destained for 11 hours at room temperature with gentle
shaking. Following destaining, bands were visualized using an EDAS Imaging Station (Eastman Kodak Co.,
Rochester, NY) equipped with a DC290 digital camera and a white light box. Images were captured and analyzed
using Molecular Imaging Software (v. 4.0.3; Eastman Kodak Co., Rochester, NY).
3.5. Insertion of Phage Protein into Liposomal Doxorubicin (Lipodox)
Phage protein-modified Lipodox was prepared at room temperature (20ºC) by rapidly introducing isolated
DMPGTVLP major coat protein into a preparation of Lipodox at a protein-to-lipid weight ratio of 1:200 as
described previously (Tao Wang et al. 2011b). Samples were mixed vigorously by vortexing and diluted with 1
volume of 1X TBS, pH 7.4 before incubating at 37ºC overnight with gentle rotation.
3.6. Theoretical Calculation of Ligands per Liposome
The number of lipids per liposomes was calculated based on the surface area of a unilamellar liposome with
a bilayer thickness, h, of 5 nm; an average diameter, d, of 83 nm; and an average lipid headgroup area, a, of 0.5775
nm2 for the mixed lipid population according to previous reports (Pidgeon & Hunt 1981) as discussed briefly below:
𝑁𝑁!"#"$% =

!!
!

! !
!

+

!
!

−ℎ

!

(5)

The concentration of liposomes was subsequently calculated as follows, where the molar concentration of lipid in
Lipodox, M, was 0.0216 M; and NA is Avagadro’s Number:
𝐶𝐶!"#$%    𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑚𝑚𝑚𝑚 =
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(6)

The number of ligands per liposome was calculated as follows, where Nligand is the number of phage proteins
calculated from the molar mass:
𝑁𝑁!"#$%&'

!"#$%$&'

=

!!"#$%&'

!!"#$%$&'%

(7)

3.7. Purification of Phage Protein-Modified Lipodox by Size Exclusion Chromatography
Protein modified Lipodox was purified by size exclusion chromatography (SEC) on a column (30 cm × 1
cm) packed with Superose 6 prep grade resin (GE Healthcare, Little Chalfont, UK) as described previously (Jayanna
et al. 2009). Liposomes were eluted with 10 mM Tris-HCl, pH 8.0 containing 0.2 mM EDTA at a flow rate of 0.25
mL/min. The elution profile was monitored by an Econo UV monitor (Bio-Rad, Hercules, CA) at an AUFS of 0.5
with fractions collected every 10 minutes (2.5 mL fractions). Fractions were stored at 4ºC until further analysis.
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3.8. Quantification of Doxorubicin
Encapsulated doxorubicin was quantified by monitoring the absorbance at 492 nm following incubation
with Triton X-100 (1% v/v final concentration) and comparing to a standard curve with known doxorubicin
concentrations as described previously (Jayanna, Bedi, Gillespie, et al. 2010b).
3.9. Size Distribution and Zeta Potential of Liposomes
Liposome size distribution was determined using dynamic light scattering. Briefly, samples were diluted
100-fold with 1X PBS, pH 7.4 in a plastic sizing cuvette and analyzed on a ZetaSizer Nano ZS90 (Malvern
Instruments Inc., Worcestershire, UK) maintained at 25ºC with a scattering angle of 90º in triplicate. All liposome
samples were found to be unimodal distributions, however samples were reanalyzed if multiple populations were
identified. Size distributions are presented as the mean of triplicate Z-averages (nm) ± sample standard deviation.
Liposome zeta potential was determined by particle electrophoretic mobility as measured using laser
Doppler electrophoresis and phase analysis light scattering. Briefly, samples were diluted 100-fold in 10 mM TrisHCl, pH 8.0 with 0.2 mM EDTA in a plastic sizing cuvette and analyzed on a ZetaSizer Nano ZS90 with a Zeta Dip
cell (Malvern Instruments Inc., Worcestershire, UK). Samples were maintained at 25ºC during measurement and
performed in triplicate. All recorded samples were equal in conductivity (± 0.01 of mean). Zeta potentials are
presented as the mean of triplicate zeta potentials (mV) ± sample standard deviation.
3.10. SDS-PAGE and Western Blot of Modified Liposomes
Aliquots of each fraction following SEC were diluted with an equal volume of 2X Laemmli sample buffer
and heated at 95ºC for 1 hour. Prepared samples were analyzed using a 4-20% Mini-PROTEAN TGX
polyacrylamide gel at a constant voltage of 100 V for 45 minutes. Proteins separated by the SDS-PAGE were then
transferred to a polyvinylidene fluoride (PVDF) membrane and blocked overnight with 1X protein-free PBS/0.05%
Tween 20 blocking buffer. Membranes were probed with a rabbit polyclonal anti-fd IgG (1:5,500 dilution, ~9 µg
IgG) described previously (G. P. Smith et al. 1998), incubated with a biotin-SP-conjugated Affinipure goat antirabbit secondary IgG (1:30,000 dilution, ~1.3 µg IgG; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA
Cat # 111-065-003 RRID: AB_2337959) and with NeutraAvadin-Horseradish Peroxidase (HRP) (1:30,000 dilution)
and visualized with West Pico substrate solution (Pierce, Rockford, IL). Membranes were imaged on a C-DiGit blot
scanner (LI-COR, Inc., Lincoln, NE) and analyzed by densitometry with Image Studio Lite (v. 4.0; LI-COR, Inc.).
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To ensure the N-terminus was exposed to the exterior environment of the liposome following phage protein
modification, a proteinase K digestion assay was performed on modified Lipodox as described previously (Jayanna,
Bedi, Gillespie, et al. 2010b). Briefly, an aliquot of protein-modified liposomes were treated with 1.25 µg of
proteinase K containing 0.25 mM CaCl2 for 1 hour at room temperature. The reaction was inhibited by the addition
of PMSF to a final concentration 5 mM followed by incubation at room temperature for 5 minutes. Samples were
analyzed by SDS-PAGE and Western blot as described above.
3.11. Phage Protein Orientation Assay of Modified Liposomes by Dot Blot Analysis
Samples were prepared as described above, except proteinase K reactions were performed overnight with
gentle rotation at 37ºC. Samples were then diluted 2-fold with distilled water and 1.0 µL of each sample were dotted
onto a 0.2 µm nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA). Dots were allowed to dry overnight
at room temperature. The resulting dots were probed with rabbit anti-Fd IgGs with specificity towards either the
pVIII N-terminus (1:5000 dilution, ~9.24 µg rabbit anti-Fd IgG) or C-terminus (1:100 dilution, ~126 µg rabbit antiFd C-terminus IgG affinity purified). Membranes were then treated as above with a biotinylated-SP-conjugated goat
anti-rabbit secondary IgG, NeutraAvadin-HRP and West Pico substrate before imaging with a C-DiGit blot scanner
and quantified using Image Studio Lite.
3.12. Concentration of Modified Liposomes
Liposomes were concentrated by Amicon 100k Molecular Weight Cut Off (MWCO) centrifugal
concentration devices (EMD Millipore, Billerica, MA) as follows. Briefly, a 100k MWCO concentrator was washed
with 2 mL of 10 mM Tris-HCl, pH 8.0/0.2 mM EDTA running buffer. Samples were applied and centrifuged at
5,000 × g in 15 minute increments at 4ºC until all samples were concentrated to a final volume of 0.5 mL.
Doxorubicin liposomes found in the retentate were recovered and analyzed as above.
3.13. Characterization of Liposome Modification by Flow Cytometry
Phage displaying the fusion peptide DMPGTVLP was propagated as above, however phage was dissolved
in 1X PBS, pH 7.2 at the final recovery step. Phage proteins were labeled with an Alexa 488 Protein Labeling kit
(Invitrogen, Waltham, MA) as described previously (Fagbohun et al. 2012) and according to the manufacturer’s
instructions. Briefly, phage were added to a vial of reactive dye at room temperature and mixed for 1 hour at room
temperature. Unreacted dye was inactivated by addition of 1X TBS, 7.4 and removed by an overnight PEG
precipitation of phage and solubilization in 1X TBS, pH 7.4. Phage protein was isolated in 2-propanol as described
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above and the degree of protein labeling was determined according to the manufacturer’s instructions. Lipodox was
modified with labeled protein as described above. Liposomes were analyzed on an Accuri C6 flow cytometer (BD
Biosciences, Franklin Lakes, NJ) with an excitation wavelength of 488 nm and emission collected on three different
channels (533/30, 585/40 and 670LP). The collection threshold was set to collect events greater than 10,000 on the
forward scatter height (FSC-H) channel. After collection, a threshold to collect events greater than 1,000 RFU on the
670LP height (FL3-H) channel was applied to reduce the background noise. A minimum of 100,000 events was
collected per sample for analysis. Channels were compensated for channel spillover using single labeled controls.
Labeled phage protein was monitored with the 533 nm emission filter channel and Lipodox was monitored on both
585 and 670 nm emission filter channels. Flow cytometry data were captured and analyzed using the Accuri C6
Software (ver. 1.0.264.21; BD Biosciences). All flow cytometry data files were annotated and deposited into the
publically available flow cytometry data repository FlowRepository (Repository ID: FR-FCM-ZZJY) (Spidlen et al.
2012).
3.14. Cell Viability of Cancer Cells Treated with Phage Protein-Modified Liposomes
Cell viability was determined by MTT assay as described previously (Bedi et al. 2014). Briefly, MCF-7
breast cancer cells were seeded at an initial density of 5×105 cells per well in a 96-well cell culture-treated array
plate and incubated at 37ºC for 24 hours. Lipodox samples (modified and unmodified) were diluted in EMEM
containing 10% FBS and added to the cells for 24 hours. Following treatment, the medium was replaced with phenol
red-free MEM containing 0.45 mg/mL MTT and incubated for 4 hours at 37ºC. After 4 hours, 100 µL of 10% SDS
in 0.01 N HCl was added to each of the wells and incubated at 37ºC for an additional 4 hours. The absorbance of the
wells was measured at 570 nm using a Synergy H1 plate reader (BioTek, Winooski, VT). Blank wells containing
only culture medium and MTT were subtracted from each sample. The percent viability was expressed as a ratio
between the absorbance of treated cells by the average absorbance for a set of untreated cells.
3.15. Quantification of Cell-Associated Doxorubicin
Cell-associated doxorubicin was quantified as previously described (Bedi et al. 2014) with minor
modifications. Briefly, cells were plated at 5,000 cells per well in a 96-well culture plate and incubated overnight in
a 5% CO2 cell culture incubator at 37ºC. Cells were then treated with 2 µg of doxorubicin of either 1) unmodified
Lipodox or 2) DMPGTVLP-Lipodox for 4 different time periods (4, 8, 12, and 24 hours). Cells were washed twice
with 1X PBS, pH 7.2 before extracting cell-associated doxorubicin with 0.075 N HCl in 90% 2-propanol and
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incubating at 4ºC overnight. Doxorubicin was determined by measuring the fluorescence (470 ex/590 em) with a
Synergy H1 plate reader (BioTek, Winooski, VT) using untreated cells as a blank.
3.16. Screening of Phage Protein-Modified Liposomes
3.16.1. Insertion of Isolated Phage Protein in Lipodox
Phage protein was isolated in 2-propanol as described above. Isolated phage protein (2 µL) was added to 45
µL aliquots of Lipodox (90 µg doxorubicin) and mixed vigorously before addition of 1 volume of 1X TBS, pH 7.4
to the sample. Samples were incubated at 37ºC overnight with gentle rotation. Buffer was exchanged to dilute any
residual 2-propanol by washing the liposomes in a 100K NanoSep centrifugal filter device (Pall Co., Port
Washington, NY) with 5 volumes of 1X PBS, pH 7.2 for 5 minutes. Samples were centrifuged at 14,000 × g for 10
minutes and the flow through was removed. Liposomes were recovered from the retentate and analyzed as above.
3.16.2. Cytotoxicity of Modified Liposomes
Cells were seeded at 5,000 cells/well in a 96-well cell culture treated assay plate and incubated in a 37ºC
cell culture incubator with 5% CO2 overnight. Dilutions of phage protein-modified Lipodox were prepared in
complete culture medium containing 10% FBS and added to the appropriate wells and incubated for 24 hours at
37ºC. Medium containing Lipodox was removed from the cells and replaced with an equal volume of fresh culture
medium containing 10% FBS and incubated at 37ºC for an additional 48 hours. Cell viability was measured as
above using an MTT viability assay and calculations performed as above.
3.17. Statistics
Data from all experiments are expressed as the mean ± sample standard deviation (SD). Differences
between samples were determined using the Student’s independent t-test or and alternative appropriately identified
test listed in the text with a P < 0.05 as being statistically significant.
4.

Results
4.1. Isolation of pVIII Major Coat Protein in 2-propanol
To prepare solubilized phage major coat protein in 2-propanol, we added 3 volumes of 2-propanol to

~2.3×1013 virions of intact DMPGTVLP phage particles, which displays the full length, 55 amino acid pVIII major
coat

protein

sequence

of

NH2-ADMPGTVLPDPAKAAFDSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS-COOH (designated
shortly by the sequence of peptide fusion at the N-terminus; DMPGTVLP) and a small volume of chloroform to
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perturb the hydrophobic interactions between neighboring pVIII monomers (Manning et al. 1981). After exposing
intact phage to increased shear force by vortexing, phage ssDNA was released from the phage particles and
precipitated in 75% 2-propanol. UV/Vis spectroscopy of the phage protein supernatant (Figure 19) revealed a
spectrum commonly observed for a pure protein sample with a corresponding 260/280 ratio of 0.559, which is close
to the theoretical 260/280 ratio of 0.5 expected for pure pVIII major coat protein. Conversion of A280 into a
corresponding mass revealed a quantitative recovery of the protein mass (~1 mg).

Figure 19: UV/Vis spectrum (1 nm scan) of pVIII major coat protein solubilized in 75% v/v 2propanol/1X TBS, pH 7.4 blanked with solution of 75% v/v 2-propanol/1X TBS, pH 7.4.
To test the purity of isolated phage major coat protein, serially diluted samples of phage protein were
separated on a 4-20% polyacrylamide gel and stained with a colloidal Coomassie blue staining solution. The stained
protein gel (Figure 20) reveals a single, low molecular weight protein band at an apparent molecular weight of ~7.5
kDa, which corresponds to the monomeric-form of phage major coat protein (calculated molecular weight of 5.75
kDa, DNAStar Protean v. 10.0.1). Major coat protein, pVIII, was detectible down to ~200 ng of protein under these
conditions with colloidal blue staining. It is interesting to note that minor coat proteins pII, pVI, pVII and pIX,
which account for ~1.4% of the total protein mass, were not identified under these conditions and may indicate that
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2-propanol extraction allows not only separation of DNA from coat protein, but also prepare pure major coat protein
pVIII.

Figure 20: SDS-PAGE of pVIII major coat protein solubilized in 75% 2-propanol/1X TBS, pH 7.4
separated on a 4-20% polyacrylamide gel. Bands were identified by staining with a colloidal blue
staining kit (Invitrogen) to reveal a single, low molecular weight band of approximately 7.5 kDa
(as noted by the arrow) in samples 1 and 2. M (Marker) – 1:10 dilution of Precision Plus Protein
WesternC Standards (Bio-Rad), Sample 1 – 1.36 µg DMPGTVLP phage protein, Sample 2 – 0.27
µg DMPGTVLP phage protein.
4.2. Preparation and Physicochemical Characterization of Phage Protein-Modified Lipodox
To prepare targeted Lipodox (pegylated liposomal doxorubicin, 2 mg/mL doxorubicin) preparations, 23.6
µg of isolated DMPGTVLP phage major coat protein was rapidly added to liposomes, composed of 4.73 mg of lipid
and 0.9 mg of doxorubicin, in small aliquots to prevent dissolution of the liposomes. The residual 2-propanol and
chloroform were diluted to a final concentration of 2.0% and 0.076% respectively, was shown previously to not
cause an increased dissolution of liposomes (data not shown). Following incubation at 37ºC overnight, samples were
eluted through a size exclusion chromatography column packed with Superose 6 and the elution profile was
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monitored by relative absorbance with a UV/Vis monitor. The elution profile for DMPGTVLP-modified Lipodox
(Figure 21) showed a single broad peak with 2 minor peaks at either side of the main peak (fractions 4 & 9). The
broad peaks observed were also present in unmodified liposomes and is hypothesized to be due to the heterogeneous
composition of the liposomes, however both minor peaks were excluded from further analysis.
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Figure 21: Purification and characterization of DMPGTVLP-modified Lipodox. Size exclusion
chromatography of modified Lipodox on a Superose 6 column, fractions 4-11 of the elution profile
are shown. Western blot of recovered fractions probed with a polyclonal anti-fd rabbit primary
IgG, followed by a biotinylated goat anti-rabbit secondary IgG and detected with NeutrAvadinHRP and Pico West luminol substrate. Physicochemical characterization of recovered fractions for
size distribution (d.nm), zeta potential (mV), doxorubicin recovery (µg) and percent doxorubicin
recovery (%).
To ensure phage protein was associated with the liposomes, a Western blot of each fraction (fractions 5-11)
was performed with an anti-fd phage IgG that demonstrates specificity towards the N-terminus of the major coat
protein. The blot revealed a single ~5.7 kDa molecular weight band with most of the phage protein associated with
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the liposomes found in fractions 6 and 7, however phage protein was also recovered in fractions 5-10 (Figure 21).
Phage protein was not observed as free protein in the absence of liposomes. Fractions 5 through 8 were further
characterized for recovery of doxorubicin and physical properties (size distribution and zeta potential) of the
recovered liposomes. As shown in the summary table (Figure 21), 862 µg of doxorubicin (95.79% yield, 900 µg
doxorubicin input) was recovered in the 4 fractions, which was significantly higher than previous post-insertion
methods using cholate, which commonly resulted in 50-80% doxorubicin recovery. The size distribution of the
resulting fractions showed a mean diameter of 81.25 ± 3.36 nm with an average PDI of 0.127 ± 0.029, which
corresponds to a monodisperse population of liposomes with a low tendency for particle aggregation. The zeta
potential of the fractions showed a mean zeta potential of -30.25 ± 10.0 mV with a mean conductivity of 0.020 ±
0.005 mS/cm, which suggests a generally negative surface charge of the liposomes in a solution of constant ionic
strength and composition.
Since fractions 5 through 8 displayed similar composition and physical properties, they were concentrated
with 100K MWCO centrifugal concentration devices and analyzed again for final characterization properties. After
concentration, 589 µg of doxorubicin (68.4% recovery, 862 µg doxorubicin input) was recovered; suggesting a large
portion of doxorubicin was lost during concentration most likely due to doxorubicin sticking or passing through the
membrane. Following concentration, DMPGTVLP-modified liposomes showed a mean diameter of 80.27 ± 1.30
with an average PDI of 0.104 ± 0.015, which shows no statistically significant change in size or aggregation due to
concentration effects (two-tailed t-test, P = 0.605 and P = 0.196 respectively). DMPGTVLP-modified liposomes
showed a significant 11.3% increase in size compared to unmodified Lipodox (72.07 nm; two-tailed t-test, P =
8.06×10-3), however this increase is negligible in the biological systems to be tested and is hypothesized to be due to
swelling associated with major coat protein incorporation. After concentration, DMPGTVLP-modified liposomes
showed a mean zeta potential of -19.87 ± 0.50, which again shows no statistically significant difference in zeta
potential due to concentration effects (two-tailed t-test, P = 0.08). Modified liposomes showed a significant 11.4%
decrease in zeta potential compared to unmodified Lipodox (-17.83 mV; two-tailed t-test, P = 4.2×10-2). We
hypothesize that observed decrease might be due to the introduction of the fusion pVIII major coat protein, which
contains a negatively charged N-terminus that is exposed to the environment following liposome modification and
can influence the observed charge at the liposome surface.
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We next sought to determine if the N-terminus of the fusion protein, which contains the cancer cell-specific
targeting domain, was exposed outside of the liposomal environment following concentration as previously shown
(Jayanna, Bedi, Gillespie, et al. 2010b). As illustrated in Figure 22, treatment of modified liposomes with proteinase
K causes protein not protected by the liposome membrane to be hydrolyzed. To show that the N-terminus is
exposed, a portion of modified liposomes was treated with proteinase K followed by SDS-PAGE and detection of
the N-terminus of major coat protein with an anti-fd antibody. The resulting blot and densitometry of bands shows
that isolated major coat protein can be detected as a single 5.7 kDa molecular weight band at the same protein mass
used in a matched liposome modification (~500 ng of protein analyzed) and subsequently degraded to completion
when treated with proteinase K under these conditions as expected (Figure 23, lanes 1 and 2 respectively). After
insertion into Lipodox, phage protein is detected in untreated samples and is absent following treatment with
proteinase K (Figure 23, lanes 3 and 4 respectively), suggesting that the N-terminus is exposed following
modification and liposome concentration as expected.

Figure 22: Schematic of phage protein orientation assay, where it is expected that the N-terminus
of the protein is exposed to proteinase K degradation while the C-terminus of the protein is
protected from degradation by the lipid bilayer.
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Figure 23: N-terminal orientation assay in DMPGTVLP-modified Lipodox. SDS-PAGE of
concentrated DMPGTVLP-modified Lipodox followed by assay by Western Blot. M (Marker) –
1:10 dilution of Precision Plus WesternC Standards, Samples 1 & 2 – 500 ng DMPGTVLP
isolated protein, Samples 3 & 4 – DMPGTVLP-modified Lipodox (~500 ng DMPGTVLP
protein). Samples 1 & 3 – untreated controls, Samples 2 & 4 – Proteinase K (PK) treated samples.
As previously suggested, we hypothesized that the C-terminus of the phage major coat protein would be
embedded in the hydrophobic membrane and protected from degradation by proteases. We therefore sought to
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determine the orientation of the C-terminus by a semi-quantiative dot blot assay. It was shown previously that
degradation of the N-terminus produces a highly hydrophobic protein fragment that results in irreversible
aggregation of monomers, causing visible smearing of bands in Western blots probed with a C-terminus specific
antibody. To overcome this limitation and produce semi-quantitative estimates of the amount of each terminus
following degradation, we optimized a dot blot assay and probed the resulting membranes with anti-fd IgGs with
specificity to either the N- or C-terminus of the major coat protein (Figure 24). Treatment of a 1X phage protein
sample (~375 ng) with proteinase K resulted in complete degradation of the protein and was undetectable with both
N-terminal (two-tailed t-test, P = 1.09×10-3) and C-terminal (two-tailed t-test, P = 1.77×10-2) antibodies. To ensure
reaction conditions were optimal for excess phage protein, a 2X phage protein sample (~750 ng) was digested under
the same reaction conditions to again reveal complete degradation of the both N-terminus (two-tailed t-test, P =
3.18×10-3) and C-terminus (two-tailed t-test, P = 5.35×10-6) of the phage protein. Modified Lipodox (containing 375
ng phage protein) was digested with proteinase K using the same reaction conditions and probed with N-terminal
and C-terminal specific antibodies. Probing the proteinase K treated Lipodox sample with the N-terminal antibody
revealed complete degradation (two-tailed t-test, P = 5.58×10-5), confirming previously observed results obtained by
Western blot (Figure 23). Similarly, probing the same proteinase K treated Lipodox sample with a C-terminal
specific antibody revealed no degradation of protein (two-tailed t-test, P = 0.169).
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Figure 24: Phage protein orientation assay by dot blot analysis with data quantified by
densitometry and presented as the mean ± standard deviation of output signal normalized to 1X
untreated protein (~375 ng protein). Untreated samples (dark bars) are compared to proteinase K
treated samples (light bars) N = 3; *P < 0.05, paired, two-tailed Student’s t-test vs. proteinase K
treated sample.
4.3. Analysis of Alexa-488-Labeled Phage Protein-Modified Liposomes by Flow Cytometry
We further sought to determine an approximate degree of liposome modification by monitoring individual
liposomes with flow cytometry. To estimate the modification efficiency of modified liposome, we fluorescently
labeled intact phage particles with Alexa Fluor-488 and isolated the labeled protein as above. We have shown
previously that intact phage can be modified with an amine-reactive Alexa Fluor-488 N-hydroxysuccinimide (NHS)ester that reacts with the N-terminal amine and the exposed ε-amine of Lys-13 on pVIII major coat protein
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(Fagbohun et al. 2012). The resulting degree of fluorescence labeling was calculated to be ~10% of the total phage
protein mass, which is routinely achieved for phage after amine modification. Following isolation of pVIII protein,
25 µL of Lipodox (50 µg of doxorubicin) was modified with 14.4 µg of protein in which 10% of protein (1.4 µg)
was labeled with Alexa Fluor-488.
We hypothesized that these particles could then be quantified by flow cytometry with individual particles
containing doxorubicin being identified by a relative fluorescence threshold of 1,000 RFU set on the 670LP
emission filter to reduce background noise. Unmodified Lipodox liposomes were analyzed across two channels (Em
585/40 and 670LP filters) to accurately identify liposomes from random background events. The Lipodox positive
gates were identified on each channel from the samples displaying a linear correlation across both channels,
identifying 95.6% of the sample population. Due to the broad emission spectrum of doxorubicin, the fluorescently
labeled protein positive gate was identified at the maximum emission fluorescence of unmodified Lipodox using a
533/30-emission filter. The resulting gate also identified free-protein aggregates displaying high particle
fluorescence. Analysis of unmodified Lipodox shows that 96.5% of the total population is found in the doxorubicin
positive/protein negative quadrant (lower-right) with a minimal percentage in the doxorubicin/protein positive
quadrant (upper-right) (Figure 25A). After liposome modification, there was a significant increase to 6.5% of the
total population found in the doxorubicin/protein positive quadrant (upper-right) and a significant increase to 4.5%
of the total population found in the doxorubicin negative/protein positive quadrant (upper-left) (Figure 25B). Since
free protein was found to have high channel fluorescence, we suggest that the observed increase in the doxorubicin
negative/protein positive quadrant (upper-left) is due to minor loss of encapsulated doxorubicin in modified
liposomes below our doxorubicin positive gate. We therefore show a total detectible protein positive population of
11%.
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Figure 25: Flow cytometry analysis of (A) unmodified Lipodox and (B) 488-labeledDMPGTVLP-modified Lipodox. Doxorubicin quantified on 670LP emission channel and 488labeled phage protein quantified on 533/30 emission channel. Samples were excited using a 488
nm laser.
4.4. Cytotoxicity and Uptake of DMPGTVLP-modified Lipodox in Breast Cancer Cells
It was shown previously that DMPGTVLP-modified Lipodox, with modification by cholate solubilized
phage protein, would significantly increase the toxicity in MCF-7 breast cancer cells in vitro and also in vivo (Tao
Wang, D’Souza, et al. 2010a; Tao Wang, S. Yang, et al. 2010c; Tao Wang et al. 2014). We therefore sought to
determine if liposome modification by phage protein solubilized in 2-propanol would produce similar results. MCF7 cells were incubated with DMPGTVLP-modified Lipodox or unmodified Lipodox dilutions for 24 hours before
quantification of viable cells by MTT assay. DMPGTVLP-modified Lipodox produced a significant decrease in the
number of viable cells compared to unmodified Lipodox samples under the same conditions in a dose dependent
manner at higher doxorubicin concentrations of 30 µg/mL (62.7 ± 2.5% vs. 80.6 ± 3.7% viable; two tailed t-test, P =
8.11×10-4) and 60 µg/mL (32.3 ± 1.3% vs. 50.8 ± 2.5% viable; two tailed t-test, P = 4.97×10-3) as expected (Figure
26).

84

Figure 26: MTT viability assay of MCF-7 cells treated with dilutions of Lipodox (dark bars) or
DMPGTVLP-modified Lipodox (light bars) after 24 hours of incubation. Data are presented as the
mean ± sample standard deviation of the percent viable fraction compared to untreated control
cells, which were taken as 100% viable. N = 3; *P < 0.05, paired, two-tailed Student’s t-test vs.
unmodified Lipodox.
As shown previously, the increased cytotoxicity observed with DMPGTVLP-modified Lipodox is due to an
increased uptake of targeted Lipodox in target cells compared to untargeted Lipodox. We therefore hypothesized
that there would be a significant increase in intracellular doxorubicin over time in DMPGTVLP-modified Lipodox
compared to unmodified Lipodox. We show over a 24-hour time period, there is a significant increase in cellassociated doxorubicin in DMPGTVLP-modified Lipodox compared to the unmodified control Lipodox (Figure 27).
After 12 hours of incubation, there is a significant increase in fluorescence of ~710 RFU (two-tailed t-test, P =
1.82×10-4) corresponding to an increase of approximately 1.6 µg of total doxorubicin compared to unmodified
(328.8 pg of increased doxorubicin/cell). Similarly, after 24 hours of incubation, there is a significant increase in
fluorescence of ~640 RFU (two-tailed t-test, P = 3.99×10-3) corresponding to an increase of approximately 1.5 µg of
total doxorubicin compared to unmodified (294.9 pg of increased doxorubicin/cell). We therefore can confirm that
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modification of Lipodox by phage major coat protein in 2-propanol retains the previously observed increased
cytotoxicity of targeted Lipodox via an increased delivery of doxorubicin to breast cancer cells.

Figure 27: Doxorubicin uptake assay in MCF-7 cells treated with 2 µg of Lipodox (dark bars) or 2
µg DMPGTVLP-modified Lipodox (light bars) over 24 hours. Data are presented as the mean ±
sample standard deviation of the relative fluorescence of doxorubicin at an excitation wavelength
of 470 nm and emission wavelength of 590 nm. N = 3; *P < 0.05, paired, two-tailed Student’s ttest vs. unmodified Lipodox.
4.5. Screening of Phage Protein-Modified Lipodox
We next sought to screen a number of cancer cell-specific phage proteins isolated in 2-propanol to identify
a panel of phage proteins that may enhance the specific toxicity of Lipodox towards cancer cells. We hypothesized
that screening ligands in this manner would significantly increase the throughput of ligand identification for targeted
drug delivery using a common Lipodox platform and varying the targeting ligand while retaining a common
incorporation method. We initially screened 9 different ligands in MCF-7 breast cancer cells, which are commonly
sensitive to doxorubicin. Next we screened an additional 5 ligands in PANC-1 pancreatic cancer cells, which are
commonly reported to express a multiple drug resistance (MDR) phenotype and become resistant to doxorubicin
treatment. Phage protein-modified Lipodox samples were prepared and characterized as above and summarized in
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Table VII to identify preparation parameters for potential bias in the observed toxicity. As shown previously, all
modified samples demonstrated a significant increase in mean size distribution (two-tailed t-test, P < 0.05). Five of
the prepared samples (ANDVYLD, EPQSQWSM, VEEGGYIAA, DGQYLGSQ, and DVRGDGLQ) demonstrated
a statistically significant change in zeta potential (two-tailed t-test, P < 0.05), however they were all within a
biologically acceptable range. On average, most insertions produced high doxorubicin recovery rates (mean
recovery 82.8 ± 20.4%) with no significant loss of doxorubicin following modification (mean loss 3.34 ± 2.02%).
Modification with the protein ligand ANDVYLD caused significant loss of recovered doxorubicin (33.8%), however
there was still sufficient material to complete the assay and all other parameters were similar to the other
preparations.
Following Lipodox modification and characterization, we hypothesized that targeting ligands specific for a
certain cell type would increase the toxicity of Lipodox as suggested previously. MCF-7 breast cancer cells were
treated with the 9 different phage protein-modified Lipodox and cell viability was measured 72 hours after initial
treatment. As shown in Figure 28 and from the calculated IC50 values in Table VII, there were a number of proteinmodified Lipodox samples that significantly increased the toxicity profile of unmodified Lipodox, including
DMPGTVLP as shown previously. The ligands screened stratified into three different groups covering a 100-fold
change in IC50: 1) ligands showing no improvement from unmodified Lipodox (Figure 28, squares), 2) ligands
showing moderate improvement (Figure 28, diamonds), and 3) ligands showing large improvements (Figure 28,
circles). As expected ligands with similar structural motifs grouped together, such as ANGRPSMT and
VNGRAEAP, and produced similar IC50 values. Correlations between all factors in Table VII compared to the IC50
were performed to identify parameters that might have influenced the toxicity profile apart from the targeting ligand
and all parameters had a low to weak Pearson’s R correlation (R < 0.3) suggesting the observed increase in toxicity
was due to the cell-specific targeting ligands.
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Figure 28: MTT viability assay of MCF-7 cells treated with dilutions of phage protein-modified
Lipodox after 24 hours of drug incubation followed by 48 hours of drug washout. Modified
samples are identified by their displayed 8- or 9-mer fusion peptide sequence in the legend above.
Table VII: Phage Protein-Modified Lipodox Characterization.
Protein
Recovered
Free
Size
Zeta
IC50
Added
Doxorubicin
Doxorubicin
Distribution
Potential
(µg/mL)
(µg)
(%)
(%)
(d.nm)
(mV)
Round 1 – MCF-7 Breast Cancer Cells
ANDVYLD
0.41
33.84
1.61
81.75 ± 0.31*
-19.9 ± 0.1*
0.6
ANGRPSMT
0.86
109.02
1.72
80.53 ± 0.62*
-18.4 ± 1.4
0.5
DMPGTVLP
0.60
105.38
6.59
79.50 ± 1.44*
-18.3 ± 0.7
1.3
DVRGDGLQ
1.49
85.19
1.62
82.00 ± 0.66*
-19.0 ± 0.7
30.0
EPSQSWSM
1.24
104.46
2.83
80.47 ± 0.54*
-19.7 ± 0.3*
2.8
GLNGRGDPD
0.53
110.92
2.71
80.39 ± 1.40*
-18.7 ± 0.6
3.2
VEEGGYIAA
0.53
73.91
1.72
81.36 ± 1.28*
-21.3 ± 0.7*
2.6
VNGRAEAP
0.97
59.18
1.42
80.80 ± 1.49*
-18.4 ± 1.3
0.6
VPTDTDYS
1.38
77.99
1.61
80.74 ± 1.30*
-18.5 ± 0.4
3.3
No Protein
N/A
98.51
1.18
73.46 ± 0.49
-18.6 ± 0.4
13.5
Round 2 – PANC-1 Pancreatic Cancer Cells
DGQYLGSQ
1.58
75.75
4.88
89.11 ± 1.70*
-16.7 ± 0.5*
NCa
DVRGDGLQ
2.48
81.20
5.91
88.98 ± 0.50*
-16.7 ± 0.5*
NCa
EPSQSWSM
0.93
82.34
5.10
89.06 ± 0.91*
-17.7 ± 0.5
NCa
ETYNQPYL
0.50
80.37
6.37
90.72 ± 1.21*
-19.7 ± 0.8
NCa
GSSEQLYL
1.22
79.71
4.80
89.66 ± 1.07*
-17.4 ± 0.5
NCa
a
NC = Not calculated *P < 0.05, paired, two-tailed Student’s t-test vs. unmodified Lipodox (control).
Phage
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PANC-1 pancreatic cancer cells are shown to be resistant to doxorubicin by a MDR phenotype caused by
overexpression of P-glycoprotein (Pgp) efflux pumps that prevent doxorubicin from accumulating within the cancer
cells (Figure 29, black square). It was hypothesized that the inclusion of a cell-specific targeting ligand into the
surface of Lipodox would allow the MDR phenotype to be overcome by delivering a lethal dose of doxorubicin
intracellularly before it is inactivated or removed from the cell. The ability of an actively targeted nanomedicine to
overcome drug resistance was shown previously by the addition of the ligand EPSQSWSM to Lipodox (Bedi et al.
2014). We therefore sought to identify other ligands with specificity towards pancreatic cancer that would also
significantly increase the toxicity of unmodified Lipodox in PANC-1 pancreatic cancer cells. Five ligands with
specificity towards PANC-1 pancreatic cancer cells were inserted and screened as above with liposome
characterization parameters identified in Table II. As shown in Figure 29, all ligands significantly increased the
toxicity of unmodified Lipodox at high concentrations (two-tailed t-test, P < 0.001) and a subset of ligands
[DGQYLGSQ, ETYNQPYL, and GSSEQLYL] showed a statistically significant increase in toxicity at doxorubicin
concentrations of 12 and 24 µg/mL as well (two-tailed t-test, P < 0.05).

Figure 29: MTT viability assay of PANC-1 cells treated with dilutions of phage protein-modified
Lipodox after 24 hours of drug incubation followed by 48 hours of drug washout. Modified
samples are identified by their displayed 8-mer fusion peptide sequence in the legend above. Data
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are presented as the mean ± sample standard deviation of the percent viable fraction compared to
untreated control cells, which were taken as 100% viable. N = 3; *P < 0.001, paired, two-tailed
Student’s t-test vs. unmodified Lipodox; #P < 0.05, paired, two-tailed Student’s t-test vs.
unmodified Lipodox.
5.

Discussion
Although targeted nanomedicine delivery has demonstrated its efficiency in systemic cancer treatment in

animal models and recently shown success in an ongoing Phase II clinical trial (Hrkach et al. 2012), identification of
ideal targeting ligands for active tumor targeting remains a significant challenge. Many methods require multiple
conjugation or purification steps before testing the functional activity of a ligand in a given nanomedicine scaffold.
A number of these strategies are expensive, time consuming, require large batch volumes due to reactions that
produce products with a low overall yield, or require modification of an identified ligand before conjugation. These
limitations effectively reduce the ability to screen large numbers of ligands even within the same nanomedicine
scaffold. Phage display has been commonly used as a source of novel ligands for various cancer related diagnostic
or therapeutic markers. The most commonly used phage display libraries are performed with Ff class of filamentous
bacteriophage vectors (including M13, fd, and f1) that displays a random peptide on the pIII minor coat protein,
which supports a peptide insert of many different sizes (G. P. Smith & Petrenko 1997). However, the pIII minor coat
protein is only expressed in 5 copies at the infectious head of each phage particle, making it necessary to synthesize
the identified cell-specific ligands separately from the phage and conjugate it to the nanoparticle carrier that may
compromise the specific binding properties of the selected peptides. Previously, we have generated another type of
display system—landscape phage in which the N-terminus of every copy of the pVIII major coat protein is modified
with a randomized peptide fusion of 8 or 9 amino acids and have been used extensively to identify a number of
cancer-specific ligands targeting a number of different cancer phenotypes (Romanov et al. 2001; Jayanna, Bedi,
DeInnocentes, et al. 2010a; Fagbohun et al. 2012; Bedi et al. 2014; Samoylova et al. 2003). Since the pVIII major
coat protein is expressed in 4,000 copies per phage in these fd-tet-type vectors (Zacher et al. 1980), scaling of phage
propagations up to 1 L scale can routinely produce protein yields up to 20 mg that can subsequently be purified from
the bacteriophage genomic DNA using a number of standard techniques. Unlike the pIII minor coat protein, the
recovered pVIII major coat protein can then be used directly in a number of drug delivery systems via a postinsertion modification of the nanomedicine scaffold using the inherent peptide domains designed naturally into the
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full-length coat protein as shown previously (Petrenko & Jayanna 2014). Here we show a novel combinatorial
extension of the phage display technology that allows testing for specific tumor cytotoxicity in a common
nanomedicine core modified with different phage protein ligands in much higher screening throughput than
traditional technologies to identify candidate ligands for further optimization.
In this study, we showed that the pVIII major coat protein could be isolated in 2-propanol to yield highly
pure protein that was free from phage DNA. We hypothesize that the protein retains the α-helical secondary
structure as suggested by the interaction of protein with liposomes and the solubility of the isolated protein. Under
certain conditions and long storage conditions, the phage pVIII protein commonly adopts an irreversible β-sheet
conformation, which causes the solubility of the isolated protein to decrease due to aggregation of large protein
multimers (Spruijt et al. 1989). We do notice that extended storage of isolated phage protein in 2-propanol at room
temperature will result in precipitated protein aggregates that remain insoluble in agreement with previous studies
showing freshly prepared samples lose α-helical structure with time. Thus, freshly prepared phage proteins are
recommended for all applications requiring α-helical protein structure, including modification of liposomes. The
ability to retain the desired α-helical secondary structure following insertion into drug-loaded liposomes remains to
be studied, however modified liposomes have been reported to maintain their targeting ability at least a month after
preparation (Tao Wang et al. 2014).
Following a similar insertion scheme as described previously using sodium cholate to solubilize pVIII
proteins (Jayanna et al. 2009), we prepared a model drug delivery system consisting of isolated DMPGTVLP protein
in 2-propanol inserted into preformed Lipodox liposomes. We then showed that liposomes were successfully
modified with protein with significantly less loss of doxorubicin during modification while still retaining functional
activity. As shown from a mock insertion of isolated DMPGTVLP phage protein into buffer, the complete loss of
phage protein can be suggested to be due to the highly hydrophobic nature of the pVIII major coat protein causing
any free protein to precipitate or adsorb to other hydrophobic materials. Similarly, as suggested by the partition
coefficient of major coat protein for POPC (1-palmitoyl-2-oleoyl-sn-glycero-e-phosphocholine) lipid membranes
reported to be 1.0×105 M-1, it is hypothesized that 100% of the isolated protein will partition into the lipid bilayer
primarily by hydrophobic interactions (Soekarjo et al. 1996).
In an attempt to identify the degree of protein labeling per liposome, we used semi-quantitative dot blotting
and flow cytometry of intact liposomes to characterize protein-loading properties following Lipodox modification.

91

From theoretical calculations based on mass of lipid/liposome and calculated molecular weights of phage proteins, it
is estimated that there are approximately 50-100 ligands per liposome depending on the diameter of the liposomes
used for modification. The data we obtained from dot blotting suggests there is no free protein in solution after
liposome modification and we maintain a correct orientation of targeting protein with N-terminus exposed from the
liposome and the C-terminus protected within the liposome core. Following degradation of phage protein-modified
liposomes with Proteinase K, there was complete degradation of the N-terminus and no degradation of C-terminus.
These data suggest that Proteinase K is sufficient to degrade all exposed proteins and 100% of the N-terminus is
exposed from the liposome surface. We also estimate that 100% of the C-terminus is protected from degradation
suggesting that the insertion of protein was complete and that no free phage protein is found in solution. We
therefore show that the C-terminus of the pVIII major coat protein was able to translocate through the liposome
membrane with high orientation specificity. We also show that following insertion of Alexa 488-labeled
DMPGTVLP major coat protein into Lipodox, there was a significant shift of the liposome population towards the
Alexa 488-positive gate. Only 11% of the liposome population showed a detectible increase in Alexa 488-positive
labeling. Due to the low labeling efficiency (~10%) of the phage protein prior to insertion, we are unable to detect
all ligand incorporations into the liposomes and can only resolve the most fluorescently intense liposomes receiving
large numbers of Alexa 488-labeled phage proteins. Based on an estimate of 50 ligands/liposome, it can be expected
that insertion of labeled proteins will follow a normal distribution with a mean of 5 labeled ligands/liposome.
However, because of the poor resolution between the two populations, we can only observe the (11%) upper-tail of
the normally distributed population, which are the most bright. Optimization of fluorophore conjugation to the phage
ligands or changing to a brighter fluorophore can increase the efficiency of this assay. It was also noted that there
was a slight decrease in the doxorubicin mean channel fluorescence following modification (unmodified = 7,929
RFU vs. modified = 5,679 RFU in 670 LP-H channel) consistent with a slight loss in encapsulated doxorubicin. Free
DMPGTVLP labeled protein appeared to aggregate heavily and form very bright particles, however in phage
protein-modified Lipodox we observed only moderate increases in fluorescence. As we only see moderate increases
in fluorescence, this suggests that there is no detectible free protein in solution with the modified Lipodox. This data
is in agreement with previous reports on the completeness of insertion using different concentrations of isolate
phage protein while maintaining a constant lipid mass up to a protein/lipid ratio of 1:200 (Soekarjo et al. 1996; Tao
Wang et al. 2011b). We note that a significant limitation of this assay is the requirement for gating on a fluorescent
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population of liposomes. Since we are near the detection limits of the equipment, we found that empty liposomes,
when performed with the same parameters, produce unreliable results as there is no precise method to identify
liposomes from background noise during the measurement. We have seen that translocation through preformed lipid
membranes is spontaneous (not requiring any host proteins), pH and temperature dependent. We propose that
insertion of pVIII major coat protein is a two-stage process: 1) attachment of protein to the liposome surface, and 2)
translocation of the C-terminus (Figure 30). The association of isolated pVIII major coat protein has been studied in
detail previously, however the mechanism of C-terminal translocation has not been fully elucidated. We have
previously proposed a mechanism in which the positively charged C-terminus is able to penetrate through a lipid
bilayer (Petrenko & Jayanna 2014), however detailed studies on the mechanism of translocation remain to be
completed.

Figure 30: Spontaneous insertion of the major coat protein into lipid membranes. (A) In the first
step, the isolated coat protein binds to the lipid membrane using electrostatic interactions of the Cterminus with negatively charged phosphate headgroups of lipids, followed by the insertion of the
hydrophobic region of the protein into the hydrocarbon core of the lipid bilayer. (B) In the second
step, the hydrophilic tail is released into the trans side of lipid bilayer through a process similar to
cell-penetrating peptides. From (Petrenko and Jayanna, 2014).
It remains to be seen whether there is a direct correlation between the strength of phage ligand binding to a
target cell line and a subsequent increase in functional cytotoxicity activity in vitro. From our preliminary data, we
find that sometimes weak binding phage clones perform better as targeting ligands in liposomal nanomedicines than
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strong binding phages. It has been suggested that low affinity ligands may be ideal for improved tumor penetration,
as actively targeted drug delivery systems targeted by high affinity ligands are suggested to remain on the tumor
periphery (Gray et al. 2013). For this reason, we used a functional screening assay of the final targeted
nanomedicine in which new candidate ligands can be identified based on the desired increase in cytotoxicity rather
than building an ideal drug delivery system based on optimization of individual components. For the functional
screening assays, the drug exposure time was maintained at 24 hours for all viability experiments to prevent excess
drug leakage due to liposome degradation over the total measurement time. We have seen minimal doxorubicin
leakage of phage protein-modified doxorubicin liposomes at 37ºC in the presence of serum over the total test period
(data not shown), however we sought to optimize screening conditions with alternative encapsulated drugs in mind
displaying less carrier stability. We also increased the total incubation time of viability assays to a total of 72 hours
consisting of 24 hours with phage protein-modified Lipodox samples plus an additional 48 hours washout period in
complete culture medium. The extended assay conditions allowed all cells, irrespective of origin, sufficient time to
complete a normal cell cycle and thereby produce an increased toxicity profile in doxorubicin treated cells due to the
inability of genomic DNA to replicate, resulting in a stalled cell cycle phenotype in the G0/G1 phase commonly
observed with doxorubicin toxicity (Lukyanova et al. 2009). Given the broadly defined parameters, this screening
assay can therefore be extended to a variety of cell types and also a number of drug classes employing different
mechanisms of action. A limitation of this screening assay is the inherent nature of the MTT assay as a measure of
mitochondrial succinate dehydrogenase activity in metabolically active cells rather than a cytotoxic event. However
as shown in previous work by us and other authors, doxorubicin will cause cell death by activation of caspase
cascades leading to apoptosis (Suwei Wang et al. 2004). As we have not changed the properties of the cytotoxic
drug and we have shown that phage proteins are non-toxic (Bedi et al. 2014), we don’t expect significant changes in
the primary mechanism of cell death, only an increase in intracellular delivery of cytotoxic drug. Since we have
shown previously that the MTT assay is a good indicator of cell death in this system and death can be confirmed by
visual observations, the reduction in cell viability as determined by the MTT assay would be sufficient for
identification of ligands in a screening assay.
From our screening experiment in MCF-7 cells, we were able to identify a previously validated breast
cancer cell-specific protein DMPGTVLP that interacts with cell surface expressed nucleolin and increases the
therapeutic effect of liposomal doxorubicin in vitro and in vivo by increasing the specific delivery of doxorubicin to
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MCF-7 cell nuclei (Fagbohun et al. 2012; Tao Wang et al. 2014; Tao Wang, D’Souza, et al. 2010a). Liposomes
modified with a phage fusion protein displaying the peptide ANDVYLD showed the greatest increase in toxicity
with a calculated IC50 of 0.6 µg/mL in MCF-7 cells. We also identified two peptides containing a positionally
constrained NGR motif (ANGRPSMT and VNGRAEAP) that showed similar toxicity profiles (average IC50 = 0.55
µg/mL) as expected. Surprisingly, phage VNGRAEAP did not show binding to MCF-7 cells in our previous binding
assays, however this limitation may be due to a short binding assay duration (1 hour) compared to the duration of the
cytotoxicity assay (24 hours) or due to a difference in primary uptake mechanism between the two phage as shown
previously (Gillespie et al. Submitted, Chapter 2). A similar motif containing a positionally different NGR motif
(GLNGRGDPD) showed improvement in toxicity to 3.2 µg/mL, however it was unable to reach the same toxicity of
the other motifs. This may be due to a difference in the NGR motif availability to the receptor or an effect of peptide
affinity. Inclusion of a pancreatic cancer-specific ligand (DVRGDLQ) resulted in no significant increase in toxicity
suggesting the specificity of ligands to increase doxorubicin delivery specifically to the target cells and is not a
result of modification. Screening the DVRGDLQ peptide in pancreatic cancer cells produced an increase in
cytotoxicity compared to unmodified Lipodox. Interestingly, a subset of ligands with similar motifs (DGQYLGSQ,
ETYNQPYL, and GSSEQLYL) grouped together to produce similar cytotoxicity profiles. Comparison of a shared
DXXXXGXD motif showed that there was a significant difference between DVRGDGLQ and DGQYLGSQ
ligands at higher concentrations (two-tailed t-test, P < 0.01) with the DGQYLGSQ ligand producing greater toxicity
suggesting minimal involvement of the DXXXXGXD motif. Comparison of the YL motif found in different
positions of the three ligands showed no statistical differences between the three ligands (two-tailed t-test, P > 0.05),
however all three showed significant differences compared to unmodified. These data therefore suggest the YL
motif, irrespective of position, will cause an increase in toxicity. No putative receptor has been suggested for any of
the three ligands at this time, however it is interesting to note the number of essential amino acids (Y, L, W, and V)
present in the identified ligands that are typically underrepresented in our phage display library (Kuzmicheva,
Jayanna, Sorokulova, et al. 2009b). The presented data demonstrate the use of phage display technology along with
a combinatorial screening strategy to significantly enhance the screening throughput of targeted nanomedicines that
may considerably accelerate progress in actively targeted drug development.
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CHAPTER 4
CONCLUSIONS
The development of precision medicines that provide their action specifically at the site of disease has been
a long sought goal for many decades. With the development of nanomedicines, significant leaps towards this goal
have been reached. Active targeting has been proposed to significantly enhance the therapeutic activity and decrease
non-related side effects, however it has been shown that the tumor microenvironment is much more complex than
previously believed and active targeting has shown minimal improvements. As identification of new barriers that
prevent delivery are understood, nanomedicine systems can be developed to overcome those barriers using
appropriate targeting ligands or physical properties of the nanomedicines. Alternatively, an actively targeted
nanomedicine system was developed that allows identification of functional ligands in a combinatorial design
scheme that is based on the desired outcome, for example, decreased cell viability.
Here, two landscape phage display libraries were used to identify a number of NSCLC ligands that can be
used for therapeutic, diagnostic or theranostic nanomedicine systems. Of the identified ligands, two ligands
containing a structurally conserved NGR motif were studied in more detail and shown to improve therapeutic
activity of a liposomal nanomedicine in a drug-resistant NSCLC cell line in vitro. Results of the study show that the
amino acids surrounding a common NGR motif has implications for modulating the activation of cell penetration
mechanisms/endocytosis that can be exploited for drug delivery applications. This results in improved intracellular
delivery of therapeutic molecules and demonstrates the requirement for ligand internalization for optimal drug
delivery. The targeting system was then extended to include a larger panel of ligands, which could be studied in a
common nanomedicine core with a common insertion mechanism using the intrinsic transmembrane domain of the
pVIII major coat protein to anchor the ligands to the nanomedicine. Previously, most active targeting systems only
study a single targeting ligand. However, targeting ligands can be screened in much higher throughput (10+ ligands
per group), which improves the non-rational development and screening of nanomedicines that are functionally
active. It can be hypothesized that a number of novel cell surface targets can be subsequently identified using this
type of functional screening assay.
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APPENDIX I
TECHNIQUES IN PHAGE PROTEIN-BASED NANOMEDICINES
1.

Phage Propagation Protocols
1.1. Preparation of K91BluKan E. coli Glycerol Stocks
E. coli bacterial stocks are typically stored in 50% glycerol for long-term storage at -80ºC.
Reagents:
•

Glycerol, 50%

•

NZY Medium

Materials:
•

K91BluKan E. coli Cells

•

Microcentrifuge Tubes, (0.65 mL)

Equipment:
•

Balance: (Mettler Toledo #B2002-S)

•

Macroman Pipetter: (Gilson, Model F110752)

Procedures:
Day 1
1) Prepare a starter culture of K91BluKan strain E. coli in 20 mL NZY medium in a 125 mL flask.
2) Incubate in a shaker-incubator at 200 rpm overnight at 37ºC.
Day 2
3) Pipette 50 µL of 50% glycerol into 40 sterile 0.65 mL microcentrifuge tubes.
4) Pipette 50 µL portions of the overnight K91BluKan E. coli culture into the glycerol-containing
microcentrifuge tubes.
5) Vortex the tubes to mix completely.
6) Label the microcentrifuge tubes.
7) Store the tubes in a racked box at -80ºC.
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1.2. Preparation of K91BluKan E. coli Starved Cells
K19BluKan E. coli cells are the commonly used strain of gram-negative bacteria used as a host to
propagate fd-tet bacteriophage clones.
Reagents:
•

NZY Medium

•

K91BluKan E. coli Glycerol Stock

•

Kanamycin (100 mg/mL)

•

NaCl (80 mM)

•

NAP Buffer

Materials:
•

Snap-cap Culture Tubes, 13 mL: (Sarstedt #62.515.006)

•

Sidearm Flask, 300 mL: (Bellco)

•

Pipettes, 10 mL: (Costar #4488)

•

Oak Ridge tubes, 50 mL

•

Culture Flask, 125 mL: (Kimble #25615)

Equipment:
•

I2500/C25 Shaker-Incubator: (New Brunswick)

•

Genesys 20 Spectrophotometer: (Thermo Scientific)

Procedures:
Day 1
1) Remove a tube of glycerol stock K91BluKan cells from the freezer and allow to warm to room
temperature.
2) Label a snap-cap tube as “K91BK” and include date and medium used. Label a second snap-cap tube
as “Blank”.
3) Pipette 2 mL NZY medium into each of the snap-cap tubes.
4) Pipette 2 µL of 100 mg/mL kanamycin into each of the snap-cap tubes (Final concentration of 100
µg/mL kanamycin).
5) Pipette 2 µL of K91BluKan cells into the snap-cap tube labeled “K91BK”.
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6) Incubate both tubes in shaker-incubator overnight at 37ºC/200 rpm.
Day 2
7) Visually check both tubes for growth. Snap-cap tube labeled “K91BK” should be turbid from bacterial
growth. Snap-cap tube labeled “Blank” should be clear from no growth. If blank tube shows growth,
repeat overnight culture with fresh medium/antibiotics stocks if needed.
8) Transfer 20 mL NZY medium into a 300 mL sidearm flask.
9) Pipette 300 µL of overnight K91BK cells into the sidearm flask.
10) Incubate the flask in shaker-incubator at 37ºC/200 rpm.
11) Measure the turbidity by the side-arm cuvette until the optical density at 600 nm (OD600) reaches 0.45.
Blank the spectrophotometer with a sterile solution of NZY medium.
12) Incubate the flask with gentle shaking at 37ºC/50 rpm for 7 minutes to allow sheared F pili to
regenerate.
13) Gently transfer the solution with a 10 mL pipette from the sidearm flask to a sterile 50 mL Oak Ridge
tube labeled as “K91KB starved cells” with your initials and date of propagation.
14) Align the Oak Ridge tube so the label faces out from the center of the rotor. Centrifuge tube at 550 × g
(Beckman Roter JA-17; 2,000 rpm or Beckman Roter JA-20; 2,100 rpm) for 10 minutes at 4ºC. Be
sure to include a balance also.
15) Pour off the supernatant into a waste container (Pour away from the pellet). Gently pipette 20 mL of 80
mM NaCl onto the cells and gently invert to mix. Do not vortex cells to dissolve pellet.
16) Gently pour the cells into a sterile 125 mL culture flask and transfer the label from the Oak Ridge tube
to the flask. Incubate the flask with gentle shaking at 37ºC/50 rpm for 45 minutes in a shakerincubator.
17) Gently pour the solution to a new, sterile 50 mL Oak Ridge tube and transfer the label to the Oak
Ridge tube.
18) Again, align the Oak Ridge tube so the label faces out from the center of the rotor. Centrifuge tube at
550 × g (Beckman Roter JA-17; 2,000 rpm or Beckman Roter JA-20; 2,100 rpm) for 10 minutes at
4ºC.
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19) Pour off the supernatant into a waste container (Pour away from the pellet). Gently pipet 1 mL of cold
NAP buffer onto the cells.
20) Store cells at 4ºC. Cells remain infective to fd-tet bacteriophage for 3-5 days, but show best infectivity
if used within a few hours. Concentration of viable cells is ~5×109 cells/mL.
1.3. Assay of Starved Cell Infectivity by Titering of Control Phage Vector (f8-5)
Reagents:
•

Starved K91BluKan E. coli cells

•

Control Phage, f8-5: (2x1012 vir/mL)

•

TBS, pH 7.4 (1X)

Materials:
•

0.65 mL Microcentrifuge tubes

Equipment:
•

Incubator, 37ºC

Procedures:
Day 1
1) Prepare serial dilutions (10-2 ~ 10-8) of wild type phage f8-5:
2) Add 10 µL of starved cells to a 0.65 mL microcentrifuge tubes. Gently add 10 µL of phage dilutions
from tube 4 & 5 and gently mix.
3) As a control, add 10 µL of starved cells in a microcentrifuge tube. Gently add 10 µL of 1X TBS and
mix gently.
4) Incubate at room temperature for 15 minutes for infection to occur.
5) Add 180 µL NZY/0.2 µg/mL Tetracycline to each tube.
6) Incubate in 37ºC incubator for 45 minutes to develop TetR.
7) Spread 200 µL suspensions from microcentrifuge tubes onto NZY/20 µg/mL Tetracycline plates.
8) Incubate plates overnight in 37ºC incubator.
Day 2
9) Count the number of colony forming units (CFU) on each plate.
10) Calculate the tier according to the following formula, where N is the number of CFU on a plate:
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Titer (CFU/mL) =

N (CFU)
10 µL

  ×  

1000 µL  
1 mL

1.4. Propagation of fd-tet Phage Vectors and Derivatives
1.4.1.

  ×  Dilution Factor

(8)

2 mL Scale Propagation

Reagents:
•

PEG/NaCl (16.7%/3.3 M), 600 mL

•

TBS, pH 7.4 (1X), 500 mL: (Teknova #T9867)

•

NZY Medium, 500 mL

•

Tetracycline (20 mg/mL), 100 mL

Materials:
•

Oak Ridge Tubes, 50 mL

•

Snap-cap Culture Tubes, 13 mL: (Sarstedt #62.515.006)

•

1.7 mL Microcentrifuge Tubes

Equipment:
•

I2500 Series Shaker-Incubator: (New Brunswick)

•

Microfuge 18 Centrifuge: (Beckman Coulter)

Procedures:
Day 1
1) Prepare labeled snap-cap tubes for each clone to be propagated. Place 2 mL NZY/20 µg/mL
Tetracycline medium into each of the snap-cap tubes.
2) Using forceps and toothpicks, pick an individual colony from a NZY/Tet plate. Place the sample
(including the toothpick) into the snap-cap tube.
3) Incubate the tubes in a shaker-incubator at 200 rpm overnight at 37ºC.
Day 2
4) Transfer 1.5 mL of the overnight culture into a labeled 1.7 mL microcentrifuge tube.
5) Microcentrifuge (Beckman Microfuge) at 13,000 rpm for 5 minutes to pellet cells.
6) Pipette 1 mL of the supernatant into a new 1.7 mL microcentrifuge tube containing 150 µL of 16.7%
PEG-8000/3.3 M NaCl. Invert approximately 100 times to mix the contents. Incubate the tubes at 4ºC
overnight.
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Day 3
7) Microcentrifuge (Beckman Microfuge) the tubes at 13,000 rpm for 15 minutes. Remove the
supernatant and remove supernatant from the pellet, recentrifuge for 5 minutes at the same
speed/orientation and remove the residual supernatant.
8) Dissolve the pellet in 200 µL 1X TBS. Store at 4ºC.
9) Estimate the concentration by measuring the absorbance of each sample at 269 nm (Blank with 1X
TBS) with the NanoDrop. Calculate the concentration of phage according to the following formula:

1.4.2.

Concentration Phage (vir/mL) = Abs269   ×  6.5×1012

(9)

20 mL Scale Propagation

Reagents:
•

PEG/NaCl (16.7%/3.3 M), 600 mL

•

TBS, pH 7.4 (1X), 500 mL: (Teknova #T9867)

•

NZY Medium, 500 mL

•

Tetracycline (20 mg/mL), 100 mL

Materials:
•

Oak Ridge Tubes, 50 mL

•

Snap-cap Culture Tubes, 13 mL: (Sarstedt #62.515.006)

•

Pipets, 25 mL

•

Culture Flask, 125 mL: (Kimble #25615)

•

1.7 mL Microcentrifuge Tubes

Equipment:
•

Avanti J-26 XP Centrifuge: (Beckman Coulter)

•

I2500 Series Shaker-Incubator: (New Brunswick)

•

Microfuge 18 Centrifuge: (Beckman Coulter)

Procedures:
Day 1
1) Label snap-cap culture tubes with each of the phage clones to be propagated and 1 snap-cap culture
tube as a blank control.
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2) Transfer 2 mL of NZY/Tetracyline (20 µg/mL) to each of the labeled culture tube.
3) Using forceps and a toothpick, for each phage clone pick an isolated colony of E. coli infected with
phage and place the toothpick into the labeled 15 mL culture tube.
4) Incubate the tubes in shaker-incubator overnight at 37ºC/200 rpm.
Day 2
5) Label 125 mL culture flasks with each of the phage clones to be propagated.
6) Place 20 mL of NZY medium into each of the flasks. To each of the flasks labeled for tetracycline, add
20 µL of 20 mg/mL tetracycline.
7) Pipet 20 µL of each overnight culture into the appropriately labeled flask for each phage clone.
8) Incubate all flasks in the same shaker-incubator overnight at 37ºC/200 rpm.
Day 3
9) Pour each culture into a 50 mL Oak Ridge tube and balance tubes as needed. Transfer the label from
each flask to the appropriate Oak Ridge tube.
10) Centrifuge balanced tubes at 3,500 x g (Beckman Rotor JA-20; 5,379 rpm or Beckman Rotor JA-17;
5,040 rpm) for 10 minutes at 4ºC.
11) Pour the supernatants into new 50 mL Oak Ridge tubes and transfer the label to the new tube.
12) Centrifuge the tubes at 12,000 x g (Beckman Rotor JA-20; 9,960 rpm or Beckman Rotor JA-17; 9,333
rpm) for 10 minutes at 4ºC.
13) Pour the supernatants into new 50 mL Oak Ridge tubes with 3 mL PEG/NaCl in each tube. Transfer
the label to the new tube and invert the tubes 100 times to mix. Incubate the tubes at 4ºC overnight.
Day 4
14) Centrifuge the tubes at 20,000 x g (Beckman Roter JA-20; 12,859 rpm or Beckman Rotor JA-17;
12,049 rpm) for 30 minutes at 4ºC. Pour off the supernatant into a waste container. Remove the
supernatant and remove supernatant from the pellet, recentrifuge for 5 minutes at the same
speed/orientation and remove the residual supernatant for each sample.
15) Add 1 mL 1X TBS to dissolve each pellet. Dissolve each pellet by vortexing vigorously.
16) Transfer the solution into a new, labeled 1.7 mL microcentrifuge tube.
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17) Centrifuge the tubes at 15,000 x g (Beckman Microfuge 18; 13,000 rpm) for 2 minutes at room
temperature.
18) Transfer the supernatants to a new, labeled 1.7 mL microcentrifuge tube containing 150 µL PEG/NaCl.
Invert the tubes 100 times to mix. Incubate the tubes at 4ºC overnight.
Day 5
19) Centrifuge the tubes at 15,000 x g (Beckman Microfuge 18; 13,000 rpm) for 10 minutes. Discard the
supernatant into the waste and remove the supernatant and remove supernatant from the pellet,
recentrifuge for 5 minutes at the same speed/orientation and remove the residual supernatant for each
sample.
20) Add 100 µL 1X TBS to each pellet and vortex vigorously to dissolve.
21) Centrifuge each sample at 2,000 x g (Beckman Microfuge 18; 5,000 rpm) for 1 minute.
22) Transfer the supernatant to a new, labeled 1.7 mL microcentrifuge tube and incubate the tubes at 4ºC
for storage.
23) Estimate the concentration by measuring the absorbance of each sample at 269 nm (Blank with 1X
TBS) with the NanoDrop. Calculate the concentration of phage according to the following formula:

1.4.3.

Concentration Phage (vir/mL) = Abs269   ×  6.5×1012

1 L Scale Propagation

Reagents:
•

PEG/NaCl (16.7%/3.3 M), 600 mL

•

TBS, pH 7.4 (1X), 500 mL: (Teknova #T9867)

•

NZY Medium, 1000 mL

•

Tetracycline (20 mg/mL), 100 mL

Materials:
•

500 mL Centrifuge Bottles

•

Oak Ridge Tubes, 50 mL

•

Snap-cap Culture Tubes, 13 mL: (Sarstedt #62.515.006)

•

Pipets, 25 mL

•

1.7 mL Microcentrifuge Tubes
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(10)

•

3 L Culture Flasks

Equipment:
•

Avanti J-26 XP Centrifuge: (Beckman Coulter)

•

I2500 Series Shaker-Incubator: (New Brunswick)

•

Microfuge 18 Centrifuge: (Beckman Coulter)

Procedures:
Day 1
1) To each liter of NZY medium, add 1 mL 20mg/mL tetracycline stock and mix thoroughly.
2) Using a toothpick, inoculate a single colony of infected K91BK cells into a 3 L flask containing 1 L of
NZY/20 µg/mL tetracycline.
3) Incubate in a shaker-incubator at 200 rpm overnight at 37ºC.
Day 2
4) Divide the overnight culture into three 500 mL centrifuge bottles of ~ 330 mL.
5) Centrifuge the bottles at 5,000 rpm (Beckman Avanti) for 10 minutes at 4ºC.
6) Pour the supernatant into new 500 mL centrifuge bottles and centrifuge at 8,000 rpm (Beckman
Avanti) for 10 minutes at 4ºC.
7) Pour the final cleared supernatant into new 500 mL centrifuge bottles and note the net volume. Volume
should be less than 350 mL.
8) Add 50 mL (0.15X volume) of 16.7% PEG/3.3 M NaCl solution to each of the bottles. Invert
approximately 100 times. Incubate bottles at 4ºC overnight.
Day 3
9) Centrifuge PEG precipitated phage at 8,000 rpm (Beckman Avanti) for 40 minutes at 4ºC.
10) Pour off the supernatant. Remove the supernatant and remove supernatant from the pellet, recentrifuge
for 5 minutes at the same speed/orientation and remove the residual supernatant.
11) Add 10 mL 1X TBS to each bottle and dissolve the pellet. Bottles cam be shaken in shaker-incubator
at 200 rpm for 30 minutes to dissolve pellet.
12) Transfer the solutions from all three 500 mL bottles to a single 50 mL Oak Ridge tube. Centrifuge at
15,000 rpm (Beckman Avanti) for 10 minutes at 4ºC.
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13) Pour the supernatant into a new 50 mL Oak Ridge tube with 4.5 mL (0.15X volume) 16.7% PEG/3.3
M NaCl solution. Invert approximately 100 times and allow phage to precipitate at 4ºC overnight.
Day 4
14) Collect the precipitated phage by centrifuging at 15,000 rpm (Beckman Avanti) for 15 minutes at 4ºC.
15) Pour off the supernatant and remove the supernatant and remove supernatant from the pellet,
recentrifuge for 5 minutes at the same speed/orientation and remove the residual supernatant for each
sample.
16) Add 1 mL 1X TBS to dissolve the pellet and allow the pellet to soften for 1 hour at room temperature.
Tubes may be shaken at 200 rpm in shaker-incubator for 1 hour. Vortex to dissolve and homogenize
the solution.
17) Centrifuge at 15,000 rpm (Beckman Avanti) for 10 minutes at 4ºC.
18) Transfer the supernatant to a sterile 1.5 mL microcentrifuge tube and store at 4ºC.
19) Estimate the concentration by measuring the absorbance of each sample at 269 nm (Blank with 1X
TBS) with the NanoDrop. Calculate the concentration of phage according to the following formula:
Concentration Phage (vir/mL) = Abs269   ×  6.5×1012

1.5. Endotoxin Removal from Phage Vectors
Reagents:
•

Phage to be purified

•

Triton X-114: (Acros Organics #42365000)

•

Endotoxin-free 1X TBS: (Teknova #T9867)

•

PEG/NaCl (16.7%/3.3 M), 600 mL

Materials:
•

15 mL Centrifuge Tubes: (Corning #430052)

•

Oak Ridge Tubes, 50 mL

•

1.7 mL Microcentrifuge Tubes

Equipment:
•

Avanti J-26 XP Centrifuge: (Beckman Coulter)

•

Allegra R21 Centrifuge: (Beckman Coulter)
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Procedures:
Day 1
1) Dilute phage (~1011 vir/mL final) in 10 mL Endotoxin-free 1X TBS in a 15 mL centrifuge tube.
2) Add 1% Triton X-114 (100 µL) and vortex vigorously.
3) Place in an ice bath for 5 minutes to create a homogeneous solution.
4) Vortex and warm at 37ºC for 15 minutes for two phases to form.
5) Centrifuge (Beckman Allegra) at maximum speed for 7 seconds.
6) Equilibrate in an incubator at 37ºC for 1 hour.
7) Centrifuge (Beckman Allegra) at maximum speed for 30 seconds.
8) Remove the upper aqueous phase carefully and transfer to a new 15 mL centrifuge tube.
9) Repeat for a total of three separations.
10) Transfer into a single 50 mL Oak Ridge tube.
11) Centrifuge at 15,000 rpm (Beckman Avanti) for 10 minutes at 4ºC.
12) Pour supernatant into a new 50 mL Oak Ridge tube.
13) Add 1/6 volume (3.35 mL) of 16.7% PEG/3.3 M NaCl to each of the tubes to precipitate the phage.
Incubate at 4ºC overnight.
Day 2
14) Collect the precipitated phage by centrifuging at 15,000 rpm (Beckman Avanti) for 10 minutes at 4ºC.
15) Pour off the supernatant and do RRR .
16) Add 0.5 mL endotoxin-free 1X TBS to dissolve the pellet.
17) Transfer to a 1.7 mL microcentrifuge tube and heat at 70ºC for 7 minutes to heat inactivate the sample.
18) Centrifuge at 13,000 rpm (Beckman Microfuge) for 2 minutes.
19) Transfer the supernatant to a new 1.7 mL microcentrifuge tube. Store at 4ºC.
20) Estimate the concentration by measuring the absorbance of each sample at 269 nm (Blank with 1X
TBS) with the NanoDrop. Calculate the concentration of phage according to the following formula:
Concentration Phage (vir/mL) = Abs269   ×  6.5×1012
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2.

Selection and Screening of Landscape Phage Display Library Protocols
2.1. First Round Selection of Landscape Phage Against Mammalian Cells in vitro
Reagents:
•

Phage Library: f8/8 or f8/9 (From Dr. Petrenko)

•

Control Phage: f8-5 (2x1012 vir/mL)

•

K91BlueKan E. coli Starved Cells

•

Minimum Essential Medium (MEM) w/ Earle’s Balanced Salts, Nonessential Amino Acids & Sodium
Pyruvate, 500mL: (ATCC #302003)

•

NZY/Tetracycline (20 µg/mL) Plates, 60

•

1M Tris-HCl, pH 9.1: (100 mL)

•

Elution Buffer: (100 mL)

•

o

Dissolve 1.5 g glycine in 90 mL of distilled water.

o

Adjust the pH to 2.2 with 2 N HCl.

o

Add 100 mg BSA (Sigma #A2153-100G) and 10 mg phenol red (Sigma #P-2417-5G).

o

Add water to bring the solution to 100 mL.

o

Filter sterilize and store at 4ºC.

Lysis Buffer (2% w/v Sodium Desoxycholate/10 mM Tris-HCl/2 mM EDTA): (50 mL)
o

Dissolve 1 g sodium desoxycholate (Fisher #S285-100) and 0.06 g Tris base into 40 mL of
distilled water.

•

•

o

Add 200 µL 0.5 M EDTA and mix.

o

Adjust the pH to 8.0 with 2 N HCl .

o

Add water to bring the solution to 50 mL.

o

Filter sterilize and store at 4ºC.

Washing Buffer (0.1% Tween 20/0.5% BSA/MEM Medium): (100 mL)
o

Add 500 µL 20% Tween 20 and 10 mL 5% BSA to 90 mL of MEM medium.

o

Mix thoroughly, filter sterilize and store at 4ºC.

Blocking Buffer (0.5% BSA/MEM medium): (100 mL)
o

Add 10 mL 5% BSA to 90 mL MEM medium.
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o

Mix thoroughly, filter sterilize and store at 4ºC.

Materials:
•

25 cm2 Cell Culture Flasks: (Corning #430168)

•

Amicon Ultra-4 100K MWCO Centrifugal Filters: (Fisher #UFC810024)

•

15 mL Centrifuge Tubes: (Corning)

•

1.7 mL Microcentrifuge Tubes:

Equipment:
•

Avanti J-26 XP Centrifuge: (Beckman Coulter)

•

I2500 Series Shaker-Incubator: (New Brunswick)

•

Microfuge 18 Centrifuge: (Beckman Coulter)

Procedures:
Day 1
1) Prepare Mammalian Cell Lines for Selection
a.

Prepare a culture of target cells and normal cells (e.g. Calu-3 and Small Airway Epithelial Cells)
in a 25 cm2 cell culture flask as described in the lab manual.

b.

Continue to grow cells until they have reached 90% confluence.

Day 2
2) Prepare Starved Cells and Check Starved Cells
a.

Prepare 3 flasks of starved K91BlueKan E. coli cells as described in the lab manual. Resuspend in
1 mL of NAP buffer.

b.

Check starved cells and titer control phage f8-5 as described in the lab manual.

c.

Incubate two 25 cm2 cell culture flasks with medium supplemented with 10% FBS (MEM medium
+ 10% FBS) overnight in a 37ºC CO2 incubator.

Day 3
3) Depletion of Phage Binding Plastic
a.

Add 30 µL of phage library f8/8 or f8/9 into 2 mL of blocking buffer in a sterile cell culture flask.
Rock gently to cover the entire surface of the culture flask.

b.

Incubate at room temperature for 1 hour.
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c.

Collect the supernatant.

4) Depletion of Phage Binding Serum (MEM w/ 10% FBS)
a.

Remove the medium from the flask.

b.

Wash the flask with 4 mL of MEM medium with 10% FBS.

c.

Add depleted library to the cell culture flask. Incubate at room temperature for 1 hour.

d.

Collect the supernatant.

5) Repeat steps for an additional step of depletion of phage that bind serum.
6) Depletion of Phage Binding Phenotypically Normal Cells (SAE)
a.

Remove medium from cell culture flask with 90% confluent SAE cells. Wash the cells with 2 mL
MEM medium with serum at room temperature.

b.

Incubate cells with 5 mL of MEM medium at room temperature for 1 hour. Remove immediately
before application of phage library.

c.

Remove the MEM medium and add the depleted library to the flask with the normal cells (SAE).
Incubate at room temperature for 1 hour.

d.

Remove the supernatant that contains unbound phage. Place into a labeled 15 mL centrifuge tube
(Input Phage). Remove a 10 µL aliquot of input phage into a 0.65 mL microcentrifuge tube for
titering.

7) Selection of Phage Binding Target Cells (Calu-3 at room temperature with serum)
a.

Replace medium in cell culture flask with 90% confluent cells with 5 mL MEM medium
supplemented with 10% FBS. Incubate at room temperature for 1 hour. Remove immediately
before application of phage.

b.

Add sublibrary to the cell culture flask with target (Calu-3) cells. Incubate at room temperature for
1 hour.

c.

Remove the supernatant with non-bound phage. Place into a labeled 15 mL centrifuge tube
(Unbound Phage) and store at 4ºC.

d.

Wash cells with 4 mL of cold washing buffer for 5 minutes.

e.

Remove all of the washing buffer and store in a labeled 15 mL centrifuge tube for titering.

f.

Repeat for a total of 10 washes.
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g.

To elute surface bound phage, incubate cells for 10 minutes on ice with 2 mL of elution buffer.
Pipette the eluate into a sterile 15 mL centrifuge tube containing 376 µL of 1M Tris-HCl, pH 9.1
(neutralizing buffer). Remove 20 µL of elute phage and place in a 0.65 mL microcentrifuge tube
for titering.

h.

Wash cells two times with 4 mL of cold washing buffer for 5 minutes. Remove and collect all of
the washing buffer and store in a labeled 15 mL centrifuge tube. Remove 20 µL of each Post
Elution Wash (PEW) in a 0.65 mL microcentrifuge tube for titering.

8) Recovery of Cell Penetrating Phage
a.

Scrape the cell monolayer from the bottom of the flask with a sterile cell scraper in 5 mL of MEM
medium. Collect the cells with a pipette and transfer to a 15 mL centrifuge tube.

b.

Centrifuge the cell suspension at 2,000 rpm (Beckman Allegra) for 10 minutes.

c.

Remove the supernatant and add 200 µL of lysis buffer to the pellet.

d.

Mix the solution thoroughly with a pipette tip to ensure complete destruction of the cell
membrane. Allow the solution to incubate at room temperature for approximately 10 minutes.

9) Washing and Concentration of Eluted Phage
a.

Pipette 2 mL of 1X TBS into a labeled 100K MWCO Amicon Ultra-4 Concentrator. Centrifuge at
2,000 rpm (Beckman Allegra) for 10 minutes.

b.

Apply the mixture of eluate and post elution washes (PEW1 & PEW2) to the concentrator.
Centrifuge at 3,000 rpm (Beckman Allegra) for 10 minutes.

c.

Add 1 mL of 1X TBS to the concentrators and centrifuge at 3,000 rpm (Beckman Allegra) for 10
minutes. Repeat for a total of three washes. Centrifuge until a volume of <100 µL remains.

d.

Collect the concentrated phage by washing 50 µL of 1X TBS down each side of the concentrator.
Pipette the entire volume into a 1.7 mL microcentrifuge tube.

10) Amplification of Selected Phage Eluate and Lysate
a.

Add an equal volume of starved cells (200 µL) to 200 µL of concentrated phage. Incubate at room
temperature for 15 minutes for infection to occur.

b.

Add mixture into a 125 mL conical flask with 20 mL NZY/0.2 µg/mL tetracycline. Incubate at 200
rpm, 37ºC in a shaking-incubator for 45 minutes to allow TetR to develop.
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c.

Add 1 mL of starved cells to the cell lysate. Mix gently and incubate at room temperature for 15
minutes.

d.

Add mixture into a 125 mL conical flask with 20 mL NZY/0.2 µg/mL tetracycline. Incubate at 200
rpm, 37ºC in a shaking-incubator for 45 minutes to allow TetR to develop.

e.

After 45 minutes of incubation, take 20 µL and 200 µL aliquots from each of the two cultures (step
J2 and J4) for titering. Add 20 µL of 20 mg/mL tetracycline to each of the flasks and continue to
shake at 200 rpm, 37ºC overnight.

11) Phage Titering
a.

To each of the 20 µL aliquots, add 180 µL of NZY/0.2 µg/mL tetracycline and mix.

b.

Spread the cell suspensions onto NZY/20 µg/mL tetracycline plates.

c.

Incubate plates in incubator at 37ºC overnight.

d.

Make the following dilutions in 1X TBS/0.1% Gelatin for titering:
i. Input

Tube #
1
2
3
4
5

Dilution
10-1
10-2
10-3
10-4
10-5

Volume Phage (µL)
10 from stock
50 from tube 1
50 from tube 2
50 from tube 3
50 from tube 4

TBS/Gelatin (µL)
90
450
450
450
450

Total (µL)
100
500
500
500
500

Volume Phage (µL)
10 from stock
50 from tube 1
50 from tube 2
50 from tube 3
50 from tube 4

TBS/Gelatin (µL)
90
450
450
450
450

Total (µL)
100
500
500
500
500

TBS/Gelatin (µL)
90
450
450

Total (µL)
100
500
500

TBS/Gelatin (µL)
0
450

Total (µL)
10
500

ii. Unbound
Tube #
1
2
3
4
5

Dilution
10-1
10-2
10-3
10-4
10-5

iii. Wash 1 & 2
Tube #
1
2
3

Dilution
10-1
10-2
10-3

Volume Phage (µL)
10 from stock
50 from tube 1
50 from tube 2

iv. Wash 3-10
Tube #
1
2

Dilution
0
10-1

Volume Phage (µL)
10
50 from tube 1
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v. Post Elution Washes 1 & 2
Tube #
1
2
e.

Dilution
0
10-1

Volume Phage (µL)
10
10 from tube 1

TBS/Gelatin (µL)
0
90

Total (µL)
10
100

Mix 10 µL of phage from each dilution with 10 µL of starved cells. Incubate at room temperature
for 15 minutes for infection.

f.

Add 180 µL of NZY/0.2 µg/mL tetracycline. Incubate in 37ºC incubator for 45 minutes to develop
TetR.

g.

Spread cell suspension onto NZY/Tetracycline plates. Incubate plates in 37ºC incubator overnight.

12) Purification of Amplified Phage Sublibraries
a.

Pour each of the overnight cultures into a 50 mL Oak Ridge tube. Centrifuge at 4,600 rpm
(2,915xg; JA-17; Beckman Avanti) for 10 minutes at 4ºC.

b.

Pour the supernatants into new 50 mL Oak Ridge tubes. Centrifuge at 9,300 rpm (11,915xg; JA17; Beckman Avanti) for 10 minutes at 4ºC.

c.

Pour the cleared supernatants into new 50 mL Oak Ridge tubes. Add 3 mL of 16.7% PEG/3.3 M
NaCl to each of the tubes. Invert ~100 times and store at 4ºC overnight.

d.

Centrifuge the tubes at 15,000 rpm (30,996xg; JA-17; Beckman Avanti) for 30 minutes. Do RRR .

e.

Add 1 mL 1X TBS to each tube and dissolve the pellet.

f.

Transfer the solution into a new 1.7 mL microcentrifuge tube and centrifuge at 13,000 rpm
(Beckman Microfuge 18) for 2 minutes.

g.

Transfer the supernatant into a new labeled 1.7 mL microcentrifuge tube with 150 µL 16.7%
PEG/3.3 M NaCl. Invert the tubes 100 times and store at 4ºC overnight.

h.

Centrifuge the tubes at 13,000 rpm (Beckman Microfuge 18) for 10 minutes. Remove the
supernatant and do RRR.

i.

Dissolve the pellet in 200 µL 1X TBS.

j.

Centrifuge at 5,000 rpm (Beckman Microfuge 18) for 1 minute.

k.

Transfer the supernatant to a new 1.7 mL microcentrifuge tube. Store at 4ºC.

13) Physical Titer Estimation Using NanoDrop
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a.

Estimate the concentration by measuring the absorbance of each sample at 269 nm (Blank with 1X
TBS) with the NanoDrop. Calculate the concentration of phage according to the following
formula:
Concentration Phage (vir/mL) = Abs269   ×  6.5×1012

(13)

14) Calculation of Phage Titers and Yield
a.

Phage titer is calculated according to the following formula: where N is the number of cfu counted
per plate, V is the input volume in µL (10 µL in most cases), and DF is the dilution factor.
N (cfu)

Titer (cfu/mL) =
b.

V (µL)

×

1000 µL
1 mL

  × DF

The total number of cfu is calculated according to the following:
Total CFU (cfu) = Titer (cfu/mL) × Total Volume (mL)

c.

(14)

(15)

The eluate and lysate phage output is calculated as follows: where N is the number of cfu counted
per plate, V is the input volume in µL (20 or 200 µL)
Output (cfu) =

d.

N (cfu)
V (µL)

  ×  

1000 µL
1 mL

The total yield is calculated as follows:
Yield (%) =

  × Total Volume (mL)

Input (cfu)
Output (cfu)

  × 100%

(16)

(17)

2.2. Additional Rounds of Selection of Landscape Phage Against Mammalian Cells in vitro
Reagents:
•

Phage Sublibraries: f8/8R1E and f8/8R1L or f8/9R1E and f8/9R1L (from first round)

•

Control Phage: f8-5 (2x1012 vir/mL)

•

K91BlueKan E. coli Starved Cells

•

Minimum Essential Medium (MEM) w/ Earle’s Balanced Salts, Nonessential Amino Acids & Sodium
Pyruvate, 500mL: (ATCC #302003)

•

NZY/Tetracycline (20 µg/mL) Plates, 60

•

1M Tris-HCl, pH 9.1: (100 mL)

•

Elution Buffer: (100 mL)
o

Dissolve 1.5 g glycine in 90 mL of distilled water.

o

Adjust the pH to 2.2 with 2 N HCl.
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•

o

Add 100 mg BSA (Sigma #A2153-100G) and 10 mg phenol red (Sigma #P-2417-5G).

o

Add water to bring the solution to 100 mL.

o

Filter sterilize and store at 4ºC.

Lysis Buffer (2% w/v Sodium Desoxycholate/10 mM Tris-HCl/2 mM EDTA): (50 mL)
o

Dissolve 1 g sodium desoxycholate (Fisher #S285-100) and 0.06 g Tris base into 40 mL of
distilled water.

•

•

o

Add 200 µL 0.5 M EDTA and mix.

o

Adjust the pH to 8.0 with 2 N HCl .

o

Add water to bring the solution to 50 mL.

o

Filter sterilize and store at 4ºC.

Washing Buffer (0.1% Tween 20/0.5% BSA/MEM Medium): (100 mL)
o

Add 500 µL 20% Tween 20 and 10 mL 5% BSA to 90 mL of MEM medium.

o

Mix thoroughly, filter sterilize and store at 4ºC.

Blocking Buffer (0.5% BSA/MEM medium): (100 mL)
o

Add 10 mL 5% BSA to 90 mL MEM medium.

o

Mix thoroughly, filter sterilize and store at 4ºC.

Materials:
•

25 cm2 Cell Culture Flasks: (Corning #430168)

•

Amicon Ultra-4 100K MWCO Centrifugal Filters: (Fisher #UFC810024)

•

15 mL Centrifuge Tubes: (Corning)

•

1.7 mL Microcentrifuge Tubes:

Equipment:
•

Avanti J-26 XP Centrifuge: (Beckman Coulter)

•

I2500 Series Shaker-Incubator: (New Brunswick)

•

Microfuge 18 Centrifuge: (Beckman Coulter)

Procedures:
Day 1
1) Prepare mammalian cells lines for selection
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a.

Prepare a culture of target cells and normal cells (e.g. Calu-3 and Small Airway Epithelial Cells)
in a 25 cm2 cell culture flask.

b.

Continue to grow cells until they have reached 90% confluence.

Day 2
2) Prepare Starved Cells and Check Starved Cells
a.

Prepare 4 flasks of starved K91BlueKan E. coli cells as described in the lab manual. Resuspend in
1 mL of NAP buffer.

b.

Check starved cells and titer control phage f8-5 as described in the lab manual.

3) Selection of Phage Binding Target Cells (Calu-3 at 37ºC with serum)
a.

Replace medium in cell culture flask with 90% confluent cells with 5 mL MEM medium
supplemented with 10% FBS. Incubate at 37ºC in CO2 incubator for 1 hour. Remove immediately
before application of phage.

b.

Add 2 mL of MEM medium supplemented with 10% FBS to the flask. Add 1010 cfu (~1011
virions) of each sublibrary from round one to the cell culture flask with target cells. Incubate in
37ºC CO2 incubator for 1 hour.

c.

Remove the supernatant with non-bound phage. Place into a labeled 15 mL centrifuge tube
(Unbound Phage) and store at 4ºC.

d.

Wash cells with 4 mL of cold washing buffer for 5 minutes.

e.

Remove all of the washing buffer and store in a labeled 15 mL centrifuge tube for titering.

f.

Repeat for a total of 10 washes.

g.

To elute surface bound phage, incubate cells for 10 minutes on ice with 2 mL of elution buffer.
Pipette the eluate into a sterile 15 mL centrifuge tube containing 376 µL of 1M Tris-HCl, pH 9.1
(neutralizing buffer). Remove 20 µL of elute phage and place in a 0.65 mL microcentrifuge tube
for titering.

h.

Wash cells two times with 4 mL of cold washing buffer for 5 minutes. Remove and collect all of
the washing buffer and store in a labeled 15 mL centrifuge tube. Remove 20 µL of each Post
Elution Wash (PEW) in a 0.65 mL microcentrifuge tube for titering.

4) Recovery of Cell Penetrating Phage
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a.

Scrape the cell monolayer from the bottom of the flask with a sterile cell scraper in 5 mL of MEM
medium. Collect the cells with a pipette and transfer to a 15 mL centrifuge tube.

b.

Centrifuge the cell suspension at 2,000 rpm (Beckman Allegra) for 10 minutes.

c.

Remove the supernatant and add 200 µL of lysis buffer to the pellet.

d.

Mix the solution thoroughly with a pipette tip to ensure complete destruction of the cell
membrane. Allow the solution to incubate at room temperature for approximately 10 minutes.

5) Washing and Concentration of Eluted Phage
a.

Pipette 2 mL of 1X TBS into a labeled 100K MWCO Amicon Ultra-4 Concentrator. Centrifuge at
2,000 rpm (Beckman Allegra) for 10 minutes.

b.

Apply the mixture of eluate and post elution washes (PEW1 & PEW2) to the concentrator.
Centrifuge at 3,000 rpm (Beckman Allegra) for 10 minutes.

c.

Add 1 mL of 1X TBS to the concentrators and centrifuge at 3,000 rpm (Beckman Allegra) for 10
minutes. Repeat for a total of three washes. Centrifuge until a volume of <100 µL remains.

d.

Collect the concentrated phage by washing 50 µL of 1X TBS down each side of the concentrator.
Pipette the entire volume into a 1.7 mL microcentrifuge tube.

6) Amplification of Selected Phage Eluate and Lysate
a.

Add an equal volume of starved cells (200 µL) to 200 µL of concentrated phage. Incubate at room
temperature for 15 minutes for infection to occur.

b.

Add mixture into a 125 mL conical flask with 20 mL NZY/0.2 µg/mL tetracycline. Incubate at 200
rpm, 37ºC in a shaking-incubator for 45 minutes to allow TetR to develop.

c.

Add 1 mL of starved cells to the cell lysate. Mix gently and incubate at room temperature for 15
minutes.

d.

Add mixture into a 125 mL conical flask with 20 mL NZY/0.2 µg/mL tetracycline. Incubate at 200
rpm, 37ºC in a shaking-incubator for 45 minutes to allow TetR to develop.

e.

After 45 minutes of incubation, take 20 µL and 200 µL aliquots from each of the two cultures for
titering. Add 20 µL of 20 mg/mL tetracycline to each of the flasks and continue to shake at 200
rpm, 37ºC overnight.

7) Phage Titering
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a.

To each of the 20 µL aliquots, add 180 µL of NZY/0.2 µg/mL tetracycline and mix.

b.

Spread the cell suspensions onto NZY/20 µg/mL tetracycline plates.

c.

Incubate plates in incubator at 37ºC overnight.

d.

Make the following dilutions in 1X TBS/0.1% Gelatin for titering:
i. Unbound

Tube #
1
2
3
4
5

Dilution
10-1
10-2
10-3
10-4
10-5

Volume Phage (µL)
10 from stock
50 from tube 1
50 from tube 2
50 from tube 3
50 from tube 4

TBS/Gelatin (µL)
90
450
450
450
450

Total (µL)
100
500
500
500
500

TBS/Gelatin (µL)
90
450
450

Total (µL)
100
500
500

TBS/Gelatin (µL)
0
450

Total (µL)
10
500

TBS/Gelatin (µL)
0
90

Total (µL)
10
100

ii. Wash 1 & 2
Tube #
1
2
3

Dilution
10-1
10-2
10-3

Volume Phage (µL)
10 from stock
50 from tube 1
50 from tube 2

iii. Wash 3-10
Tube #
1
2

Dilution
0
10-1

Volume Phage (µL)
10
50 from tube 1

iv. Post Elution Washes 1 & 2
Tube #
1
2
e.

Dilution
0
10-1

Volume Phage (µL)
10
10 from tube 1

Mix 10 µL of phage from each dilution with 10 µL of starved cells. Incubate at room temperature
for 15 minutes for infection.

f.

Add 180 µL of NZY/0.2 µg/mL tetracycline. Incubate in 37ºC incubator for 45 minutes to develop
TetR.

g.

Spread cell suspension onto NZY/Tetracycline plates. Incubate plates in 37ºC incubator overnight.

Day 4
8) Grid Individual Colonies for Sequence Analysis
a.

Using a toothpick, touch single colonies and transfer to NZY/Tetracycline plates with 100 count
grids. Collect clones from each of the eluate, post-elution wash, and lysate fractions.
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b.

Incubate plates in 37ºC incubator overnight.

9) Purification of Amplified Phage Sublibraries
a.

Pour each of the overnight cultures into a 50 mL Oak Ridge tube. Centrifuge at 4,600 rpm
(2,915xg; JA-17; Beckman Avanti) for 10 minutes at 4ºC.

b.

Pour the supernatants into new 50 mL Oak Ridge tubes. Centrifuge at 9,300 rpm (11,915xg; JA17; Beckman Avanti) for 10 minutes at 4ºC.

c.

Pour the cleared supernatants into new 50 mL Oak Ridge tubes. Add 3 mL of 16.7% PEG/3.3 M
NaCl to each of the tubes. Invert ~100 times and store at 4ºC overnight.

Day 5
d.

Centrifuge the tubes at 15,000 rpm (30,996xg; JA-17; Beckman Avanti) for 30 minutes. Do RRR .

e.

Add 1 mL 1X TBS to each tube and dissolve the pellet.

f.

Transfer the solution into a new 1.7 mL microcentrifuge tube and centrifuge at 13,000 rpm
(Beckman Microfuge 18) for 2 minutes.

g.

Transfer the supernatant into a new labeled 1.7 mL microcentrifuge tube with 150 µL 16.7%
PEG/3.3 M NaCl. Invert the tubes 100 times and store at 4ºC overnight.

Day 6
h.

Centrifuge the tubes at 13,000 rpm (Beckman Microfuge 18) for 10 minutes. Remove the
supernatant and do RRR .

i.

Dissolve the pellet in 200 µL 1X TBS.

j.

Centrifuge at 5,000 rpm (Beckman Microfuge 18) for 1 minute.

k.

Transfer the supernatant to a new 1.7 mL microcentrifuge tube. Store at 4ºC.

10) Physical Titer Estimation Using NanoDrop
a.

Estimate the concentration by measuring the absorbance of each sample at 269 nm (Blank with 1X
TBS) with the NanoDrop. Calculate the concentration of phage according to the following
formula:
Concentration Phage (vir/mL) = Abs269   ×  6.5×1012

11) Calculation of Phage Titers and Yield
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(18)

a.

Phage titer is calculated according to the following formula: where N is the number of cfu counted
per plate, V is the input volume in µL (10 µL in most cases), and DF is the dilution factor.
N (cfu)

Titer (cfu/mL) =
b.

V (µL)

×

1000 µL
1 mL

  × DF

The total number of cfu is calculated according to the following:
Total CFU (cfu) = Titer (cfu/mL) × Total Volume (mL)

c.

(19)

(20)

The eluate and lysate phage output is calculated as follows: where N is the number of cfu counted
per plate, V is the input volume in µL (20 or 200 µL)
Output (cfu) =

d.

N (cfu)
V (µL)

  ×  

1000 µL
1 mL

The total yield is calculated as follows:
Yield (%) =

  × Total Volume (mL)

Input (cfu)
Output (cfu)

  × 100%

2.3. PCR Identification of gpVIII Major Coat Protein Sequence
Reagents:
•

Primers: (Integrated DNA Technologies)
o

o

o

f8s-20 (10 pmol/µL): 5’-CAAAGCCTCCTAGCCGTTG-3’
§

MW = 6,078 g/mol

§

60% GC content

§

Tm = 59.5ºC

f8as-20 (10 pmol/µL): 5’-CATTCCACAGACAGCCCTCA-3’
§

MW = 5,991 g/mol

§

55% GC content

§

Tm = 58ºC

S20 (50 ng/µL f8s-20 for sequencing)

•

DNA Taq Polymerase

•

GoGreen Mix

•

100 mM dNTPs

•

25 mM MgCl2

•

Agarose
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(21)

(22)

•

1X TBE

•

100 bp DNA Ladder

•

6X Loading Dye

•

10,000X SYBR Green

Materials:
•

PCR Plate with Strip Caps

•

Parafilm

Equipment:
•

Thermal cycler

•

Dark Reader/Kodak Imaging System

•

Beckman Microfuge 18: (Beckman)

Procedures:
1) Suspend a colony of infected cells into 100 µL DNAse-free water using a toothpick.
2) Thaw 5X Mg-free buffer, primer f8s-20, primer f8as-20, 25 mM MgCl2, and 2.5 mM dNTPs on ice.
Mix the following calculated amount of reagents into a 1.7 mL microcentrifuge tube:
Order

Reagent

1
2
3
4
5
6
7

5X Mg-free Buffer
Water
25 mM MgCl2
2.5 mM dNTPs
10 pmol/µL f8s-20
10 pmol/µL f8as-20
5 U/µL Taq Polymerase
Total Volume (µL)

Volume per
Colony (µL)
5
14.36
2
2
0.3
0.3
0.04
24

Final
Concentration
1X
2 mM
0.2 mM
0.12 pmol/µL
0.12 pmol/µL
0.008 U/µL
1X

Volume per Master
Mix (55rxn) (µL)
275
789.8
110
110
16.5
16.5
2.2
1320

3) Add 24 µL of Master Mix (from step A3) in a 0.2 mL PCR tube. Add 1 µL of diluted phage solution
and mix thoroughly.
4) Program the thermocycler with the following program “Phage PCR”:
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Temp (ºC)
94
94
46
72
72
4

Time
3 min
10 sec
20 sec
45 sec
4 min
∞

# Cycles
x1
x35
x1
x1

5) Store PCR products at -20ºC until analyzed.
6) Prepare a 2% Agarose Gel
a.

Weigh 0.7 g agarose into a 125 mL flask and add 35 mL 1X TBE.

b.

Microwave at power level 3 for 3 minutes.

c.

Let stand until cool to the touch, add 5 µL 10,000X SYBR Green and swirl to mix.

d.

Pour the solution into the gel apparatus and allow the solution to stand for 30 minutes to solidify
completely.

7) On a clean piece of parafilm, place 1 µL 5X loading dye, 4 µL of PCR product. Mix the samples
thoroughly.
8) Load the DNA samples into the gel. If using multiple rows per gel, load one row and allow the gel to
run at 70V for 2 minutes.
9) Run the gel at 70 V/400 mAmps for 45 minutes in 1X TBE buffer.
10) Remove the gel from the gel apparatus and place on the plastic sheet for imaging.
11) Gel is illuminated on the dark reader (Clare Chemical Research) and bands visualized using a Kodak
EDAS 290 imaging system (Eastman Kodak).
2.4. Phage Capture Assays
Reagents:
•

K91BluKan E. coli Starved Cells

•

Control Phage: f8-5 Phage: (2.0x1012 vir/mL)

•

Select Phage Clones

•

EMEM Complete Medium (EMEM w/ 10% FBS & 1% Ab/Am)

•

F-12K Complete Medium (F-12K w/ 10% FBS & 1% Ab/Am)

•

NZY/Tet plates
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•

NZY Medium

•

Tetracycline Stock (20 mg/mL)

•

Kanamycin Stock (100 mg/mL)

•

CHAPS Lysis Buffer (2.5% CHAPS/0.5% BSA in EMEM)

•

EMEM Blocking Buffer (0.5% BSA in EMEM), 50 mL:

•

EMEM Washing Buffer (0.5% BSA/0.1% Tween 20 in EMEM), 250 mL:

Materials:
•

Pipette Tips, 1 mL

•

Pipette Tips, 0.2 mL

•

Pipette Tips, 0.02 mL

•

Microcentrifuge tubes, 0.65 mL: (VWR)

•

Culture Tubes w/ snap-cap, 13 mL: (Sarstedt #62.515.006)

•

Toothpicks, sterile

•

Sidearm Flask, 300 mL: (Bellco)

•

Oak Ridge Tubes, 50 mL

Equipment:
•

I2500/C25 Shaker-Incubator: (New Brunswick)

•

Spectrophotometer, Genesys 20: (Thermo Scientific)

•

Vortex

•

Centrifuge, Avanti J-26 XP: (Beckman Coulter)

•

37ºC Incubator

Procedures:
Day 1
1) Prepare 3 flasks of starved K91BluKan E. coli cells and check infectivity.
2) Subculture cell lines when they reach ~90% confluence and determine the number of viable cells using
trypan blue staining and counting with a hemocytometer.
3) Seed 5.0x104 cells into 100 µL of appropriate cell culture medium into each of the wells in a 96-well
cell culture treated plate
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4) Incubate the plate at 37ºC in a cell culture incubator with 5% CO2 overnight.
Day 2
5) Aspirate the medium from each of the wells using the vacuum on gentle suction.
6) Wash cells with 100 µL of serum-free EMEM in each well and aspirate.
7) Add 100 µL of serum-free EMEM into each of the wells and incubate in a 37ºC incubator with 5%
CO2 for 1 hour. Remove the medium by aspiration before application of phage clones.
8) Calculate and prepare 1.5 mL input solutions containing 1x107 CFU/mL (~2.0x108 vir/mL) in EMEM
blocking buffer for each phage.
9) Add 100 µL of the input solutions prepared above to input 1.0x106 CFU (~2.0x107 vir) to each well in
blocking buffer. Incubate at 37ºC for 1 hour.
10) Carefully remove the blocking buffer containing unbound phage from each of the wells by vacuum
aspiration.
11) Wash the cells 8 times with 100 µL of cold EMEM washing buffer for 5 minute intervals. Use a
vacuum to carefully aspirate the medium from the wells.
12) Add 25 µL of CHAPS lysis buffer to each well and incubate the plate on a shaker at room temperature
for 10 minutes.
13) Add 125 µL of starved cells and incubate at room temperature for 15 minutes.
14) Add 180 µL of NZY/Tet (0.4 µg/mL) to each well and incubate in an incubator at 37ºC for 45 minutes
to develop TetR.
15) Spread 200 µL of cell suspensions onto NZY/Tet (20 µg/mL) plates.
16) Incubate in 37ºC incubator overnight.
Day 3
17) Count colonies and calculate phage yield as follows:
Yield % =

Output CFU
Input CFU

124

× 100

(23)

3.

Phage Protein Techniques
3.1. Isolation of pVIII Major Coat Protein from Intact Phage Particles
Functional phage major coat protein can be solubilized and isolated in either detergent (cholate) or an
organic solvent (2-propanol) for a number of downstream applications including insertion into preformed
liposomes.
3.1.1.

Cholate Solubilization

Reagents:
•

Cholate Solubilizing Solution (120 mM cholate/10 mM Tris-HCl/0.2 mM EDTA, pH 8.0)

•

Chloroform: (Fisher, BP1145-1)

•

Phage for protein isolation: (>1013 vir/mL)

•

Running Buffer (10 mM cholate/10 mM Tris-HCl/0.2 mM EDTA, pH 8.0)

Materials:
•

1.7 mL Microcentrifuge Tubes

•

5 mL Snap-cap Tubes

•

1 mL Syringe

•

19G Needle

Equipment:
•

Sepharose 6B-CL Chromatography Column (30 × 1 cm)

•

Bio-Rad Chromatography System

Procedures:
Day 1
1) Dilute phage to a final concentration of 2.7×1013 vir/mL (3.0×1013 virions in 350 µL in 1X TBS).
2) In a new 1.7 mL microcentrifuge tube, add 350 µL of phage dilution, 700 µL of cholate solubilizing
solution, and 27 µL chloroform. Mix by vortexing.
3) Incubate in an incubator at 37ºC overnight with gentle rotation.
Day 2
4) Equilibrate the sepharose chromatography column with running buffer for 1 hour or until a stable
baseline has been obtained. Flow rate should be set at 0.5 mL/min and the AUFS should be set at 0.2.
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5) Apply 1 mL of the phage sample to the column through the injection port.
6) Collect the fractions. Fractions should be collected every 5 minutes and stored at 4ºC. Allow the
sample to completely run off the column and allow running buffer to flow through until a stable
baseline has returned.
3.1.2.

2-propanol Solubilization

Reagents:
•

Phage (>1013 vir/mL)

•

TBS, pH 7.4 (1X)

•

Isopropanol/2-propanol:

•

Chloroform: (Fisher #BP1145-1)

Materials:
•

1.7 mL Microcentrifuge Tubes

Procedures:
1) Transfer (>3x1013 virions) to a new 1.7 mL microcentrifuge tube. Add 1X TBS to reach 250 µL, 750
µL of 100% isopropanol and 27 µL of chloroform.
2) Vortex vigorously to mix.
3) Centrifuge at 13,000 rpm (Beckman Microfuge 18) for 5 minutes.
4) Transfer the upper organic phase to a new 1.7 mL microcentrifuge tube.
5) Measure the absorbance at 260 & 280 nm using NanoDrop.
3.2. SDS-PAGE and Western Blot Analysis of fd Phage Proteins
Reagents:
•

1X PBS/0.05% Tween 20 Washing Buffer: 1L

•

1X Protein-free PBS/0.05% Tween 20 Blocking Buffer: 1L

•

3.3mg/mL Polyclonal anti-fd N-terminal Antibody:

•

1.8mg/mL IgG Affinity Purified anti-fd C-terminal Antibody:

•

1.3mg/mL Biotinylated SP-conjugated Affinitipure Goat antirabbit IgG:

•

0.85mg/mL NeutraAvidin-HRP:

•

West Pico Luminol/Enhancer Solution: (Pierce #34085)
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•

West Pico Stable Peroxide Solution: (Pierce #34085)

•

1X Tris/Glycine/SDS Buffer: 1L
o

To a 1L bottle add 100mL of 10X Tris/Glycine/SDS buffer (BioRad #161-0732)

o

Dilute to 1L by adding 900mL of distilled water

o

Mix thoroughly, no need to autoclave

•

2X Laemmli Sample Buffer: 1mL

•

Methanol: (Fisher #A454-4L)

•

1X Tris/Glycine Transfer Buffer: 1L

•

o

Measure 100mL 10X Tris/Glycine Buffer (BioRad #161-0734) into a 1L bottle

o

Add 200mL Methanol and 700mL of distilled water and mix

o

Refrigerate at 4ºC

Biotinylated SDS-PAGE Broad Range Standards Marker: (BioRad #161-0319)

Materials:
•

0.65mL Microcentrifuge Tubes:

•

0.2µm Immu-Blot PDVF Transfer Membrane: (BioRad #162-0174)

•

4-20% Tris-HCl Ready Gels, 15-well/15µL: (BioRad #161-1123)

•

Filter Paper: (BioRad #170-3932)

•

Fiber Pads: (BioRad #170-3933)

Equipment:
•

Mini Trans-Blot Transfer Cell: (BioRad #170-3930)

Procedures:
Day 1
1) To prepare the biotinylated protein standard marker, dilute 1µL of stock protein standard marker with
9µL of distilled water.
2) To each of the samples (30 µL sample) add 30µL of 2X Lammeli sample buffer. Mix thoroughly and
incubate at 95ºC for an hour. After incubation, briefly spin down the sample to ensure that no water
has condensed in the top of the microcentrifuge tube and briefly mix.
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3) Rinse a 15 well/15µL 4-20% Tris-HCl Ready Gel with distilled water and place into the Mini Gel
apparatus. Rinse a 10 well/50µL 4-20% Tris-HCl Ready gel with distilled water and place into the
Mini Gel apparatus. Fill the upper and lower chambers with 1X Tris/Glycine/SDS running buffer.
4) Pre-electrophoresis the two gels by running them at 100V (~50mAmp for 2 gels) for 15 min.
5) Load 7µL of the biotinylated protein standard marker prepared into each of the Tris-HCl gels. Load
12µL of each of the protein/modified Doxil samples prepared into the 15 well Tris-HCl gel. Load 40µL
of each of the protein/modified Doxil samples into the 50µL Tris-HCl gel.
6) Electrophoresis the gels at 100V (~50mAmp for 2 gels) for 45 min. Ensure the amperage doesn’t drop
below 11mAmp. If the running conditions reach 11mAmps check the buffer level in the upper buffer
chamber. If the buffer is low, fill the upper buffer chamber with 1X Tris/Glycine/SDS buffer to cover
the top of the gels.
7) Western Blot with fd-tet N-terminal and C-terminal Specific Antibodies
a.

Soak 4 fiber pads and 4 pieces of filter paper in 1X Tris/Glycine transfer buffer at 4ºC until use.

b.

Soak two 0.2µm PVDF transfer membranes in 100% methanol for 15 sec. Remove the methanol
and wash with distilled water for 2 min. Remove the distilled water and wash with 1X
Tris/Glycine transfer buffer and store at 4ºC until being used.

c.

After electrophoresis, disassemble the mini gel apparatus. Split the gel cassettes and discard the
top plastic portion of the apparatus. Submerge the gel in 1X Tris/Glycine transfer buffer for ~15
min to prevent osmotic changes during protein transfer.

d.

Assemble the transfer cassette as follows building up from the black side of the transfer cartridge:
fiber pad, filter paper, SDS-PAGE gel, transfer membrane, filter paper, fiber pad. Before closing
the cartridge use a 5mL culture tube to remove any air bubbles trapped between the gel and the
transfer membrane. Close the transfer cartridge and place in the transfer apparatus with the black
side of the cartridge facing the black face of the transfer apparatus. Place the white ice block into
the transfer apparatus. Fill the transfer apparatus with 1X Tris/Glycine transfer buffer to the
bottom edge of the ice block.

e.

Place the transfer apparatus into the cold room. Electroblot the gel at 100V (~180mAmp for 2
gels) for 30 min.
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f.

Disassemble the transfer cassettes and place the transfer membranes into 10-15mL of 1X Proteinfree PBS/0.05% Tween 20 blocking buffer. Discard the SDS-PAGE gel and the filter paper.
Incubate the 15 well gel at 4ºC overnight in blocking buffer with gentle agitation on a rocker.
Incubate the 10 well gel at room temperature for 2 hours in blocking buffer with gentle agitation
on a rocker.

g.

Prepare a dilution of the 1.8mg/mL IgG affinity purified anti-fd C-terminal antibody by diluting
100µL of stock antibody into 10mL of 1X protein-free PBS/0.05% Tween 20 blocking buffer.
Remove the blocking buffer from the 10 well gel and pour the above solution on the membrane.
Incubate at 4ºC overnight with gentle agitation on a rocker.

Day 2
h.

Prepare a dilution of the 3.3mg/mL polyclonal anti-fd N-terminal antibody by diluting 2.7µL of
stock antibody in 15mL of 1X Protein-free PBS/0.05% Tween 20 blocking buffer. Remove the
blocking buffer from the 15 well gel and pour the above solution on the membrane. Incubate at
room temperature for 1 hour with gentle agitation on a rocker.

i.

Wash both membranes five times with ~15mL of 1X PBS/0.05% Tween 20 with 5 min
incubations at room temperature with gentle agitation on a rocker.

j.

Prepare a dilution of biotinylated-SP-conjugated affinipure goat antirabbit IgG by diluting 1µL of
stock antibody in 30mL of 1X Protein-free PBS/0.05% Tween 20 blocking buffer. Remove the
washing buffer and pour 15mL of the above solution on each of the membranes. Incubate at room
temperature for 1 hour with gentle agitation on a rocker.

k.

Wash both membranes five times with ~15mL of 1X PBS/0.05% Tween 20 with 5 min
incubations at room temperature with gentle agitation on a rocker.

l.

Prepare a dilution of NeutraAvadin-HRP by diluting 0.83µL of AV-HRP with 30mL of 1X
Protein-free PBS/0.05% Tween 20 blocking buffer. Remove the washing buffer and pour 15mL of
the above solution on each of the membranes. Incubate at room temperature for 1 hour with gentle
agitation on a rocker.

m. Wash both membranes five times with ~15mL of 1X PBS/0.05% Tween 20 with 5 min
incubations at room temperature with gentle agitation on a rocker.
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n.

Remove the washing buffer and add 5mL of peroxide solution and 5mL of luminol/enhancer
solution to each membrane. Incubate at room temperature for 10 min with gentle agitation on a
rocker.

o.

Remove the membrane from the developer solution and allow the excess to drip off the
membrane.

p.
4.

Image membrane with C-DiGit Chemiluminescent reader.

Modification and Characterization of Phage-based Nanomedicines
4.1. Insertion of Isolated Major Coat Protein into Liposomes
1) Calculation of Components
a.

Calculate the desired percentage of protein to lipid concentration and the subsequent amount of
protein to be added based on the following formula. Typical insertions use 0.5% protein, which
corresponds to a protein:lipid ratio of 1:200. Using 450µL of 2mg/mL Doxil corresponds to a total
lipid mass of 7200µg. The amount of protein can be calculated as follows:
Mass of protein µg = 7200 µg lipid × percent protein

b.

(24)

Obtain the 1 A(280) conversion factor calculated in Protean (v 4.03, DNAStar, Inc) using the full
length pVIII protein sequence. This conversion factor is specific for each phage coat protein.
Measure the absorbance at 280nm of isolated coat protein using the NanoDrop. Use the following
formula to determine the concentration of protein:
Concentration of protein µg mL =A 280nm × conversion factor (mg mL ) ×

c.

1000 µg
1 mg

(25)

Determine the volume of protein. Note: For an insertion using 0.5% protein, the concentration of
phage coat protein must be >72µg/mL
Volume protein µL =

d.

mass of protein (µg)
concentration of protein (µg mL)

×

1000 µL
1 mL

(26)

Determine the amount of 200mM sodium cholate to add to the solution to obtain a final
concentration of 15mM with the following formula:

Volume cholate µL =
e.

15 mM × Total Volume (µL) - Volume Protein µL × Concentration cholate in protein solution (mM)
Stock cholate (mM)

(27)

Determine volume of 1X TBS, pH ~7.4 to add to solution to obtain 1mL using the following
formula:
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Volume TBS µL =1000 µL-Volume Doxil µL - Volume Protein µL - Volume Cholate (µL)
4.1.1.

(28)

Cholate Dialysis Method

Reagents:
•

2mg/mL Doxil: 450µL (Ortho Biotech

•

Isolated pVIII Coat Protein: prepare isolated coat protein as in laboratory manual in 10mM
cholate/10mM Tris-HCl, pH 8.0/0.2mM EDTA buffer

•

•

200mM Sodium cholate: 1L
o

Measure 86.11g of sodium cholate hydrate (Sigma #C6445-500G)

o

Add to 700mL of distilled water

o

Mix well and dilute to 1L with distilled water

o

Mix again and place in a 1L bottle and autoclave/sterile filter as needed

1X TBS: 1L

Materials:
•

Slide-A-Lyzer Dialysis Cassette (10,000 MWCO): (Pierce #66380)

•

1.7mL Microcentrifuge Tubes

•

20ga Needles

•

5cc Syringes

•

1cc Syringes

•

1L Beaker

Equipment:
•

Stir Bar & Magnetic Stir Plate

•

37ºC Incubator

Procedures:
Day 1
1) Add the calculated amounts of the following solutions in this order: Doxil, 1X TBS, cholate, isolated
coat protein in a 1.7mL microcentrifuge tube and vortex.
2) Adjust the buffer conditions as needed for the experiment (pH, salt solutions, etc.) Note: This step is
commonly omitted as insertions should occur in 1X TBS, pH ~7.4 as a buffer.
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a.

Hydrate a Slide-A-Lyzer dialysis cassette membrane by immersing it into the buffer adjusted
to the correct pH and adding cholate to make the solution buffer 15mM cholate for 1-2 min.

b.

Fill a 1mL syringe with the Doxil solution.

c.

Insert the needle into one of the syringe ports on the top corner of the dialysis cassette. Be
careful not to puncture the membrane and inject the sample into the dialysis cassette.

d.

Turn the cassette to allow the sample to be at the bottom of the cassette and retract the plunger
on the syringe to remove as much air as possible, while leaving the sample in the cassette.
Remove the syringe from the cassette.

e.

Place the dialysis cassette into the dialysis buffer containing 15mM cholate. Place the beaker
with a stirbar on a stir plate and mix gently for 1 hour at room temperature.

f.

Remove the sample from the dialysis cassette. Inject approximately 2mL of air into the
dialysis cassette. Turn the cassette to allow the Doxil sample to collect at the end with the
needle. Retract the syringe plunger to remove the sample. Remove the needle from the
cassette.

3) Place the sample in a 1.7mL microcentrifuge tube. Incubate the sample in a rotator at 37ºC overnight.
Day 2
4) Prepare 1L of 10mM cholate/1X TBS dialysis buffer (950mL 1X TBS, pH 7.4 + 50mL 200mM
cholate)
5) Hydrate a dialysis cassette in the 10mM cholate/1X TBS dialysis buffer for 1 min.
6) Fill a syringe with the modified Doxil sample
7) Insert the needle into one of the syringe ports on the top corner of the dialysis cassette. Be careful not
to puncture the membrane and inject the sample into the dialysis cassette.
8) Turn the cassette to allow the sample to be at the bottom of the cassette and retract the plunger on the
syringe to remove as much air as possible, while leaving the sample in the cassette. Remove the
syringe from the cassette.
9) Place the dialysis cassette into the 10mM cholate/1X TBS, pH 7.4 dialysis buffer, place on a stir plate
and mix at room temperature with gentle stirring for 1 hour.
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10) Prepare 1L of 5mM cholate/1X TBS, pH 7.4 dialysis buffer (975mL 1X TBS, pH 7.4 + 25mL 200mM
cholate). Remove the dialysis cassette from the 10mM cholate buffer and place it into the 5mM cholate
buffer, incubate at room temperature with gentle stirring for 1 hour.
11) Prepare 1L of 1X TBS, pH 7.4 dialysis buffer. Remove the dialysis cassette from the 5mM cholate
dialysis buffer and place it into the 1X TBS buffer, incubate at room temperature with gentle stirring
for 1 hour. Change the 1X TBS buffer and incubate at room temperature with gentle stirring for 1 hour.
Change the 1X TBS buffer again and incubate at 4ºC with gentle stirring overnight.
Day 3
12) Remove the sample from the dialysis cassette. Inject approximately 2mL of air into the dialysis
cassette. Turn the cassette to allow the Doxil sample to collect at the end with the needle. Retract the
syringe plunger to remove the sample. Remove the needle from the cassette.
13) Place the sample into a 1.7mL microcentrifuge tube.
4.1.2.

2-Propanol Insertion Method

Reagents:
•

Phage protein isolated in 75% 2-propanol/25% 1X TBS

•

Lipodox

•

1X TBS, pH 7.4

Materials:
•

0.65 mL microcentrifuge tubes

Equipment:
•

Vortex

•

37ºC Incubator

Procedures:
1) To each of the labeled 0.65 mL microcentrifuge tubes, add 45 µL of 2 mg/mL Lipodox.
2) Add 2.8 µL of phage protein isolated in 2-propanol and pipette vigorously to mix.
3) Vortex vigorously upon addition.
4) Add 55 µL 1X TBS to each sample and vortex.
5) Incubate the samples at 37ºC with gentle rotation for at least 7 hours and purify as needed.
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4.2. Purification of Phage Protein-Modified Liposomes
4.2.1.

Size Exclusion Chromatography

Reagents:
•

Running Buffer (10 mM Tris-HCl/0.2 mM EDTA, pH 8.0)

•

Sample to be purified

Materials:
•

1.7 mL Microcentrifuge Tubes

•

5 mL Snap-cap Tubes

•

1 mL Syringe

•

19G Needle

Equipment:
•

Superose Chromatography Column (30 × 1 cm)

•

Bio-Rad Chromatography System

Procedures:
1) Equilibrate the column with running buffer (10 mM Tris-HCl, pH 8.0/0.2 mM EDTA) and allow the
baseline to become stable. Once the baseline is stable, autozero the meter view program and the UV
Monitor.
2) Load 1mL of the phage-DOXIL pH7.5 into the injection port.
3) Run the sample through the column with 0.25mL/min running buffer collecting fractions every 10min
using the fraction collector in 15mL snapcap tubes. The UV monitor was set at an AUFS of 0.1 to
detect the presence of sample.
4) Column was run for ~2.5 hours collecting fractions. Once the run was complete the column was
allowed to purge for 1hour before running the next sample.
5) Fractions were stored at 4°C for further analysis.
4.2.2.

Ultrafiltration Cassettes

Reagents:
•

Ethanol (70%), 10 mL
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Materials:
•

Microcentrifuge tubes, sterile, 1.7 mL

•

NanoSep Filter Devices, 100K (Pall #OD100C34)

Equipment:
•

Microfuge 18 Centrifuge: (Beckman Coulter)

Procedures:
1) To a labeled 100K NanoSep centrifugal filter device, add 100 µL 70% ethanol to sterilize.
2) Centrifuge tubes at 14,000 x g (Beckman Microfuge 18; ~12,000 rpm) for 5 minutes.
3) Add 200 µL of sterile dH2O to rinse the device and centrifuge at 14,000 x g (Beckman Microfuge 18;
~12,000 rpm) for 5 minutes.
4) Remove the flow through and discard.
5) Transfer appropriate sample to the labeled 100K NanoSep centrifugal filter device.
6) Add 300 µL of 1X PBS to each sample and mix gently.
7) Centrifuge samples at 14,000 x g (Beckman Microfuge 18; ~12,000 rpm) for 10 minutes.
8) Remove the flow through (free doxorubicin) and return the filter to the tube.
9) Add 300 µL of 1X PBS to each sample again and mix gently.
10) Centrifuge samples at 14,000 x g (Beckman Microfuge 18; ~12,000 rpm) for 5 minutes.
11) Transfer each sample to a sterile, labeled 0.65 mL microcentrifuge tube.
4.3. Nanomedicine Physicochemical Characterization Assays
4.3.1.

Size Distribution

Reagents:
•

Assay Buffer (10 mM Tris-HCl/0.2 mM EDTA, pH 8.0)

•

Liposome Preparation

Materials:
•

Cuvettes, polystyrene 1 x 1 x 4.5 cm: (Sarstedt #67-754)

Equipment:
•

P-20 Pipette: (Gilson)

•

ZetaSizer ZS90: (Malvern)
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Procedures:
1) Pipette appropriate volume into a plastic sizing cuvette. Typically 10 µL of preparation is diluted into
990 µL of assay buffer or alternative solvent (1X PBS).
2) Wipe the front and back of the cuvette with a Kemwipe and place the cuvette in the sample holder of
the ZetaSizer with the notch facing forward.
3) Measure size distribution with the default parameters. Voltage and attenuation parameters are
determined automatically.
4) After running the sample, discard samples in doxorubicin waste containers and the cuvettes in the
glassware box.
4.3.2.

Zeta Potential

Reagents:
•

Assay Buffer (10 mM Tris-HCl/0.2 mM EDTA, pH 8.0)

•

Liposome Preparation

Materials:
•

Cuvettes, polystyrene 1 x 1 x 4.5 cm: (Sarstedt #67-754)

Equipment:
•

P-20 Pipette: (Gilson)

•

ZetaSizer ZS90: (Malvern)

•

Zeta Dip Cell, Aqueous: (Malvern #ZEN1002 lot #MAL1056915)

Procedures:
1) Pipette appropriate volume into a plastic sizing cuvette. Typically 10 µL of preparation is diluted into
990 µL of assay buffer or alternative solvent.
2) Place the zeta dip cell into the cuvette with the mountains on the dip cell facing the notch in the
cuvette. Make sure no air bubbles get trapped in the dip cell.
3) Wipe the front and back of the cuvette with a Kemwipe and place the cuvette in the sample holder of
the ZetaSizer with the notch facing forward.
4) Measure zeta potential with the default parameters, except the cuvette type was changed to zeta dip
cell. Voltage and attenuation parameters were determined automatically.
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5) After running the sample, rinse the zeta dip cell under distilled water and dry with a Kemwipe. Discard
samples in doxorubicin waste containers and the cuvettes in the glassware box.
4.3.3.

Orientation Assay of pVIII Protein in Liposomes

Reagents:
•

Phage protein-modified Liposomes

•

Proteinase K (100 µg/mL)

•

PMFS (30 mM)

•

1X TBS, pH 7.4

•

CaCl2 (2.5 mM)

Materials:
•

0.65mL Microcentrifuge Tubes

Equipment:
•

Heat Block

Procedures:
1) Prepare two samples of isolated coat protein for a proteinase K treated sample and an untreated sample
for each protein used for modification. For each sample dilute the volume of protein calculated above
in equation 7 to a total volume of 10µL with 10mM cholate/10mM Tris-HCl, pH8.0/0.2mM EDTA in a
0.65mL microcentrifuge tube.
2) Prepare two samples of modified Doxil for a proteinase K treated sample and an untreated sample for
each preparation of modified Doxil. For each sample place 1µL of concentrated, modified Doxil into
9µL of distilled water in a 0.65mL microcentrifuge tube and mix thoroughly.
3) For each untreated sample, add 20µL of distilled water to the sample and mix thoroughly.
4) For each treated sample, add 2.5µL of 2.5mM CaCl2 solution to activate the proteinase K and 12.5µL
100µg/mL proteinase K. Mix thoroughly and incubate at room temperature for 1 hour.
5) To stop the proteinase K reaction, add 5µL of 30mM PMFS to each of the treated samples. Mix
thoroughly and incubate at room temperature for 5 min to ensure complete inhibition of the reaction.
6) Run samples on SDS-PAGE and detect for protein by Western blotting with appropriate antibodies.
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4.4. Cell Viability Assays
4.4.1.

Mammalian Cell Viability Assay by MTT

MTT is a commonly used method to determine viability in mammalian cells after treatment with various
cytotoxic agents. Various parameters can be adjusted based on the desired treatment or goal of the experiment.
Briefly, MTT is added to metabolically active cells that will reduce the MTT to a formazan precipitate within
the cells. After sufficient incubation with MTT, the formazan crystals are solubilized with SDS/HCl before
absorbance measurement at 570 nm. Protocol is adapted from the procedures described in Molecular Probes
Vybrant MTT Cell Proliferation Assay Kit #V-13154.
Reagents:
•

MTT in 1X PBS (5 mg/mL or 12 mM):

•

Minimal Essential Medium, without phenol red

•

Sodium Dodecyl Sulfate, SDS:

•

Hydrochloric acid, HCl (0.01 M)

Materials:
•

96-well Flat Bottom Plate, Cell Culture Treated: (Costar #3595)

•

Microcentrifuge tubes, 1.7 mL

•

Centrifuge tubes, 15 mL: (Corning #430052)

Equipment:
•

P-20 Pipette: (Gilson)

•

P-1000 Pipette: (Gilson)

•

Balance, Analytical:

•

Plate Reader: (BioTek Synergy H1)

Procedures:
1) Passage cells as described in the lab manual, seed a suitable concentration of viable cells in a 96 well
cell culture treated plate and allow cells to attach for at least 6 hours in complete cell culture media in a
37ºC incubator with 5% CO2. Incubate with any treatments for an appropriate timeframe.
2) Calculate the volume of MTT working stock required for experiment:
Number of

Volume per

Volume

Volume Medium
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Volume MTT Stock

Total

Wells

Well (mL)

1
12
48
96
192

0.1
0.1
0.1
0.1
0.1

Medium
(mL)
0.1
1.2
4.8
9.6
19.2

×105% (mL)

[10% Medium]
(mL)
0.01
0.126
0.504
1.01
2.02

0.1
1.26
5.04
10.08
20.16

Volume
(mL)
0.11
1.39
5.54
11.09
22.18

3) Prepare a working stock of MTT as calculated above in MEM or a related basal medium without added
serum or phenol red.
4) Aspirate the spent medium from the cells in each well by vacuum or manual pipetting. Be careful not
to aspirate any cells during medium removal.
5) Add 110 µL of MTT working stock to each well containing cells. Add 110 µL of MTT working stock
to three untreated wells containing no cells for a background blank. A single pipette tip (or single tips
on a multichannel pipette) can be used for addition of treatment as long as the tips do not contact the
cells at the bottom of the wells.
6) Briefly agitate the plate to mix the components within the wells.
7) Incubate plate in a 37ºC incubator with 5% CO2 for 4 hours (Shorter time periods down to 1 hour can
be used, but decreased sensitivity will be observed).
8) Prepare fresh SDS-HCl working solution by adding 10 mL of 0.01 M HCl to 1 gram of SDS measured
into a 15 mL centrifuge tube. Mix the solution by vortexing until the SDS has dissolved into solution.
Gentle heating may be used to solubilize SDS if it is slow to dissolve.
9) Add 100 µL of SDS-HCl working solution to each well containing MTT and mix thoroughly. Be
careful not to introduce foam/bubbles into the wells by vigorous mixing. If bubbles are present, they
can be removed by popping them with a large gauge needle prior to reading.
10) Incubate the plate in a 37ºC incubator with 5% CO2 for 4 hour (Longer times can be used up to 18
hours without significant loss of signal, however sensitivity is decreased depending on the cell type).
11) Measure absorbance at 570 nm with a reference wavelength of 690 nm with Synergy H1 plate reader.
12) Compute the average absorbance of blanks at 570 nm as follows:
Average Blank  570  nm =   

  Blank  570  nm

Number of Blanks

(29)

13) Subtract the average blank at 570 nm from every other well on the plate:
Blanked Sample 570 nm = Sample 570 nm   – Average Blank 570 nm
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(30)  

4.4.2.

CellTiter Blue Assay

Reagents:
•

CellTiter Blue, 20 mL: (Promega #G8080)

•

Complete Cell Culture Medium

•

Minimal Essential Medium (MEM) – without phenol red or L-Glutamine, (1X), 100 mL: (Gibco
#51200-038)

•

PBS, pH 7.2 w/o CaCl2 or MgCl2, (1X), 100 mL: (Gibco #20012-027)

Materials:
•

96-well Flat Bottom Plate, Cell Culture Treated: (Costar #3595)

•

Microcentrifuge tubes, 1.7 mL

•

Centrifuge tubes, 15 mL: (Corning #430052)

Equipment:
•

Plate Reader: (BioTek Synergy H1)

Procedures:
1) Passage cells as described in the lab manual, seed a suitable concentration of viable cells in a 96 well
cell culture treated plate and allow cells to attach for at least 6 hours in complete cell culture media in a
37ºC incubator with 5% CO2. Incubate with any treatments for an appropriate timeframe.
2) Prepare serial dilutions (7 dilutions w/ 3 replicates per dilution) of each drug preparation in the
appropriate complete cell culture medium.
3) Aspirate the medium from each of the wells using a vacuum with gentle suction.
4) Add 100 µL of each prepared sample into the corresponding well.
5) Incubate the 96-well plates in a 37ºC cell culture incubator with 5% CO2 for 24 hours.
6) After 24 hours, aspirate the culture medium containing drug treatments and replace with 100 µL of
fresh culture medium and return to a 37ºC cell culture incubator with 5% CO2 for an additional 48
hours of washout.
7) Prepare working solution of resazurin reagent by diluting 4 mL of stock CellTiter Blue into 20 mL of
1X MEM without phenol red and mix thoroughly by vortexing.
8) Aspirate the culture medium from the treated cells in each of the 96-well plates.
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9) Pipette 120 µL of resazurin working solution into each of the wells.
10) Gently shake the plate for ~10 seconds to create a homogeneous mixture.
11) Incubate in a 37ºC cell culture incubator with 5% CO2 for 1 hour.
12) Using the BioTek Synergy H1 plate reader, shake the plate for 10 seconds before reading the
fluorescence at an excitation wavelength of 560 nm and an emission wavelength of 590 nm.
13) Return the plates into a 37ºC cell culture incubator with 5% CO2 for an additional 2-3 hours (3-4 hour
total incubation) and repeat the fluorescent measurement as previously.
14) Calculate the average untreated, Triton X-100, and empty wells. Subtract the average of the empty
wells from each of the samples. Calculate the percent viable for each sample according to the
following formula:
Viable % =

(Blanked Sample – Average Triton X-100)
(Average Untreated)

  ×  100

(31)

15) Calculate the average, standard deviation, and margin of error for each set of sample replicates. Plot
the average percent viable cells versus the concentration of drug added on a x-y scatter plot.
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