
From Phage Display to Nanoparticle Delivery: Functionalizing
Liposomes with Multivalent Peptides Improves Targeting to a
Cancer Biomarker

Bethany Powell Gray, Shunzi Li, and Kathlynn C. Brown*

Department of Internal Medicine and The Simmons Comprehensive Cancer Center, University of
Texas Southwestern Medical Center, 5323 Harry Hines Blvd., Dallas, TX 75390-8807 USA

Abstract
Phage display is commonly used to isolate peptides that bind to a desired cell type. While
chemical synthesis of selected peptides often results in ligands with low affinity, a multivalent
tetrameric presentation of the peptides dramatically improves affinity. One of the primary uses of
these peptides is conjugation to nanoparticle-based therapeutics for specific delivery to target cell
types. We set out to optimize the path from phage display peptide selection to peptide presentation
on a nanoparticle surface for targeted delivery. Here, we examine the effects of peptide valency,
density, and affinity on nanoparticle delivery and therapeutic efficacy, using the αvβ6-specific
H2009.1 peptide as a model phage-selected peptide and liposomal doxorubicin as a model
therapeutic nanoparticle. Liposomes displaying the higher affinity multivalent H2009.1 tetrameric
peptide demonstrate 5-10 fold higher drug delivery than liposomes displaying the lower affinity
monomeric H2009.1 peptide, even when the same number of peptide subunits are displayed on the
liposome. Importantly, a 6-fold greater toxicity is observed towards αvβ6-expressing cells for
liposomes displaying tetrameric verses monomeric H2009.1 peptides. Additionally, liposomal
targeting and toxicity increase with increasing concentrations of H2009.1 tetrameric peptide on the
liposome surface. Thus, both the multivalent peptide and the multivalent liposome scaffold work
together to increase targeting to αvβ6-expressing cells. This multi-layered approach to developing
high affinity targeted nanoparticles may improve the utility of moderate affinity peptides. As
tetramerization is known to increase affinity for a variety of phage-selected peptides, it is
anticipated that the tetrameric scaffold may act as a general method for taking peptides from phage
display to nanoparticle display.

INTRODUCTION
Targeting ligands that specifically recognize certain cell types or biological structures are
emerging as important tools for cell-specific delivery of therapeutics and imaging agents.
While antibodies have traditionally been the gold standard for cell-targeting,1, 2 peptides are
an attractive alternative. Unlike antibodies, peptides are easy to synthesize in large
quantities3 and their smaller size improves tissue penetration while preventing nonspecific
uptake by the reticuloendoethial system. Additionally, peptides can be chemically modified
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to alter affinity, charge, hydrophobicity, stability, and solubility. In this manner, peptides
can be optimized for in vivo use through reiterative modifications.

Phage display4-6 is a powerful method for screening large peptide libraries for specific
binding to a desired target,7, 8 including proteins,5 whole cells9 and tissues.10 However,
chemical synthesis of peptides identified by phage display often results in ligands with
significantly lower affinity than the corresponding phage, likely due to a loss of
multivalency. The widely used and commercially available M13 phage libraries present
peptides at the N-terminus of the phage pIII coat protein, which is displayed at one end of
the filamentous phage in 3-5 copies. Thus, target-specific binding of the phage is likely
driven by both the peptide sequence and the multimeric presentation of peptides.

Many naturally occurring ligands bind via multivalent interactions,11 and multivalency is a
proven synthetic approach to improving affinity of moderate binders.11, 12 We previously
demonstrated that peptide affinity is increased by mimicking the multimeric presentation of
the phage.13 Employing a trilysine dendrimeric core, we synthesized tetrameric peptides that
display four peptide copies in the same valency and orientation as the phage. In a similar
fashion, dendrimeric wedges displaying 2-5 peptide copies have also been used to emulate
phage displayed peptides for increased affinity.14, 15 Our tetrameric peptide presentation
works as a general construct for peptides selected by phage display against a variety of cell
types, allowing the peptides to maintain their cell specificity while increasing affinity
relative to the monovalent peptides.13, 16-19 Importantly, tetramerization increases affinity of
the peptides for their target cells by >45-fold compared to the corresponding monomeric
peptides. The non-additive increase in affinity likely results from multivalent binding. While
dimer and trimer peptides displaying either two or three peptide copies also increase affinity
compared to the corresponding monomer, the tetrameric peptide construct displays the
highest affinity.20 Importantly, the tetrameric peptides rival the affinity of antibodies.20 We
recently developed a convergent method for the synthesis of tetrameric peptides with high
yield and purity, expanding the utility of these tetrameric peptides.20

One of the downstream applications of phage display isolated peptides is incorporation into
drug delivery or molecular imaging systems. As nanoparticles are able to encapsulate a
variety of imaging agents or therapeutics, they are particularly attractive for ligand-guided
delivery to cells or organs. It has been assumed that conjugation of multiple copies of a
ligand to the surface of a nanoparticle will impart multivalent binding and improve affinity
of the ligand for its target.11 An assortment of monomeric peptides selected from phage
display libraries have been attached to nanoparticle platforms for imaging or therapy
applications in animals.21-23 However, it is unclear whether these platforms display the
peptides in an ideal multimeric conformation. Additionally, increasing the copy number of
the ligand on the nanoparticle to improve the effects of multivalent binding can result in
increased non-specific binding. Nanoparticle display of higher affinity, multimeric peptides
may further increase targeting, resulting in optimized therapeutic or imaging outcomes.

Multivalent sugar ligands have been used for targeting of liposomes24-27 and the dendritic
display of mannose, a known multivalent ligand, on the surface of nanoparticles has been
shown to increase affinity for a Concanavalin A target protein.28 However, there are no
reports of multimeric peptide ligands conjugated to nanoparticles. It is unknown whether the
multivalency of the nanoparticle is sufficient to provide selective targeting or whether a
multivalent phage-mimicking peptide could further enhance nanoparticle targeting. The goal
of this work is to examine the effects of peptide concentration, affinity, and valency on
nanoparticle delivery.
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For this study, we chose the H2009.1 peptide as a model ligand for studying the effects of
peptide affinity and valency with the goal of translating phage display selected peptides to
nanoparticle-targeting peptides. The H2009.1 peptide was originally selected by biopanning
a phage display library against the non0small cell lung cancer (NSCLC) cell line
H2009.13.The peptide was subsequently discovered to bind the restrictively expressed
integrin αvβ6 on the cell surface.29 αvβ6 is emerging as a viable target for many epithelial-
derived cancers,30-40 including NSCLC; it is expressed in 56% of NSCLC patient tumor
samples and only rarely expressed in normal tissue.41 Importantly, αvβ6 is “turned on” early
in the disease progression of NSCLC indicating that it may be a good biomarker for early
cancer detection and treatment.41 While a monomeric version of the H2009.1 peptide binds
αvβ6-expressing H2009 cells with a half-maximal binding affinity of 9.2 nM, displaying the
peptide on a tetrameric scaffold increases affinity three orders of magnitude, down to 11
pM. The H2009.1 peptide specifically binds and internalizes into αvβ6-expressing cells and
targets αvβ6-positive tumors in mice, making this peptide a good model ligand with clinical
relevance. In this study, we conjugated either monomeric or tetrameric H2009.1 peptides to
liposomal doxorubicin for a systematic comparison of the effects of peptide concentration,
affinity, and valency in targeting αvβ6-positive NSCLC cells (Figure 1), with the goal of
translating peptides isolated from phage displayed libraries to nanoparticle display.

EXPERIMENTAL METHODS
Materials

Fmoc amino acids were purchased from EMD Millipore, lipids from Avanti Polar Lipids,
Inc., and doxorubicin HCl from Bedford Laboratories. For cell culture, RPMI 1640 was
purchased from Mediatech, Inc., FBS from Gemini Bio Products, and Trypsin/EDTA from
Fisher Scientific. Sepharose CL-4B and Sephadex G-50 were purchased from Sigma-
Aldrich.

Cell Culture
Human NSCLC lines were provided by the UT Southwestern Hamon Center for Therapeutic
Oncology Research and maintained according to published protocols.42 Cells were grown at
37°C and 5% CO2 in RPMI 1640 supplemented with 5% fetal bovine serum.

Peptide Synthesis
Monomeric and tetrameric H2009.1 peptides were synthesized as previously described.20

Briefly, the monomeric peptides and tetrameric core were synthesized on a Symphony
Synthesizer (Rainin Instruments, Protein Technologies, Inc.) using standard Fmoc solid-
phase synthesis. The tetrameric peptides were synthesized by reaction of 5-fold excess
monomeric peptide with the maleimide activated tetrameric core in PBS + 10mM EDTA by
shaking at RT for 2h. All peptides were purified by reverse phase HPLC on a Vydac PR-
C18 column using previously published HPLC elution conditions.20 Matrix-assisted laser
desorption/ionization time of flight mass spectrometry was used to confirm peptide mass.
H2009.1 monomeric peptide mass (average mass calculated/found:1843.02/1844.18) was
determined in reflective mode using α-cyano-4-hydroxycinnamic acid as a matrix and
H2009.1 tetrameric peptide mass (average mass calculated/found: 8557.94/8558.38) was
determined in linear mode using sinapinic acid as a matrix.

Liposome Preparation and Characterization
Liposomes were prepared from solutions of the lipids HSPC, cholesterol, DSPE-PEG20000,
and DSPE-PEG2000-maelimide in 2:1 chloroform:methanol (Table S1). Solvent was
removed under a slow stream of nitrogen at 45°C and the lipid film was left under vacuum
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overnight. The dried lipid film was hydrated with 155mM (NH4)2SO4 buffer, pH 5.5, by
intermittently heating at 65°C and vortexing. Liposomes were subsequently extruded 20
times through double-stacked 100nm membranes and PD-10 columns were used to change
the outer liposomal buffer to 123mM sodium citrate, pH 5.5. Doxorubicin was loaded
remotely (post-liposome formation) by incubation of liposomes and doxorubicin at 65°C for
1h. Free doxorubicin was removed using a Sephadex G-50 column equilibrated with HEPES
buffered saline. Peptides were conjugated to liposomes by reaction for 24h at a ratio of 2:1
peptide: DSPE-PEG2000-maelimide in a solution of HEPES buffered saline and excess
peptide was removed using Sepharose CL-4B columns. Liposome size was determined by
dynamic light scattering using a Viskotec instrument and phospholipid content was
determined using the Modified Bartlett Procedure.43 Doxorubicin concentration was
determined by absorbance at 480nm after the addition of 1% Triton X-100 and heating at
95°C as detailed elsewhere.44 The amounts of peptide conjugated to the liposomes were
determined using the CBQCA Protein Quantitation Kit (Life Technologies) according to
manufacturer’s protocol. In brief, peptide quantities are measured by the reaction of (3-(4-
caroxybenzoyl)quinolone-2-carboxaldehyde and KCN with the modified liposomes.
Fluorescence was measured using excitation/emission wavelengths of 465/550 nm. A stock
solution of H2009.1 peptide with a known concentration was used to generate a standard
curve. Peptide number/liposome was calculated by assuming 80,000 phospholipid
molecules/liposome for a liposome size of 100nm.45

Doxorubicin Fluorescence in Cells
H2009 cells were plated in 12 well plates and 48h later, once the cells reached 90%
confluency, incubated with doxorubicin liposomes for 1h. After washing the cells twice with
PBS, PBS + 5% Triton was added and the plates were shaken for 15 minutes to lyse both the
cells and liposomes. Doxorubicin concentration was determined by absorbance at 590nm
compared to doxorubicin standards in untreated cells.

Liposome Accumulation in Cells as Monitored by Flow Cytometry
H2009 or H1299 cells were plated in 12 well plates and 48h later, once the cells reached
90% confluency, incubated with 8-20 NM (based on doxorubicin concentration) doxorubicin
liposomes for 1h. All wells were then washed (with gentle shaking) with 4 × 1mL of PBS +
0.1% BSA and cells were removed from the plates after incubation on ice for 30 min. in
1mL/well of Enzyme-free Cell Dissociation Buffer (Life Technologies). A Cell Lab
Quanta™ SC flow cytometer (Beckman Coulter) was used to measure doxorubicin
fluorescence for 10,000 cells per treatment group in channel 2 (excitation 488nm, emission
550-600nm). Data were analyzed by WinMDI 2.9 software. No significant fluorescence
quenching by the membranes of the intact cells and liposomes was observed in these assays.

Cell Viability
H2009 or H1299 cells were seeded at 2,000 cells per well in 96 well plates in a volume of
50 NL of R5 media. After 24h, cells were treated with doxorubicin liposomes at varying
concentrations (10-10240 nM based on total doxorubicin concentration). After incubation
with the liposomes for 1h, all wells were washed twice with 100 NL of R5 before the
addition of 100 NL of fresh R5. The cells were maintained at 37°C and 5% CO2 for 96h
longer, with one media change at 72h. At 120h, cell viability was determined using the
ATP-based CellTiter-Glo® Luminescent Cell Viability Assay (Promega). IC50 values were
calculated using DIVISA software.
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Confocal Microscopy
H2009 cells were plated at 1,000 cells/plate in poly-d-lysine coated glass bottom culture
dishes (MatTek Corporation). 24h later, the cells were incubated with 4 μM (based on total
doxorubicin concentration) of either free doxorubicin or 1.3% H2009.1 tetrameric
liposomes. After 1h, the cells were washed twice with R5 before the addition of fresh R5.
The cells were then examined using a Nikon TE2000-E microscope, observing doxorubicin
fluorescence (excitation 485 nm, emission 595 nm).

RESULTS
Preparation of Liposomes Functionalized with either Monomeric or Tetrameric H2009.1
Peptides

Liposomal doxorubicin was chosen as a model nanoparticle system due to its widespread
clinical use. As liposomes are small vesicles formed from lipid bilayers, their aqueous
interior allows encapsulation of a variety of hydrophilic or amphipathic drugs or imaging
agents. Additionally, their ~100nm size is ideal for tumor targeting, falling within the
desired range for extravasation from the blood vessels into the tumor.44 The stealth
formulation which contains surface polyethylene glycol was employed. Polyethylene glycol
(PEG) lipids prolong liposome in vivo circulation times by reducing interaction of the
liposomes with serum proteins and delaying clearance of the nanoparticles by the
reticuloendoethial system.46 PEG2000 is typically employed as it is long enough to impart
these favorable characteristics while keeping the liposome within the size range required for
tumor penetration. While there are a growing number of nanomedicine platforms which we
could explore, using a well characterized nanoparticle drug delivery system for our study
will speed advances from chemical optimization to clinical use.

Liposomes were prepared by mixing hydrogenated soy phosphatidylcholine (HSPC),
cholesterol, DSPE-PEG2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carbonyl-methoxypolyethyelene glycol-2000]), and DSPE(PEG2000-maelimide (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]) at
a molar ratio of 2:1:0.08:0.02, resulting in liposomes with 0.64% of the total lipid displaying
maleimide groups. This formulation has been used for antibody conjugation to liposomes
and serves as a reasonable starting point. The maleimide-activated lipid allows for
conjugation of cysteine containing peptides to the liposome, displaying the peptides outside
the PEG brush layer coating the liposome. To examine the effect of peptide density on
liposome targeting ability, additional liposome formulations were prepared with increasing
amounts of maleimide-activated lipid, keeping the total amount of pegylated lipid constant.
All the liposome formulations are named according to the percentage of lipid bearing
maleimide functionality – 0.64%, 1.3%, or 2.0% liposomes (Table S1). Replacing all
pegylated lipid with maleimide-pegylated lipid, to make 3.2% maleimide liposomes,
resulted in liposomes with high nonspecific cellular binding (data not shown).

To investigate whether peptide valency affects liposomal targeting, we synthesized four
different peptides for conjugation to the doxorubicin liposomes – the targeting H2009.1
monomeric and tetrameric peptides and sequence scrambled control versions of these
peptides, denoted as scH2009.1 peptides (Figure 1). The scH2009.1 peptides serve as
important controls as they contain the same amino acids as the H2009.1 peptides but display
the amino acids in a scrambled order that renders the peptides unable to bind αvβ6.
Carboxy-terminal PEG groups were included in the monomeric peptides to increase
solubility and to provide space between the peptide sequence responsible for binding and the
point of attachment to either the nanoparticle or tetrameric core. The tetrameric peptides
were synthesized from the monomeric peptides and a maleimide-activated tetrameric core
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using a convergent synthesis previously described.20 All monomeric and tetrameric peptides
display a unique C-terminal cysteine for reaction with the maleimide-activated lipid on the
liposome surface.

Peptide functionalized liposomes were synthesized using thiol-maleimide chemistry from
the reaction of cysteine-bearing peptides with maleimide-bearing liposomes. β-
Mercaptoethanol was used to quench any unreacted maleimide groups. This provides a more
closely related control than liposomes that no not contain any DSPE-PEG2000-maelimide.
The peptide functionalized liposomes ranged in size from 110-130nm as determined by
dynamic light scattering (Figure S1); addition of peptide or increasing peptide density did
not significantly affect the liposome size. Liposomes reached optimal doxorubicin loading
levels of 166-186 Ngrams doxorubicin/Nmoles phospholipid. As shown in Table 1, peptide
coupling efficiency to the liposomes was typically >90% and correlated with the amount of
maleimide-activated lipid. Based on a liposome size of 100nm, the peptide density ranges
from approximately 740 peptides/liposome for the 0.64% liposomes to approximately 2,400
peptides/liposome for the 2.0% liposomes. Due to anticipated lipid partitioning between the
exterior and interior lipid layers, it was expected that only half of the maleimide-lipid would
be available for coupling. Accordingly, peptide coupling efficiency was predicted to be 50%
based on the total amount of DSPE-PEG2000-maelimide. However, > 90% peptide coupling
is consistently observed, indicative of maleimide-lipid partitioning to the outer lipid layer.
Protein quantification is performed on intact liposomes; it is unlikely that the CBCQA
peptide quantitation assay, which employs (3-(4-caroxybenzoyl)quinolone-2-
carboxaldehyde and KCN, would detect peptides in the internal compartment of the
liposome, further suggesting that the maleimide-lipid-peptide conjugate is partitioning to the
outside face of the liposome. To ensure that the peptides were not inserting into the lipid
bilayer, we added cysteine-bearing peptides to liposomes in which the maleimide groups had
already been quenched with β-mercaptoethanol. After following our normal 24 hour
reaction time period and removing excess peptide, we were unable to detect any peptide
associated with the liposomes. This result indicates that the peptide is not directly inserting
into the lipid bilayer. It is also highly unlikely that the positively charged peptides would
traverse the membrane to become entrapped in the core of the liposome. Thus, our peptide
coupling values appear to reflect the actual numbers of peptides displayed on the exterior of
the liposomes due to partitioning of maleimide-lipid to the outer lipid layer.

Effects of H2009.1 Peptide Valency and Density on Liposome Targeting to αvβ6-Expressing
Cells

The ability of the monomeric and tetrameric peptide bearing liposomes to bind and target
their receptor, αvβ6, was examined by measuring the amount of liposomal doxorubicin
internalized into αvβ6-expressing cells. After incubating liposomes with cells and
subsequently washing to remove any unbound nanoparticles, both the cells and liposomes
were lysed with detergent and the amount of cell-associated doxorubicin quantified by
measuring total doxorubicin fluorescence. Based on a standard curve of free doxorubicin,
this assay was able to detect doxorubicin amounts above ~0.4 pmole. Cells were counted
prior to fluorescence measurements so that the doxorubicin concentration could be
normalized on a per cell basis. Our results are calculated as picomoles of doxorubicin per
10,000 cells. As a note of reference, delivery of a single 100 nm liposome with a loading of
180 Ngrams of doxorubicin/Nmoles phospholipid should deliver ~2.6 × 104 molecules (4.3
× 10−8 pmoles) of doxorubicin.

To determine whether peptide valency plays a role in targeting αvβ6, αvβ6-positive H2009
cells were incubated with either 2.0% H2009.1 monomeric or 0.64% H2009.1 tetrameric
liposomes, which bear similar numbers of individual peptide units. Cell associated
doxorubicin was not measurable for the 2.0% monomeric liposomes until the two highest
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drug treatment concentrations. However, all treatment concentrations of the 0.64% H2009.1
tetrameric liposomes resulted in detectable cellular doxorubicin levels. Significantly, the
0.64% H2009.1 tetrameric liposomes demonstrated 5-10 fold more drug uptake than the
2.0% H2009.1 monomeric liposomes (Figure 2a). Thus, although the 0.64% H2009.1
tetrameric and 2.0% H2009.1 monomeric liposomes display similar numbers of monomeric
H2009.1 peptide units, the liposomes displaying tetrameric peptides receive a synergistic
boost in targeting αvβ6-positive H2009 cells. The multivalency inherently given to the
monomeric peptides by conjugation to the liposome surface is not as effective for targeting
as the multimeric tetrameric peptides displayed in a multivalent fashion on the liposomal
surface. This is the first demonstration that a multimeric peptide functions better than a
monomeric peptide on a nanoparticle platform.

To determine the effect of peptide density on liposomal targeting, we compared the amount
of doxorubicin internalized into cells incubated with the 0.64%, 1.3%, and 2.0% H2009.1
tetrameric liposomes. Increasing liposomal peptide density increased targeting to αvβ6-
expressing H2009 cells (Figure 2e). While the 1.3% H2009.1 tetrameric liposomes display
twice as much peptide as the 0.64% H2009.1 liposomes, they target H2009 cells 3-4 fold
better at all concentrations except for the lowest treatment concentration. The discrepancy at
the lower concentration is most likely due to the sensitivity of the assay. Similarly, the 2.0%
H2009.1 tetrameric liposomes display 1.5 times more peptide than the 1.3% H2009.1
tetrameric liposomes yet target H2009 cells 2-3-fold better than the 1.3% liposomes. The
nonlinear increase in targeting with increasing peptide density indicates that the peptide
amount alone is not sufficient for the improved specificity of the 1.3% and 2.0% liposomes.
The extra layer of multivalency provided by the liposomes also plays a role in targeting.

To ensure that the H2009.1 tetrameric peptide mediates αvβ6-receptor binding, control
scH2009.1 tetrameric liposomes and control “naked”, no peptide, liposomes were
synthesized and tested for binding to H2009 cells. At all treatment concentrations, the 0.64%
H2009.1 tetrameric liposomes delivered 2-4 fold more doxorubicin than the scH2009.1
tetrameric liposomes and 2-8 fold more doxorubicin than the naked liposomes (Figure 2b).
Similar trends emerged for the 1.3% and 2.0% liposomes functionalized with higher
concentrations of peptide (Figure 2c-d). Thus, the specific sequence of the H2009.1
tetrameric peptide, and not just the presence of a peptide, mediates receptor specific binding,
resulting in enhanced delivery of doxorubicin to H2009 cells.

One concern with increasing liposomal peptide number is that higher peptide concentrations
could lead to higher nonspecific uptake merely due to charge effects. Positively charged
lipids are commonly used to courier cargo across the negatively charged cell membrane. The
H2009.1 monomeric peptide has a +2 charge at neutral pH and the tetrameric peptide has a
+8 charge. Thus, the 2.0% liposomes, with approximately 2400 tetrameric peptides per
liposome, bear a +19E3 charge. As the scH2009.1 peptide bears the same charge as the
H2009.1 peptide without αvβ6 specificity, any affinity of the scH2009.1 peptide modified
liposomes for αvβ6-expressing cells is the result of nonspecific accumulation. Accordingly,
the scH2009.1 functionalized liposomes exhibit an increased cell binding at the 2.0%
density. While the 0.64% and 1.3% scH2009.1 tetrameric liposomes generally accumulate in
H2009 cells at similar levels, as expected for liposomes displaying a control peptide, the
2.0% scH2009.1 tetrameric liposomes consistently target the H2009 cells 3-7 fold better
than the other scH2009.1 peptide liposome formulations (Figure 2 b-d). Binding of the 2.0%
scH2009.1 tetramer liposomes is driven entirely by the presence of the peptide; the naked,
no peptide, 2.0% liposomes accumulate in cells to the same extent as the 0.64% and 1.3%
naked liposomes. Thus, the increased affinity of the 2.0% scH2009.1 tetrameric liposomes is
likely due to charge effects. Despite nonspecific cellular accumulation, the 2.0% liposomes
functionalized with the H2009.1 tetrameric peptide still target αvβ6 2-fold better than 2.0%
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liposomes functionalized with the scH2009.1 tetrameric peptide (Figure 2d). Thus, a
combination of receptor-specific binding and nonspecific cellular interactions contribute to
cellular binding when the peptide density is increased to 2.0%.

Targeting of the H2009.1 tetrameric liposomes was verified using flow cytometry to
determine the relative amount of cell associated doxorubicin. Although this assay cannot
provide absolute quantification of doxorubicin uptake, flow cytometry can provide relative
ratios between liposomal formulations and is expected to be more sensitive at lower
doxorubicin concentrations. Additionally, it can determine if uptake is homogeneous
throughout the cell population or if a subset of non-binding cells exists. Consistent with the
previous data, the 0.64%, 1.3%, and 2.0% H2009.1 tetrameric liposomes exhibit increased
binding to H2009 cells compared to corresponding scH2009.1 tetrameric and naked
liposomes (Figure 3a-c). In three independent flow assays, we determined the doxorubicin
uptake for either the H2009.1 tetrameric or scH2009.1 tetrameric liposomes as compared to
the corresponding naked liposomes. Modification of liposomes with the H2009.1 tetrameric
peptide dramatically improved targeting compared to the naked liposomes, with values
ranging from a 47% increase for the 0.64% liposomes to a 170% increase for the 2.0%
liposomes (Figure 3d). Additionally, the uniform shift in the fluorescence channel suggests
that the bulk of the cell population is binding the H2009.1 liposomes (Figure 3).

As previously observed, increasing H2009.1 peptide density on the liposome surface also
increases targeting, with the highest peptide concentration 2.0% liposomes targeting 4-fold
better than the lowest peptide concentration 0.64% liposomes (Figure 3d). Additionally,
while each H2009.1 tetramer liposome targets better than its corresponding scH2009.1
tetramer liposome, this targeting differential decreases as the amount of peptide increases.
The lowest peptide concentration 0.64% H2009.1 tetrameric liposomes bind 190-fold better
than the corresponding scH2009.1 tetrameric liposomes, while the highest peptide
concentration 2.0% H2009.1 tetrameric liposomes only bind 6-fold better than the
corresponding scH2009.1 tetrameric liposomes. Despite this decrease in the targeting
difference between the H2009.1 tetrameric liposomes and the scH2009.1 tetrameric
liposomes, it is still clear that the specific sequence of the H2009.1 tetrameric peptide, and
not just the presence of a peptide, directs liposome targeting.

These results demonstrate that multimeric display of a phage-selected peptide on a
nanoparticle increases cell binding compared to monomeric presentation, even at high
densities of the monomeric peptide. While the liposome itself is inherently a multivalent
platform, functionalizing the nanoparticle with multiple copies of the monomeric peptide is
not as effective as attaching multiple copies of the phage-mimicking tetrameric peptide. Yet
increasing the number of multimeric peptides on the liposome also increases cell binding,
suggesting the liposome platform provides a second level of multivalent binding. Thus, both
the multivalent peptide and the multivalent liposome scaffold work together to increase
targeting to αvβ6-expressing cells.

Specificity of H2009.1 Tetrameric Peptide Liposomes for αvβ6

To further verify the specificity of H2009.1 peptide liposomes for αvβ6, we compared
liposomal targeting to αvβ6-positive verses αvβ6-negative cells. Flow cytometry was used to
follow binding of the peptide-modified liposomes to an αvβ6-expressing cell line (H2009)
verses an αvβ6-negative NSCLC cell line (H1299). The 0.64%, 1.3%, and 2.0% H2009.1
tetrameric liposomes exhibit increased cellular association to the H2009 cells compared to
corresponding scH2009.1 tetrameric and naked liposomes (Figure 3a-d). However, these
same 0.64% and 1.3% H2009.1 tetrameric liposomes display no specific binding to H1299
cells, accumulating to the same extent as the scH2009.1 tetrameric and naked liposomes in
the non-targeted cells (Figure 3e,f, & h). At higher peptide concentrations, the αvβ6-
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specificity is dampened; the 2.0% H2009.1 tetrameric liposomes display a 2-fold preference
for H1299 cells over the control scH2009.1 liposomes (Figure 3h). While we observe some
nonspecific uptake of the 2.0% liposomes into H2009 cells, peptide charge is unlikely the
only driving force behind the accumulation of 2.0% H2009.1 tetrameric liposomes into
H1299 cells. If the effect were exclusively charge dependent, the 2.0% scH2009.1 tetrameric
liposomes would bind to the same extent as the 2.0% H2009.1 tetrameric liposomes, since
the H2009.1 and scH2009.1 peptides contain the same amino acids and same charge.
Therefore, while some of the cellular association of the 2.0% H2009.1 tetrameric liposomes
with H1299 cells may be the result of nonspecific binding, the H2009.1 tetrameric peptide
liposomes may also be binding to low levels of αvβ6 on the H1299 cells that are detected as
the affinity of the liposomes increases. Consistent with this observation, the H2009.1 peptide
exhibits a low level of binding to H1299 cells, albeit at levels at least 60-fold lower than the
H2009 cells, and low levels of αvβ6 have been detected in H1299 cells.29 This highlights a
challenge in cell-specific targeting, especially in regards to targeting tumor cells. It is
unlikely that a cell is completely devoid of a cellular receptor; instead, there is differential
receptor expression between the cancer cell and its normal counterpart. As the affinity of a
cell-targeting ligand increases, so does the likelihood of its binding the low levels of its
receptor found on normal cells. However, the 2.0% H2009.1 tetrameric liposomes still
demonstrated 2-fold greater affinity for the αvβ6-positive H2009 cells over the αvβ6-
negative H1299 cells (Figure 3h). In summary, the higher density of the tetrameric peptide
on the liposome results in increased cellular targeting yet this increase comes at the cost of
higher nonspecific binding and decreased cell specificity.

Drug Release
Doxorubicin must enter the cell nucleus in order to exert its effects. To visualize the
subcellular localization and entry of H2009.1 liposomes into the nucleus, H2009 cells were
incubated with either free doxorubicin or the 1.3% H2009.1 tetrameric liposomes and
doxorubicin fluorescence was examined by confocal microscopy (Figure 4). Free
doxorubicin was visible in the cell nucleus as early as 1 hour after incubation and began to
visibly affect cell structure 48 hours after treatment. By 72 hours, cells treated with free
doxorubicin began to bleb, indicative of apoptosis. In contrast, the 1.3% H2009.1 tetrameric
liposomes initially appeared perinuclear and doxorubicin did not localize to the nucleus until
48 hours after treatment. By 72 hours, the liposome-treated cells were bloated and abnormal
and at 96 hours they began to bleb. Thus, it requires approximately 48 hours for the
internalized liposomes to release their cargo allowing for observable nuclear accumulation
of doxorubicin. While liposomal drug release is delayed, alterations in cellular structure
occur only 24 hours later than the free drug. These results demonstrate that the H2009.1
tetrameric peptide does not prevent liposomal drug release. Additionally, the H2009.1
tetrameric liposomes remain intact extracellularly, releasing doxorubicin only after
internalization into cells. Importantly, even though the liposomes are initially trapped within
a perinuclear compartment, they degrade and release free doxorubicin to its site of action in
the nucleus.

Cytotoxicity of H2009.1 Monomeric and Tetrameric Peptide Liposomes
In order to serve as viable treatment options, the H2009.1 peptide liposomes must not only
accumulate in αvβ6-positive cells, but also exert specific cytotoxic effects to these cells. We
anticipated that increased cellular binding would improve the cytotoxicity of liposomal
doxorubicin. To examine the ability of the H2009.1 liposomes to induce cell death, we
compared the cytotoxic effects of the various peptide liposome constructs. As expected from
the ability of the H2009.1 peptide to specifically direct liposomes to these cells, all of the
H2009.1 tetrameric liposomes were more cytotoxic than the corresponding scH2009.1
tetrameric and naked liposomes. The IC50 values were determined for each liposome
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formulation and are detailed in Table 2. The IC50 for each H2009.1 peptide liposome was
approximately 2-fold lower than the corresponding scH2009.1 peptide liposome.
Additionally, the IC50 decreased with increasing peptide concentration. Importantly, the
IC50 values correlate with the amount of internalized doxorubicin measured in Figure 2.
Significantly, the 2.0% H2009.1 tetrameric liposomes (360 ± 35 nM) gave an IC50 value
similar to that of free, non-liposome encapsulated, doxorubicin (430 ± 75 nM) as expected
from their similar levels of accumulation quantified by the doxorubicin uptake studies. Due
to its ability to easily cross the cell membrane, free doxorubicin accumulates quickly in the
cell nucleus and often demonstrates better in vitro cytotoxicity than liposome-encapsulated
doxorubicin.

While the 2.0% H2009.1 tetrameric liposomes gave the lowest IC50 value (360 ± 35 nM),
the 1.3% H2009.1 tetrameric liposomes (970 ± 130 nM) have the best αvβ6-specific
cytotoxicity based on their differential cytotoxicity compared to both the scH2009.1 and
naked liposomes. The IC50 value of the 1.3% scH2009.1 tetrameric liposomes (2000 ± 330
nM) is 2-fold lower than the value for the 1.3% H2009.1 tetrameric liposomes, and the 1.3%
naked liposomes have the highest IC50 value of the liposomes tested (IC50 not reached in
our assays); thus, the 1.3% liposomes inherently have low background uptake into the
H2009 cells. The 1.3% H2009.1 tetrameric liposomes also demonstrate αvβ6-specific
cytotoxicity, selectively killing H2009 cells, and not the H1299 cells when compared to the
control scH2009.1 tetrameric liposomes (Table S2). The 2.0% scH2009.1 tetrameric
liposomes display increased cytotoxicity compared to the other scH2009.1 liposome
formulations, consistent with the doxorubicin uptake data demonstrating increased
nonspecific accumulation of these liposomes in cells. While the 0.64% scH2009.1 tetrameric
(2400 ± 115 nM) and 1.3% scH2009.1 tetrameric liposomes (2030 ± 328 nM) have similar
IC50 values, the 2.0% scH2009.1 tetrameric liposomes have a much lower IC50 value (608 ±
89.7 nM). Therefore, although the higher peptide density displayed on the 2.0% liposomes
increases cell cytotoxicity, it reduces αvβ6-specificity. Thus, the 1.3% liposomes represent
the best specific targeting formulation. The efficacy and specificity of peptide-targeted
liposomes ride a fine balance and the liposome with the lowest IC50 may not be the best for
targeted therapy.

We also examined the effects of peptide valency on the cytotoxicity of the ideal 1.3%
liposome platform, comparing liposomes functionalized with H2009.1 monomeric or
tetrameric peptides. Consistent with the liposomal targeting data that demonstrated more
than additive targeting for the tetrameric verses monomeric liposomes, the monomeric
liposomes (5700 ± 120) were 6-fold less cytotoxic than the tetrameric liposomes (970 ±
130). These data further support the benefit of the layered valency of multivalent tetrameric
peptides displayed in a multivalent fashion on the liposomal surface.

DISCUSSION
Phage display is a powerful method for screening a library of peptides for specific binding to
a desired cell type. Peptides with specificity for a particular cell type can be identified after
3-5 rounds of screening. However, removal of peptides from the phage context through
chemical synthesis often results in ligands with significantly lower affinity, likely due to loss
of multivalency. As the phage displays 3-5 copies of a given peptide, multivalent
interactions are expected to contribute to phage peptide binding. Additionally, when whole
cells serve as the bait for the selection, peptides that bind clustered cellular receptors are
likely to dominate because of the multivalent presentation of the peptide ligand on the
phage. The synthesis of only one peptide copy, therefore, fails to reconstitute this ideal
structure. To address the loss in peptide affinity upon synthesis, we developed a higher
affinity tetrameric peptide construct that mimics the original peptide presentation of the
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phage13 and demonstrated the utility of this construct for peptides selected against a variety
of cell types.13, 16-19

One of the primary uses of peptides selected by phage display is conjugation of the peptides
to therapeutics or imaging agents for specific delivery to target cell types. The peptides can
either be linked directly to the desired cargo or to a cargo-carrier such as a nanoparticle.
Nanoparticles are receiving considerable attention for targeted delivery applications due to
their ability to encapsulate a variety of imaging agents or therapeutics. With the goal of
optimizing the path from peptides selected by phage display to presentation of these peptides
on a nanoparticle surface for targeted delivery, we set out to examine the effects of peptide
concentration, affinity, and valency on nanoparticle delivery and therapeutic efficacy. As a
nanoparticle is considered a multivalent platform for ligand display, we were particularly
interested in the effects of multivalent peptide presentation on the multivalent nanoparticle.

Here we report the first demonstration that a multivalent peptide functions better than a
monomeric peptide on a nanoparticle platform, using the H2009.1 peptide as a model. The
αvβ6-specific H2009.1 peptide was originally selected from a pIII phage displayed peptide
library using the NSCLC cell line H2009 as bait. The H2009.1 peptide retains its binding
specificity when displayed on a liposome, delivering liposomes to αvβ6-expressing cells.
Significantly, liposomes displaying the higher affinity multivalent H2009.1 tetrameric
peptide demonstrate higher specificity and greater toxicity towards αvβ6-expressing cells
than liposomes displaying the lower affinity monomeric H2009.1 peptide. Additionally, we
demonstrate that tetrameric peptide concentration plays a role in liposomal targeting.
Liposomes displaying approximately 1400 tetrameric peptides per liposome (1.3%
formulation) target better than liposomes displaying approximately 700 tetrameric peptides
per liposome (0.64% formulation) and have less nonspecific toxicity than liposomes
displaying higher concentrations of peptide (2.0% formulation). Our results suggest that the
layered valency effect given by the multivalent liposomal presentation of the already
multivalent H2009.1 tetrameric peptide renders more efficient cell targeting.

The enhancement in binding and targeting imparted by liposomal display of the tetrameric
verses monomeric H2009.1 peptide is likely due to differences in their ability to engage in
multivalent binding with αvβ6 on the surface of the cell. Even when the total number of
individual peptide units are the same, the tetrameric H2009.1 liposome binds to H2009 cells
5-10 fold better than the monomeric peptide formulation. The tetrameric peptide has been
optimized for optimal multivalent binding outside the context of the liposome. However, the
monomeric peptide is dependent on the liposome to provide the multivalent scaffolding. For
a 1.3% liposome with a diameter of 100 nm, there is approximately 1 peptide per 22 nm2 on
the liposome surface and increasing the density of peptides to 2.0% provides 1 peptide for
every 13 nm2. Accordingly, the monomeric peptides may be less likely to either achieve
cooperative binding or to influence the binding of other monomeric peptides. Furthermore,
binding multiple separate monomers is entropically unfavorable compared to binding
multiple peptides from the tetrameric. We cannot rule out the possibility that there is some
multivalent binding involved with the monomeric peptides, however, our results clearly
demonstrate that tetrameric display of the peptide improves liposome binding and drug
delivery.

In contrast to the monomeric peptides, the tetrameric peptide scaffold places the peptide
branches in close proximity, leaving them primed for multivalent interactions with αvβ6.
However, increasing the density of multimeric peptides on the liposome also increases cell
binding indicating that the liposome platform does provide a second level of multivalent
binding. Thus, both the multivalent peptide and the multivalent liposome scaffold work
together to increase targeting to αvβ6-expressing cells. This multi-layered approach to
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developing high affinity targeted nanoparticles may improve the utility of moderate affinity
peptides.

It is important to note that the curvature of the liposome limits the initial contact interface
between the cell and liposome. The surface area of contact is dependent on the radius of the
liposomal sphere as well as the extended length of the PEG linker. As a rough estimate, a
100 nm liposome with 1400 peptides will only display ~200 of these peptides to the cell
surface upon initial interaction with the cell.47 Thus, while liposomes displaying monomeric
peptides will only present 200 peptide units to the cell, liposomes displaying tetrameric
peptides will present 800 peptide units, increasing the local concentration of ligand. Clearly
this is an oversimplification and cell wrapping around the nanoparticle during endocytosis
will increase ligand-receptor interactions. However, the tetrameric display will present a
greater number of ligands in the correct orientation for receptor binding.

There exist several different models for multivalent ligand binding that are applicable in this
context.12 In the “chelate effect,” multimeric ligands bind to clustered receptors. In a second
model, after one arm of a multivalent ligand binds to its receptor, other receptors are
recruited to the first receptor and subsequently bind additional arms of the multivalent
ligand. A third model suggests that the higher local concentration of peptide units displayed
by a multimeric ligand lends higher affinity for binding to a single receptor. Although we
speculate that in our system receptor clustering leads to a chelate effect, each of these
models requires a multimeric ligand with appropriate spacing and conformation. The
distance between monomeric peptides on the liposome surface in conjunction with the
curvature of the liposome membrane likely keeps the individual monomeric chains too far
apart for simultaneous binding to clustered receptors or for achieving a high local
concentration of peptide. By contrast, the tetrameric presentation of peptides keeps the local
concentration of monomeric chains high while displaying each chain in an orientation
suitable for binding to multiple receptors.

Creating different types of nanoparticles that display the monomeric peptides in closer
contact may also recapitulate multimeric binding. However, our studies suggest that high
concentrations of peptide on the liposomal surface increase nonspecific binding and this
observation is likely to hold true for other nanoparticle platforms. In order to achieve the
same absolute number of peptide branches as the ideal 1.3% tetrameric liposome, a 100 nm
nanoparticle would have to bear 5600 monomeric peptides. This would require an increase
of DSPE-PEG-Maleimide to 5.2% of the total lipid content and may destabilize the
liposome. Additionally, the coupling efficiency is likely to decrease as the ratio of DSPE-
PEG-maleimide increases. Finally, we have observed that an increase of the DSPE-PEG-
Maleimide past 3.0% increases nonspecific binding even in the absence of peptide. Smaller
sized nanoparticles could display monomeric peptides in closer proximity for multivalent
interactions, but care must be taken to ensure that the nanoparticle size is large enough to
avoid rapid renal clearance for in vivo applications. Additionally, peptides displayed on
smaller sized nanoparticles will suffer more from curvature effects of the nanoparticle; even
though the peptides may display in closer proximity, the curvature of the nanoparticle
surface may prevent ideal multimeric interactions.

These studies were performed using whole cells instead of a target receptor immobilized on
a solid surface. As receptor number, orientation, and localization could greatly affect ligand
binding, it is important to study receptor-ligand interactions in their native context. Meijer et
al. previously demonstrated that the binding of multivalent peptide dendrimers is affected by
receptor density.15 By using cells that express αvβ6 as our target, we maintain a more
relevant receptor display and optimize the liposome system within a biological context.
While the tetrameric peptide delivers nanoparticles more effectively to these physiologically
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relevant cells in vitro, it remains to be seen whether this will hold true in vivo.
Biodistribution for tumor targeting in vivo depends on many aspects not present in the in
vitro context such as nanoparticle half-life, tumor vasculature leakiness and size, and
receptor levels and availability. Nevertheless, our in vitro studies are promising and the
tetrameric H2009.1 peptide liposomes merit further in vivo evaluation.

Peptides selected using whole cells as the phage library target are especially likely to benefit
from tetrameric nanoparticle display as the receptor is in its native, multimeric-peptide
binding context; the receptor may reside in clusters or diffuse through the cell membrane to
bind different arms of the multivalent phage peptide. Of particular advantage, high affinity
peptide-targeted nanoparticles can be designed without knowledge of the amount of
receptor, arrangement of the receptor on the cell surface, or even the identity of the receptor.
Biopanning pIII phage displayed peptide libraries on whole cells does not require A priori
knowledge of the receptor and the selection process identifies peptides that bind to cell
surface receptors in their native context. Assuming the peptides can transition from the
phage particle to the trilysine core without loss of affinity or specificity, it is likely that the
tetrameric peptide will be functional on the liposome. This alleviates the need for rational
design to achieve a targeted liposome with the optimized ligand spacing. The same cannot
be said for the monomeric peptide as the liposome scaffold does not recapitulate the peptide
display found on the phage.

Peptide tetramerization for nanoparticle delivery is expected to apply to the majority of
peptides selected by phage display. We have tested an assortment of peptides selected from
different phage libraries against a variety of targets; typically a synergetic increase of >25-
fold in affinity is observed upon tetramerization. Preliminary experiments in our lab with
another cancer cell-targeting peptide isolated by phage display suggest that a tetrameric
version of this peptide can also be used for effective liposomal delivery to cells (BG and
KCB unpublished data). Thus, the tetrameric scaffold may act as a general method for
taking peptides from phage
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ABBREVIATIONS

NSCLC non-small cell lung cancer

PEG polyethylene glycol

CBQCA 3-(4-caroxybenzoyl)quinolone-2-carboxaldehyde

HSPC hydrogenated soy phosphatidylcholine cholesterol

DSPE-PEG2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carbonyl-
methoxypolyethyelene glycol-2000]

DSPE-PEG2000-
maelimide

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000]
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Figure 1. Liposomes displaying either monomeric or tetrameric H2009.1 or scH2009.1 peptides
Liposomes were prepared according to standard procedure and contained 0.64-2.0 molar
percent DSPE-PEG2000-maleimide. The peptides were conjugated to the liposome via
reaction of DSPE-PEG2000-maleimide with a unique thiol on the peptide.
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Figure 2. H2009.1 tetrameric liposomes target αvβ6-expressing cells better than monomeric
liposomes and targeting increases with increasing peptide density
αvβ6-expressing H2009 cells were incubated with increasing concentrations of different
liposome formulations. Cellular doxorubicin concentration was determined by absorbance at
590nm compared to doxorubicin standards mixed with untreated cells. Accumulation of
drug is represented as pmol doxorubicin/10,000 cells.
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Figure 3. H2009.1 tetrameric peptide liposomes display specificity for αvβ6-expressing H2009
cells compared to αvβ6-low-expressing H1299 cells
Cells were incubated with different liposome formulations for 1h and liposome
accumulation in cells measured using flow cytometry. A total of 10,000 cells were counted
per treatment group and doxorubicin fluorescence was measured (excitation 488nm,
emission 550-600nm). Representative flow cytometry analyses for H2009 cells are shown in
panels a-d and for H1299 cells are shown in panels e-h. Panels d & h show the averages
from 3 independent flow assays in which the mean fluorescence intensities of the H2009.1
tetrameric and scH2009.1 tetrameric liposomes were normalized to the mean fluorescence
intensity of the naked liposomes.
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Figure 4. Time course for release of doxorubicin from 1.3% H2009.1 Tetrameric Liposomes
Cells were treated with either free doxorubicin or 1.3% H2009.1 tetrameric liposomal
doxorubicin for 1 hour before the drug was removed. Doxorubicin fluorescence was
observed on a Nikon TE2000-E microscope at 60X magnification at the indicated time after
initial treatment. Bright field and fluorescence images are overlaid to show the overall cell
morphology.
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Table 1
Characterization of Peptide Coupling to Liposomes

liposome
maleimide
percentage

peptide
nmole

peptide/μmole
phospholipid

peptides/

liposome
a

0.64
H2009.1 tetramer 9.1 720

scH2009.1 tetramer 9.4 760

1.3

H2009.1 monomer 15 1200

H2009.1 tetramer 18 1400

scH2009.1 tetramer 19 1500

2.0

H2009.1 monomer 30 2400

H2009.1 tetramer 30 2400

scH2009.1 tetramer 32 2600

a
Peptide number/liposome was calculated by assuming 80,000 phospholipid molecules/liposome for a liposome size of 100nm (reference 26).
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Table 2

IC50 Values of Different Liposome Formulations on αvβ6-Positive H2009 Cells
a

Drug Formulation IC50 on H2009 cells (nM)

0.6% H2009.1 Tetrameric 1500 ± 200

0.6% scH2009.1 Tetrameric 2400 ± 120

0.6% Naked 7400 ± 1400

1.3% H2009.1 Monomeric 5700 ± 120

1.3% H2009.1 Tetrameric 970 ± 130

1.3% scH2009.1 Tetrameric 2000 ± 330

1.3% Naked
Not reached

b

2.0% H2009.1 Tetrameric 360 ± 35

2.0% scH2009.1 Tetrameric 610 ± 90

2.0% Naked 6900 ± 960

Free Doxorubicin 430 ± 75

a
Cells were incubated with liposomes for 1 hour followed by a 120 hour recovery in media.

b
Not reached at the highest treatment concentration of 10.2 μM.
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