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Abstract: Polymeric micelles are used as pharmaceutical carriers to increase solubility and
bioavailability of poorly water-soluble drugs. Different ligands are used to prepare targeted
polymeric micelles. Earlier, we developed the method for use of specific landscape phage fusion
coat proteins as targeted delivery ligands and demonstrated the efficiency of this approach with
doxorubicin-loaded PEGylated liposomes. Here, we describe a MCF-7 cell-specific micellar
formulation self-assembled from the mixture of the micelle-forming amphiphilic polyethylene
glycol-phosphatidylethanolamine (PEG-PE) conjugate, MCF-7-specific landscape phage fusion
coat protein, and the hydrophobic drug paclitaxel. These micelles demonstrated a very low cmc
value and specific binding to target cells. Using an in vitro coculture model, FACS analysis, and
fluorescence microscopy we showed that MCF-7 targeted phage-micelles preferentially bound
to target cells compared to nontarget cells. As a result, targeted paclitaxel-loaded phage-micelles
demonstrated a significantly higher cytotoxicity toward target MCF-7 cells than free drug or
nontargeted micelle formulations, but failed to show such a differential toxicity toward nontarget
C166 cells. Overall, cancer cell-specific phage proteins identified from phage display peptide
libraries can serve as targeting ligands (“substitute antibody”) for polymeric micelle-based
pharmaceutical preparations.

Keywords: Drug delivery; polymeric micelles; PEG-PE; phage display; landscape phage;
paclitaxel; tumor targeting; breast cancer

Introduction
One of the strategies used to improve the toxicity profile

of cancer chemotherapy or radiotherapy, i.e. to enhance its
activity against cancer cells and decrease undesirable side
effects onto normal cells, is to specifically target cytotoxic
drugs to tumor tissues and limit their access to normal
tissues.1 This has been achieved, for example, by coupling
monoclonal antibodies (mAbs) or their fragments (Fab′, scFv)
with radionuclides, toxins, or drug-loaded pharmaceutical

nanocarriers, such as liposomes or polymeric micelles.2-5

Indeed, antibody-targeted therapeutics including the anti-

* Corresponding author. Phone: 617 373 3206. Fax: 617 373 7509.
E-mail: v.torchilin@neu.edu. Postal address: Northeastern
University, Center for Pharmaceutical Biotechnology and
Nanomedicine, 312 Mugar Life Sciences Building, 360
Huntington Avenue, Boston, MA 02115.

† Northeastern University.
‡ Auburn University.

(1) Allen, T. M. Ligand-Targeted Therapeutics in Anticancer Therapy.
Nat. ReV. Cancer. 2002, 2, 750–763.

(2) Torchilin, V. P.; Lukyanov, A. N.; Gao, Z.; Papahadjopoulos-
Sternberg, B. Immunomicelles: Targeted Pharmaceutical Carriers
for Poorly Soluble Drugs. Proc. Natl. Acad. Sci. U.S.A. 2003,
100, 6039–6044.

(3) Salvatore, G.; Beers, R.; Margulies, I.; Kreitman, R. J.; Pastan, I.
Improved Cytotoxic Activity Toward Cell Lines and Fresh
Leukemia Cells of a Mutant Anti-CD22 Immunotoxin Obtained
by Antibody Phage Display. Clin. Cancer Res. 2002, 8, 995–
1002.

(4) Park, J. W.; Kirpotin, D. B.; Hong, K.; Shalaby, R.; Shao, Y.;
Nielsen, U. B.; Marks, J. D.; Papahadjopoulos, D.; Benz, C. C.
Tumor Targeting Using Anti-Her2 Immunoliposomes. J. Con-
trolled Release 2001, 74, 95–113.

articles

10.1021/mp1001125  2010 American Chemical Society VOL. 7, NO. 4, 1007–1014 MOLECULAR PHARMACEUTICS 1007
Published on Web 06/02/2010



CD20 yttrium 90 conjugate ibritumomab (IDEC Pharma-
ceuticals) and the anti-CD33 calicheamicin conjugate My-
lotarg (Wyeth/AHA) have clearly demonstrated significantly
enhanced antitumor activity due to the ability of the antibody
to specifically direct antitumor agents to target tumor
cells.1,6,7 While the improved pharmacokinetic and pharma-
codynamic properties of antibody-directed anticancer prepa-
rations justify the use of antibody-based approaches, still the
high cost of monoclonal antibodies and their relatively low
stability in biological media represent important issues. This
promotes an ongoing search for alternative targeting ligands
with small size, low cost, and good in ViVo stability.

Development of phage display technology has facilitated
the discovery of bioactive peptides, which interact specifi-
cally with molecular targets overexpressed on the surface
of tumor cells.8-10 Numerous tumor- and/or tumor vascu-
lature-homing peptides have been successfully identified from
phage-displayed peptide libraries.11-13 Recently, we have
screened a landscape phage protein bearing a MCF-7-specific
peptide from an 8-mer landscape library (f8/8) via a
biopanning protocol against MCF-7 cells.14 We have also
reported a novel and straightforward method for making

tumor-targeted nanomedicines by anchoring the whole
specific phage coat protein (simple-to-prepare, cheap and
stable “substitute antibody”) into the liposomal bilayer of
doxorubicin-loaded PEGylated liposomes (Doxil) without
additional conjugation with lipophilic moieties. The improved
Doxil targeting with the cancer cell-specific phage protein
resulted in a much better uptake of doxorubicin into target
cells and more effective cell killing.14,15

However, it is difficult to extend the advantages of phage-
liposomes to targeted delivery of water-insoluble drugs. It
was shown that hydrophobic drugs, such as paclitaxel, are
difficult to package stably within the liposomal lipid bilayer
because of their bulky structure.16,17 Additionally, it was
reported that the liposomal paclitaxel rapidly partitions out
of liposomes upon in ViVo administration, which makes it
difficult to deliver paclitaxel to target cells by means of
ligand-targeting liposomes.17 On the other hand, water-
insoluble drugs represent an important category of anticancer
therapeutics. Increased hydrophobicity of drugs promotes
their passage across the cell membrane structure, whereas
the low water-solubility of these drugs results in poor
bioavailability, a serious challenge to parenteral drug deliv-
ery.16

Polymeric micelles represent an efficient system for the
delivery of a broad variety of hydrophobic drugs.16,18

Loading such drugs into the hydrophobic micelle core
dramatically increases drug solubility and bioavailability. Due
to their nanoscale size, polymeric micelles penetrate readily
the tumor vasculature and accumulate passively on tumor
sites via enhanced permeability and retention (EPR) effect.19

The amphiphilic nature of phage fusion coat protein, which
allowed its anchoring into the liposomal membrane, should
also allow its stable incorporation into polymeric micelles.
In this study we have attempted to build mixed micelles made
of polyethylene glycol-phosphatidylethanolamine (PEG-PE)
conjugate and tumor-specific phage protein, load such mixed
micelles with a water-insoluble anticancer drug and target
them to cancer cells. Unlike the traditional protocols for
preparing targeting micelles, such as immunomicelles, which
often require specific chemistry efforts to conjugate mAbs
to the corona of the polymeric micelle,2,16,18 our approach
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is based completely on a self-assembly process and does not
require any chemical modification. A phage protein with high
affinity and selectivity toward MCF-7 cells and paclitaxel
(PCT) were used in this study. Uptake and cytotoxicity
experiments with MCF-7 cells in Vitro demonstrated that the
targeted phage-micelles bind better with target cells and
demonstrate a significantly enhanced cytotoxicity compared
to free drug and nontargeted micelles.

Experimental Section
Materials and Reagents. 1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)2000]
(ammonium salt; PEG2000-PE) and 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt, Rho-PE) were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). Paclitaxel (PCT)
was from Cedarburg Pharmaceuticals (Beverly, MA). Di-
methyl sulfoxide (DMSO), acetonitrile (HPLC grade), and
methanol (HPLC grade) were purchased from Fisher Sci-
entific (Pittsburgh, PA). Sodium cholate was from Sigma
(St. Louis, MO). Pyrene was purchased from Aldrich
Chemical Co., Inc. (Milwaukee, WI). CellTiter-Blue assay
kit was from Promega (Madison, WI). Fluor Mounting
Medium was from Trevigen Inc. (Gaithersburg, MD). MCF-7
human breast adenocarcinoma (HTB 22) cells, C166-GFP
(CRL-2583) and C166 (CRL-2581) mouse yolk sac endot-
helial cells, as well as NIH3T3 (CRL-1658) mouse fibroblasts
were obtained from the ATCC (Manassas, VA). All cells
were grown as recommended by the ATCC at 37 °C, 5%
CO2.

Phage Protein. Phage selection and phage protein puri-
fication have been performed as described by us earlier.14

Preparation of Phage-PEG-PE Micelles. For FACS and
fluorescence microscopy study, 5 mM of PEG2000-PE was
mixed with traces of rhodamine-PE in chloroform. For
transmission electron microscopy and cytotoxicity studies,
5 mM of PEG2000-PE in chloroform was mixed with PCT
in methanol at 1.5:100 drug-to-lipid weight ratios. After the
evaporation, the lipid film formed was hydrated with MCF-7
specific phage protein in 10 mM of sodium cholate at protein
to polymer ratio 1:200 by weight, followed by vortexing and
overnight dialysis against PBS, pH 7.4 to remove sodium
cholate. Nonincorporated PCT was excluded by filtration of
the micellar suspension through a 0.2 µM polycarbonate
membrane. As controls, drug-free plain PEG-PE micelles,
drug-free phage-PEG-PE micelles, PCT-loading plain
PEG-PE micelles and unrelated streptavidin-targeted-phage-
PEG-PE micelles were prepared using the similar procedure.
To evaluate effect of phage protein density on targeted
cellular uptake, protein to polymer ratios 1:400, 1:100 by
weight were also used.

Size and Size Distribution of Phage-PEG-PE Mi-
celles. Micellar size was measured by the dynamic light
scattering. Briefly, samples were diluted in PBS, pH 7.4 and
measured using a Beckman Coulter N4 Plus Particle analyzer
(Beckman Coulter, Fullerton, CA) with a scattering angle

of 90° and particle size range measurements of 1-1000 nm.
The measurements were run three times.

Transmission Electron Microscopy (TEM). The mor-
phology of micelles was detected using a JEOL JEM-1010
transmission electron microscope (JEOL USA, Inc., Peabody,
MA). Micelle samples (10 µL) were dropped on a grid coated
with Formvar and carbon film and were negative stained
using 1.5-2% phosphotungstic acid. Afterward the samples
were air-dried at room temperature. The TEM image is
obtained on the transmission electron microscopy operating
at an accelerating voltage of 65 kV.

Critical Micelle Concentration (cmc) Determination.
The pyrene method was used to determine cmc of plain
micelles and phage-micelles. Briefly, 1 mL of pyrene stock
solution in chloroform with a pyrene concentration of 1 mg/
mL was added to each test tube, and the chloroform was
evaporated under vacuum. Subsequently, the crystalline
pyrene was incubated with varying concentrations (ranging
from 1 × 10-4 M to 5 × 10-7 M) of plain micelles or phage-
micelles overnight on a Lab Line Environ shaker (Lab
Recyclers Inc., USA) at room temperature. The insoluble
pyrene was removed by filtration through the 0.2 µM
polycarbonate membrane, followed by the determination of
the pyrene amount solubilized in the micelles using an
F-2000 fluorescence spectroscopy (Hitachi, Japan) with the
excitation wavelength of 339 nm and emission wavelength
of 390 nm. The cmc value corresponds to the concentration
of micelles at which there is a sharp increase in the
fluorescence of the solution due to the formation of micelles
and partial pyrene solubilization.

Drug Loading. The amount of PCT in the micelle
formulation was detected using a reversed phase D-7000
HPLC system equipped with a diode array and fluorescence
detector and Spherisorb ODS2 column (Hitachi, Japan). The
mobile phase consisted of water and acetonitrile with volume
ratio 60:40. The elution was performed at a rate of 1.0 mL/
min. PCT was detected from injected sample (50 µL) at
227 nm.

Uptake of Phage-Micelles by MCF-7 Cells. MCF-7 cells
were grown in 12.5 cm2 flasks in MEM with 10% serum
until 70-80% confluence. Cells were incubated with 75 µM
rhodamine-labeled plain micelles or phage-micelles for 1 h.
After washing 3 times with PBS, pH 7.4, cells were detached
and collected by centrifugation. The cell pellets were
resuspended in 200 µL of PBS with 4% paraformaldehyde,
followed by flow cytometry analysis. A right shift on the x
axis of the histogram plot indicated the binding of the
rhodamine-labeled micelles.

FACS Analysis of Selective Binding of Phage-Mi-
celles with Target MCF-7 Cells. Target MCF-7 cells or
nontarget NIH3T3 cells were cocultured with nontarget C166
endothelial cells expressing GFP at 1:1 ratio and seeded in
12.5 cm2 flasks in MEM with 10% serum. After coculturing
until 70-80% confluence, cells were incubated with 75 µM
of rhodamine-labeled plain micelles or phage-micelles for
1 h. Then the cells were washed 3 times with PBS (pH 7.4),
detached and collected by centrifugation. The cell pellets
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were resuspended in 200 µL of PBS with 4% paraformal-
dehyde, followed by flow cytometry analysis. Binding of the
rhodamine-labeled micelles was detected as a right shift of
the population on the x axis (FL-2H, red). The percent of
micelle-associated cells was calculated as follows: For
MCF-7 cells or NIH3T3 cells,

% of micelle-associated cells ) R3/(R1 + R3) × 100%

For C166-GFP cells,

% of micelle-associated cells ) R4/(R2 + R4) × 100%

The binding selectivity ratio was defined as the percent
of micelle-associated MCF-7 cells or the percent of micelle-
associated NIH3T3 cells divided by the percent of micelle-
associated C166-GFP cells as follows:

binding selectivity ratio ) [R3/(R1 + R3)]/[R4/(R2 + R4)]

Selective Binding of Phage-Micelles with Target Cells
Revealed by Fluorescence Microscopy. MCF-7 cells and
C166-GFP cells were cogrown on 6-well plates at a density
of 2 × 105 cells/well for 24 h at 37 °C, and incubated with
75 µM rhodamine-labeled plain micelles or phage-micelles
in MEM with 10% serum for 30 min at 37 °C. After washing
3 times with PBS, the coverslip was placed onto a glass slide
over the fluorescence mounting medium. The images were
acquired by a fluorescence microscope (Nikon, Japan) at 40×
magnification with FITC or TRITC filter.

Cytotoxicity. Target MCF-7 cells or nontarget C166 cells
were seeded into 96 well microplates at a density of 5 ×
104 cells/well (for MCF-7 cells) or 3.5 × 104 cells/well (for
C166 cells), respectively. After growth to 50-60% conflu-
ence, cells were treated with varying concentration of free
PCT in DMSO, PCT-loaded plain micelles, PCT-loaded
micelles modified with unrelated streptavidin-specific phage
protein (PCT-loaded SA-phage-micelles), PCT-loaded mi-
celles modified with MCF-7-targeted phage protein (PCT-
loaded MCF-7-targeted phage-micelles), control drug-free
micelles modified with unrelated streptavidin-specific phage

protein (drug-free-SA-phage-micelles), and targeted drug-
free micelles modified with MCF-7-specific phage protein
(drug-free MCF-7-targeted phage-micelles) in MEM (for
MCF-7 cells) or DMEM (for C166 cells) with 10% serum
for 72 h. Cells were then washed once with PBS, pH 7.4,
and incubated with fresh complete medium (100 µL/well)
along with the CellTiter-Blue assay reagent (20 µL/well) for
2 h at 37 °C. The fluorescence intensity was measured using
a multidetection microplate reader (Bio-Tek, Winooski, VT)
with 525/590 nm excitation/emission wavelengths.

Statistical Analysis. The statistical significance of the
results was analyzed using SPSS (version 16). Differences
between experimental groups were compared using ANOVA
followed by a Bonferroni post hoc test. The results were
considered statistically significant if the p value was less than
0.05.

Results
Characterization of Phage-Micelles. TEM images of

phage micellar formulations showed monodisperse particles
with spherical shape (Figure 1A). Incorporation of phage
protein and paclitaxel caused no noticeable change in the
geometry or size of plain PEG-PE micelles (compare Figure
1A, 1B). The size of the MCF-7-targeted phage-micelles by
dynamic light scattering measurement was within a 13.3-20.5
nm interval (Figure 1C), which is consistent with that of
typical PEG-PE micelles.16 A 20-day-stability study showed
that the micelle size did not change.

Critical Micelle Concentration (cmc) Determination.
Our cmc value of plain PEG-PE micelles was 1.62 × 10-5

M, which is consistent with reported data,16,21 while the cmc
value of MCF-7-targeted phage-PEG-PE micelles was
slightly lower at 7.2 × 10-6 M, indicating greater stability
of mixed micelles.

Drug Loading. The results of three independent measure-
ments showed that the final preparation of MCF-7-targeted
phage-micelles contained 157.7 ( 22.3 µg/mL of paclitaxel,

Figure 1. Characterization of micellar formulations: (A) TEM micrograph of paclitaxel-loaded phage PEG-PE micelles;
(B) TEM micrograph of drug-free plain PEG-PE micelles; (C) size distribution of phage-micelles measured by
dynamic light scattering.
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while plain micelles contained 165.7 ( 38 µg/mL of
paclitaxel, i.e. there was no effect of phage protein presence
on the drug incorporation into micelles.

Uptake of Phage-Micelles by MCF-7 Cells. Uptake of
MCF-7-targeted phage-micelles by MCF-7 cancer cells was
determined using FACS analysis in comparison with control
plain micelles. The phage-micelles showed a stronger uptake
by MCF-7 cells than plain micelles indicated as a stronger
right shift along the x-axis of the histogram (Figure 2A).
The binding affinity increased with increased concentration
of the phage proteins present in the micellar formulation
(Figure 2B).

FACS Analysis of Selective Binding of Phage-Mi-
celles with Targeted MCF-7 Cells. To investigate the
selectivity of phage-micelle interaction with target cancer
cells compared to normal cells, we used a coculture assay,
in which target cancer MCF-7 cells were cogrown with
nontarget, noncancer endothelial cells, C166-GFP. FACS
analysis revealed two distinct coculture cell populations based
on their different green fluorescence intensity (FL1-H green):
MCF-7 cells (Figure 3A) or NIH3T3 cells (Figure 3D) are
within region 1 (R1) as shown in red and C166-GFP cells
are in region 2 (R2) as shown in green (Figure 3A, 3D).
After the treatment with rhodamine-labeled, MCF-7-targeted
phage-micelles in the coculture with MCF-7 cells and C166-
GFP cells, a significantly higher percent of MCF-7 cells were
right-shifted into region 3 (R3) compared to C166-GFP cells
right-shifted into region 4 (R4) (Figure 3C). Statistical
analysis (Figure 4A) showed that MCF-7-targeted phage-
micelles bound to ca. 67% of MCF-7 cells (R3 in Figure
3C) and to only 1.67% of C166-GFP cells (R4 in Figure
3C), indicating a significant binding selectivity toward the
target cells. It has to be noted here that control plain micelles
also bound to MCF-7 cells (R3 in Figure 3B) better than to
C166-GFP cells (R4 in Figure 3B), however the phage-
micelles targeted MCF-7 cells with a significantly higher
binding selectivity ratio (ca. 40) than plain micelles (ca. 19)
(Figure 4B), confirming the role that MCF-7-specific phage
protein played in preferential targeting of MCF-7 cells. In

the negative control coculture with nontarget NIH3T3 and
C166-GFP cells, the treatment with phage-micelles resulted
in 18% of shifted NIH3T3 (R3 in Figure 3F) and 2.4% of
C166-GFP (R4 in Figure 3F), which is much lower compared
to the association of the phage-micelles with MCF-7 cells
(Figure 4A). Control treatment with plain micelles in the
coculture of NIH3T3 and C166-GFP cells showed results
comparable to that of the phage-micelles with 13.4% of
shifted NIH3T3 cells (R3 in Figure 3E) and 2.1% of shifted
C166-GFP cells (R4 in Figure 3E) and a similar binding
selectivity ratio (Figure 4B), confirming the preferential
binding of the phage-micelles to target MCF-7 cells.

Fluorescence Microscopy of Selective Binding of
Phage-Micelles with Target Cells. Using the fluorescence
microscopy, the selective binding of phage-micelles to target
cancer cells rather than to normal cells was further confirmed
in the coculture model composed of target MCF-7 cancer
cells and nontarget, noncancer endothelial C166-GFP cells.
Based on green fluorescence of C166-GFP cells, these cells
were distinguished from MCF-7 cells and visualized under
a fluorescence microscope. The treatment with rhodamine-
labeled MCF-7-targeted phage-micelles showed specific
binding of the phage-micelles to MCF-7 cells but not to
C166-GFP cells, revealed as a lack of colocalization of red
and green fluorescence (Figure 5). Control plain micelles
showed nonspecific binding to both MCF-7 cells and C166-
GFP cells, indicating that the selective targeting of the phage-
micelles to MCF-7 is mediated by the phage protein (Figure
5).

Cytotoxicity toward Tumor Cells. CellTiter-Blue assay
(Figure 6) demonstrated a significantly higher tumor cell
killing by 72 h treatment of PCT-loaded MCF-7-targeted
phage-micelles compared to controls. While both drug-free
MCF-7-targeted phage-micelles and drug-free nontargeted
SA-phage-micelles did not show any cytotoxicity toward
MCF-7 cells, and free PCT in DMSO and PCT-loaded plain
micelles caused only limited tumor cell killing at the
concentration tested, the MCF-7-targeted phage-micelles
provoked a significantly higher cell death at the same PCT

Figure 2. FACS analysis of micellar uptake by MCF-7 cells indicated as fluorescence intensity of cell-associated
rhodamine-labeled micelles: (A) the histogram plot of the binding of rhodamine-labeled MCF-7-targeted phage-
micelles and plain micelles to MCF-7 cells; (B) effect of concentration of phage proteins on binding affinity of micellar
formulations to MCF-7 cells (mean ( SD, n ) 6).
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concentrations. The PCT-loaded nontargeted SA-phage-
micelles did not trigger an increased MCF-7 cell killing
compared to PCT-loaded nontargeted plain micelles, but
showed much lower cytotoxicity than MCF-7-targeted phage-
micelles (Figure 6). This result further confirmed the role of
MCF-7-targeted phage fusion protein in MCF-7 cell death.
With control nontarget C166 cells, no difference in cyto-
toxicity of PCT-loaded MCF-7 targeted phage-micelles, free
PCT, PCT in plain PEG-PE micelles, and PCT in irrelevant
SA-phage-micelles at the same concentration of PCT tested.
Taken together, these data confirm the selective cytotoxicity
of MCF-7 targeted phage-micelle only toward target cells.
Similar results were observed in a delayed viability test,
where cytotoxicity was determined after 48 h of drug
treatment and additional 12 h incubation in drug-free
medium.

Discussion
The rationale for the modification of paclitaxel-loaded

PEG-PE micelles with phage protein was to combine
favorable properties of both polymeric micelle-based drug
delivery system and a cancer cell-specific phage peptide
as a targeting ligand. Polymeric micelles made from
amphiphilic block-copolymer have already demonstrated
their ability to enhance solubility and bioavailability of
poorly soluble therapeutics.16,18 PEG-PE as the micelle-
forming material of choice in this study offers considerable
advantages. The corona-forming PEG chain block is
hydrophilic and biocompatible, provides a steric protection
from nonspecific uptake by mononuclear phagocytic
system and allows for prolonged circulation in the blood.
The micelle core made of phospholipid PE residues with
two long hydrophobic acyl groups is intended for solu-

Figure 3. FACS analysis of cell binding of micellar preparations in coculture systems. Coculture composed of target
MCF-7 cells and nontarget C166-GFP cells and control coculture composed of nontarget NIH3T3 cells and C166-GFP
cells were incubated with either plain micelles or MCF-7-targeted phage-micelles for 1 h, and micelle-associated cells
(as red fluorescence increase) were analyzed using FACS. The dot plots were inserted into four regions (R1, R2, R3,
and R4). FL1-H (green); FL2-H (red). (A) Untreated coculture of MCF-7 cells and C166-GFP cells. Red dots in R1
region show the location of untreated MCF-7 cells and green dots in R2 region show the location of untreated
C166-GFP cells. (B) Plain micelle-treated coculture of MCF-7 cells and C166-GFP cells. Pink dots in R3 region show
plain micelle-associated MCF-7 cells, and blue dots in R4 show plain micelle-associated C166-GFP cells. (C)
MCF-7-targeted phage-micelle-treated coculture of MCF-7cells and C166-GFP cells. Pink dots in R3 region show
phage-micelle-associated MCF-7 cells, and blue dots in R4 show phage- micelle-associated C166-GFP cells. (D)
Untreated control coculture of NIH3T3 cells and C166-GFP. Red dots in R1 region show the location of untreated
NIH3T3 cells, and green dots in R2 region show the location of untreated C166-GFP cells. (E) Plain micelle-treated
coculture of NIH3T3 and C166-GFP cells. Pink dots in R3 region show plain micelle-associated NIH3T3 cells, and
blue dots in R4 show plain micelle-associated C166-GFP cells. (F) MCF-7-targeted phage-micelle-treated coculture of
NIH3T3 and C166-GFP cells. Pink dots in R3 region show phage-micelle-associated NIH3T3 cells, and blue dots in
R4 show phage-micelle-associated C166-GFP cells.
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bilzation and entrapment of poorly soluble drugs.16,18

Although nanosized polymeric micelles are able to take
advantage of leaky tumor vasculature and accumulate
passively within tumor sites via the enhanced permeability
and retention (EPR) effect,19 still it is believed that
attachment of targeting moieties onto the micelle surface
potentiates a higher efficacy of micelle-loaded antitumor
agents.18,20,21 In fact, several successes in this use of
immunomicelles have validated the concept.2,21

Advances in phage display now allow us to integrate this
technology with nanocarrier-based drug delivery.8,9 Earlier,
we reported on the use of the landscape phage fusion protein
carrying the tumor-cell binding peptide DMPGTVLP for

liposome targeting to cancer cells.14 The binding affinity and
selectivity of the phage protein are well-retained after its
incorporation into the liposomal bilayer, and phage-targeted
drug-loaded liposomes demonstrated more effective tumor
cell killing. Furthermore, we have found that the phage

(20) Vinogradov, S.; Batrakova, E.; Li, S.; Kabanov, A. Polyion
Complex Micelles with Protein-Modified Corona for Receptor-
Mediated Delivery of Oligonucleotides into Cells. Bioconjugate
Chem. 1999, 10, 851–860.

(21) Chekhonin, V. P.; Kabanov, A. V.; Zhirkov, Y. A.; Morozov,
G. V. Fatty Acid Acylated Fab-Fragments of Antibodies to
Neurospecific Proteins as Carriers for Neuroleptic Targeted
Delivery in Brain. FEBS Lett. 1991, 287, 149–152.

Figure 4. Quantitative analysis of the binding of micellar preparations with cocultured target and nontarget cells by
FACS. (A) Micelle-associated cells indicated as the intensity of cell population shifted to the region with higher red
fluorescence. (B) The binding selectivity ratios defined as the percent of micelle-associated MCF-7 cells or the
percent of micelle-associated NIH3T3 cells divided by the percent of micelle-associated C166-GFP cells (*p < 0.05,
mean ( SD, n ) 6).

Figure 5. The binding of rhodamine-labeled MCF-7-targeted phage-micelles and plain micelles to coculture MCF-7
and C166-GFP cells revealed by florescence microscopy. Green fluorescence is produced by C166-GFP cells; red
fluorescence labels MCF-7-targeted phage-micelles.
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protein provides additional advantages to the system, espe-
cially for intracellular drug delivery, such as facilitated
endosomal escape and cytoplasmic delivery.22 Therefore, we
expected that the use of the phage protein (DMPGTVLP)
combined with another drug delivery system (paclitaxel-
loaded PEG-PE micelles) should increase such a system’s
antitumor activity.

Ideally, a self-assembly drug delivery system should
spontaneously form from the blend of drug carrier molecules,
drug cargoes and targeting components. The targeted phage
protein-micelle delivery system we present here, meets such
criteria: a simplified preparation without chemical modifica-
tion. The phage protein contains a hydrophilic N-terminus
(amino acids 1-26) and C-terminus (amino acids 45-55),
and a highly hydrophobic segment (amino acids 27-40). One
can expect that the amphiphilic structure of this protein will
allow its spontaneous assembly with other micelle-forming
components to produce drug-loaded mixed micelles. The
analysis of our preparation confirms the formation of
nanoassemblies with a size and stability (cmc) similar to that
of PEG-PE-based micelles.16,18

Considering the fact that the peptides are frequently a
subject of the fast protoeolytic degradation,9,23 the incorpora-
tion of phage protein into the micellar structure with the
binding peptides being shielded by the neighboring PEG
chains in the micellar corona may potentially slow down the
peptide degradation by the digestive enzyme present in the
biological surroundings. As a matter of fact, a recent study
showed that TAT peptide incorporated into PEG-PE-based
micelles as an amphiphilic TAT peptide conjugate was well

protected against trypsin proteolysis as a result of the
shielding of TAT peptide moieties by PEG chain and was
also stable in human blood plasma.24

On the other hand, there could be a concern that the
presence of PEG chain could set up a steric barrier between
phage binding peptides and targeted molecular receptors on
the surface of target cells. However, this potential problem
could be addressed by controlling the length of the PEG chain
used, selecting one which produced a reasonable balance
between the retention of target affinity of the micelle-
incorporated phage protein and the protective role of PEG.
This is a subject of our current studies on the optimization
of phage protein-targeted pharmaceutical nanocarriers.

As expected, the improved phage-micelle targeting with
the cancer cell-specific phage protein resulted in a much more
effective cell killing, additionally confirming the preservation
of specific activity of the phage protein when associated with
micelles.

Overall, we exploited the amiphiphilic character of the
cancer cell-specific phage protein, and prepared targeted
phage-micelles for selective delivery of paclitaxel to cancer
cells. Our method of preparation of targeted micelles is
simple and requires no chemical modification, and demon-
strates that cancer cell-specific phage proteins identified from
phage display peptide libraries can serve as specific targeting
moieties (“substitute antibodies”) for a next generation of
micellar tumor-targeted pharmaceutical nanocarriers.
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Figure 6. Cytotoxicity of micelle preparations toward MCF-7 cells after 72 h treatment with MCF-7-targeted
phage-micelles and various controls, including free PCT in DMSO, PCT-loaded plain micelles, irrelevant SA-phage-
micelles, drug-free MCF-7-targeted phage-micelles and drug-free SA-phage-micelles (*p < 0.05, mean ( SD, n ) 6).
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