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ABSTRACT: Molecular imaging approaches and targeted drug delivery hold promise
for earlier detection of diseases and treatment with higher efficacy while reducing side
effects, therefore increasing survival rates and quality of life. Virus-based nanoparticles
are a promising platform because their scaffold can be manipulated both genetically
and chemically to simultaneously display targeting ligands while carrying payloads for
diagnosis or therapeutic intervention. Here, we displayed a 12-amino-acid peptide
ligand, GE11 (YHWYGYTPQNVI), on nanoscale filaments formed by the plant virus
potato virus X (PVX). Bioconjugation was used to produce fluorescently labeled PVX-
GE11 filaments targeted toward the epidermal growth factor receptor (EGFR). Cell detection and imaging was demonstrated
using human skin epidermoid carcinoma, colorectal adenocarcinoma, and triple negative breast cancer cell lines (A-431, HT-29,
MDA-MB-231), all of which upregulate EGFR to various degrees. Nonspecific uptake in ductal breast carcinoma (BT-474) cells
was not observed. Furthermore, co-culture experiments with EGFR+ cancer cells and macrophages indicate successful targeting
and partitioning toward the cancer cells. This study lays a foundation for the development of EGFR-targeted filaments delivering
contrast agents for imaging and diagnosis, and/or toxic payloads for targeted drug delivery.

■ INTRODUCTION

According to the National Cancer Institute, 13.7 million
Americans are currently diagnosed with cancer and 600 000 of
them are expected to die this year. Only 68% of patients
diagnosed are expected to survive more than 5 years due to
poor prognosis and the lack of treatment options. Molecular
imaging approaches and targeted drug delivery hold promise
for earlier detection of disease and treatment with higher
efficacy while reducing side effects, therefore increasing survival
rates and quality of life. Of particular interest are nanoscale
platform technologies that can be functionalized with multiple
functional entities, such as toxic payloads (e.g., chemo-
therapies) and contrast agents (for MRI, PET, etc.), while
displaying receptor-specific targeting ligands. Advantages arise
from theranostic approaches, where a contrast agent-loaded
nanoparticle is used to image the disease site, to test for
expression profiles and whether the patient qualifies for a
particular treatment approach. If the patient tests positive,
treatment can begin with nanoparticles loaded with toxic
payloads, therefore providing a route toward personalized
nanoparticle interventions.1,2

Nanomedicine has led to the development of nanocarriers
with prolonged systemic circulation that protect the payload
and lead to enhanced accumulation in solid tumors based on
the enhanced permeability and retention (EPR) effect.3,4 Doxil
(a liposomal formulation of doxorubicin) and Abraxane (an

albumin nanoparticle formulation carrying paclitaxel) increase
efficacy of their payloads based on the pathophysiological
properties of the target tissue. While passive drug targeting
enables tissue accumulation of the carrier and its cargo, cell
targeting, entry, and killing may not be achieved. Inefficient cell
targeting may promote the development of drug resistance,5−7

which can lead to recurrence of cancer in a more aggressive
form. To overcome this barrier, receptor-targeted nanoparticle
formulations are being developed.8,9

The tyrosine kinase epidermal growth factor receptor
(EGFR) is overexpressed on a variety of human malignancies
and is considered an important molecular cancer biomarker.10

EGFR is a 170 kDa transmembrane glycoprotein member of
the ErbB family. Upon activation by endogenous ligands of the
EGF family, EGFR is internalized mostly via the clathrin-
mediated pathway, triggering cell proliferation, cell division,
inhibition of apoptosis, and angiogenesis, implicating EGFR in
cancer proliferation and growth.11−14 Several EGFR-targeting
strategies are currently under investigation. Both EGF protein
and EGFR antibodies have been used to probe EGFR in
tumors; however, limitations to these targeting strategies have
been identified, leading to varying degrees of success. Full-
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length EGF has a high affinity for EGFR (Kd = 2 nM), but
induces cell proliferation,15,16 an undesirable effect when
targeting cancers. Antibody therapy (e.g., Cetuximab) is
promising because it blocks activation of the receptor-
associated kinases, inhibits cell growth, and induces apoptosis.
It has been approved by the FDA for the treatment of head and
neck cancer and is under investigation for the treatment of
colorectal and breast cancer.17−20 Nevertheless, recent research
has shown that cancer cell resistance to Cetuximab can be
mediated via signaling through the HER2/neu protein.21 The
use of peptide ligands conjugated to functionalized nano-
particles carrying contrast agents, toxic payloads, or combina-
tions thereof is particularly promising.22−25 The GE11 peptide
(YHWYGYTPQNVI), discovered through a phage display
peptide library screen, binds EGFR with high selectivity and
affinity (Kd = 22 nM) and does not activate EGFR-mediated
signaling, making it a promising candidate for EGFR-targeted
therapies.26

In this work, we describe the development of an EGFR-
targeted filamentous platform technology using potato virus X
(PVX) as a template. PVX is a proteinaceous nanoparticle
measuring 515 × 13 nm2; it is composed of 1270 identical coat
proteins, each of which can be modified at a solvent-exposed
lysine residue using N-hydroxysuccinimide activated probes.27

We recently demonstrated that the high aspect ratio and
elongated shape of PVX increased passive tumor homing in a
variety of models, including human tumor xenografts of breast
cancer, fibrosarcoma, squamous sarcoma, brain cancer, and
colon cancer. Furthermore, tissue penetration of filamentous
platforms is enhanced in comparison to spherical counter-
parts.27 These properties make PVX a promising platform for
nanomedical research and technology development. In addition
to its shape, PVX, as well as other plant virus-based
nanomaterials, offers further benefits compared to synthetic
counterparts. Virus-based nanoparticles (VNPs) are genetically
encoded, programmed to self-assemble into monodisperse and
highly symmetrical biomaterials. Because these materials are
genetically encoded, high-aspect-ratio materials can be obtained
with spatial control at the atomic level and with impeccable
reproducibility, a level of control not yet achievable with
synthetic chemistry. VNPs are biocompatible and biodegrad-
able, and do not cause acute toxicity in vitro or in vivo.28 Plant-
based VNPs can be produced in plants in high yields at a
relatively low cost through molecular farming in plants, thus

providing a realistic platform for translation and commercializa-
tion.
We describe the synthesis and application of GE11-modified

PVX filaments for molecularly targeted detection and imaging
of EGFR+ cancer cells. Target-specificity of PVX-GE11 was
evaluated using the EGFR-positive human skin epidermoid
carcinoma (A-431), colorectal adenocarcinoma (HT-29), and
triple negative breast cancer (MDA-MB-231) cell lines, as well
as the EGFR-negative ductal breast carcinoma (BT-474) cell
line. Furthermore, target-specificity was evaluated in co-culture
experiments with cancer cells and macrophages.

■ RESULTS AND DISCUSSION

Bioconjugation of Targeting and Imaging Moieties.
PVX was produced through farming in N. benthamiana plants
using previously established protocols29 and extracted at yields
of 20 mg of pure PVX from 100 g of infected leaf material.
GE11 peptide was synthesized with an amino-terminal cysteine
residue with intervening GG spacer for bioconjugation
(CGGYHWYGYTPQNVI). Fluorescently labeled, EGFR-tar-
geted PVX filaments were obtained using a two-step
bioconjugation reaction (Scheme 1). Briefly, a bifunctional
PEG linker with a 24.6 Å spacer arm (SM(PEG)4) and Alexa
Fluor 647 succinimidyl ester (NHS-A647) were conjugated to
solvent-exposed lysines on PVX followed by addition of the
cysteine-terminated GE11 peptide targeting the maleimide side
groups of SM(PEG)4. Nontargeted particles were also
synthesized by omitting the second step in order to assess
nonspecific cell binding. The PVX-based formulations were
subsequently characterized by UV/visible spectroscopy,
denaturing gel electrophoresis (SDS-PAGE), and transmission
electron microscopy (TEM) to quantify the degree of
modification and confirm structural integrity (Figure 1).
UV/visible spectroscopy and SDS-PAGE were used to

quantify the degree of labeling with A647 fluorophore and
GE11 peptide. Based on the Beer−Lambert law and
fluorophore- and PVX-specific extinction coefficients, it was
determined that approximately 300 dyes per PVX were
displayed (Figure 1). Because dyes were conjugated in the
first reaction step prior to separation of the samples for further
modification, the targeted and nontargeted control samples
(A647-PVX-GE11 and A647-PVX) displayed the same number
of fluorophores. (It should be noted that the GE11 peptide
contributes to the absorbance at 280 nm (Figure 1A), and

Scheme 1. Bioconjugation of PVX with NHS-A647 and SM(PEG)4 Linkers, and Subsequent Reaction with GE11 Peptide
Yielding a Fluorescent, EGFR-Targeted Nanofilament
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therefore, A647 loading was quantified prior to conjugation of
GE11).
SDS-PAGE further confirmed covalent attachment of the

A647 fluorophores and GE11 peptides, as indicated by higher-
molecular-weight bands (Figure 1B). The PVX coat protein
(CP) has a molecular weight of 25 kDa; higher molecular
weights indicate the addition of A647 (∼1.3 kDa) and GE11
(∼1.7 kDa). Band analysis and ImageJ were used to quantify the
degree of labeling, and data indicate a ratio of CP:A647-
CP:A647-CP-GE11 of 1:2:2, indicating that 40% (or 500) of
the coat proteins are modified with A647 and 40% of the

proteins display GE11 targeting. PVX consists of 1270 identical
copies of a CP, each with a single reactive lysine side chain;30

dual labeling is therefore not expected. There is some
discrepancy between the SDS-PAGE analysis and UV/visible
spectroscopy quantification of the fluorophore: SDS gels
indicate 500 dyes per PVX while UV/visible data indicate
300 dyes per PVXthe difference is likely explained by the
A647 contributing to the staining (the bands are visible under
white light without Coomassie Blue staining, not shown),
therefore enhancing the band intensity. Gel electrophoresis
indicates the presence of dimers and oligomers; these
multimeric coat proteins are typically observed in SDS-PAGE
after PVX conjugation with peptides using the SM(PEG)4
linker.31 This may indicate that a small number of coat proteins
are interlinked through the bifunctional SM(PEG)4 linker
(targeting lysine and potentially cysteine residues). Nonethe-
less, it is important to note that interparticle cross-linking was
not observed in TEM images (Figure 1C,D), so any potential
cross-linking is likely between coat proteins of the same
particle. TEM imaging confirmed that the particles remained
structurally intact after two rounds of chemical modification
(Figure 1C,D). In addition, we confirmed PVX stability in
serum (Figure 1E).

Cell Binding Experiments. To test the affinity of
fluorescent-labeled, EGFR-targeted PVX particles for cells
expressing EGFR, we conducted a series of flow cytometry
experiments using a panel of cancer cell lines that upregulate
EGFR to various degrees (Figure 2): human skin epidermoid
carcinoma, colorectal adenocarcinoma, and triple negative
breast cancer cell lines (A-431, HT-29, MDA-MB-231).32−36

The EGFR− ductal breast carcinoma (BT-474) cell line was
used to assess nonspecific uptake.34

An anti-EGFR FITC-labeled antibody and flow cytometry
were used to confirm the level of EGFR expression on the cell
lines tested (Figure 2A,C). In agreement with the liter-
ature,32−36 MDA-MB-231, HT-29, and A-431 cells tested
positive for EGFR (with HT-29 and A-431 cells expressing
higher levels of EGFR compared to MDA-MB-231 cells) and
BT-474 cells were EGFR-negative.
Next, the cell target-specificity of the A647-PVX-GE11

formulation was evaluated using flow cytometry (Figure 2B,C).
In EGFR+

high cells, HT-29 and A-431, targeting of the EGFR-
specific A647-PVX-GE11 probe was significantly increased
compared to nonspecific PVX−cell interactions. Nonspecific
cell interactions have been previously reported for PVX,29 and
are frequently observed for synthetic nanoparticle formulations
as well.37 Overall, cell targeting efficiency of the A647-PVX-
GE11 probe followed a trend, i.e., A647-PVX-GE11 was highest
in EGFR+

high cells (HT-29 and A-431), while moderate and
negligible uptake was observed in EGFR+

low cells (MDA-MB-
231) and EGFR− cells (BT-474), respectively.
Nonspecific cell uptake of nontargeted PVX was significantly

lower in the breast cancer cells lines versus the epidermoid
carcinoma and colorectal adenocarcinoma cells; this may be
explained by different metabolic rates of these cell types. There
was no difference in cell uptake comparing the targeted A647-
PVX-GE11 versus the nontargeted A647-PVX formulation
using the EGFR− BT-474 cell line, indicating that the targeting
ligand confers specificity toward EGFR and does not increase
nonspecific cell uptake. Using EGFR+

low cells, MDA-MB-231,
we found that, while A647-PVX-GE11 showed increased cell
uptake versus A647-PVX, statistical significance was not

Figure 1. Characterization of A647-PVX-GE11 particles. (A) UV/
visible spectra of native and modified PVX nanoparticles and GE11
peptide. (B) Particles after electrophoretic separation on 4−12% SDS-
PAGE gel run in MOPS buffer visualized with white light after
Coomassie staining. M = SeeBlue Plus2 molecular weight standard;
the molecular weight in kDa is indicated on the left. 1 = PVX, 2 =
A647-PVX-GE11; inset shows lane analysis performed using ImageJ
software. TEM images of negatively stained (C) A647-PVX and (D)
A647-PVX-GE11. (E) TEM image of negatively stained PVX after 1 h
incubation in serum.
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reached, which may reflect the relatively low EGFR expression
level.
Next, we set out to determine cell-specificity in co-culture

experiments with cancer cells and macrophages. Understanding
the partitioning coefficient of a nanoparticle between the target
cancer cell and nontarget macrophage populations is important,
because mononuclear phagocytic clearance remains a challenge
for successful translation of nanomedicines. Cell mixtures using
20:80 RAW264.7:HT-29 cells were incubated with either A647-
PVX or A647-PVX-GE11 and cell interactions were quantified
using flow cytometry (Figure 3). RAW264.7 cells were
differentiated from HT-29 cells through staining of CD11b
surface markers (Figure 3A, gates Q1 + 2). As expected,
nontargeted and targeted PVX formulations were taken up by
macrophages, but uptake in macrophages is not enhanced upon
conjugation of the GE11 targeting ligand (Figure 3). 27% and
35% of macrophages scored positive for A647-PVX and A647-
PVX-GE11, respectively, with no statistically significant differ-
ences between the two populations, indicating that the addition
of a targeting ligand does not increase nonspecific uptake into
macrophages.

For the nontargeted A647-PVX formulation, macrophage
interactions are enhanced compared to nonspecific HT-29−
PVX interactions (RAW264.7 > HT-29 with p < 0.05), which
may be explained by the different modes of uptake:
macrophages interact with nanomaterials via phagocytosis and
cancer cells via endocytosis.38 This partitioning between
macrophages and cancer cells was reversed when the targeted
A647-PVX-GE11 formulation was considered: here, partition-
ing favored cancer cells. A significantly larger proportion of
HT-29 cells (78%) interacted with the A647-PVX-GE11
particles compared to macrophages (HT-29 ≫ RAW264.7
with p < 0.0005); binding to macrophages remained low (35%)
and at comparable levels as observed using the nontargeted
A647-PVX formulation (27%).

■ CONCLUSION
Overall, the data support that A647-PVX-GE11 targets EGFR+

cells. We have previously shown that fluorescently labeled PVX
is taken up by different cell types.30 These nonspecific cell
interactions may be explained by PVX’s positive surface charge
leading to electrostatic attractions with the negatively charged
cell membrane; we also showed that this can be overcome

Figure 2. Flow cytometry quantification of EGFR expression using (A) an EGFR-specific antibody and (B) quantification of PVX−cell interactions
comparing an EGFR-targeted A647-PVX-GE11 and nontargeted A647-PVX formulation. All samples were measured in triplicates and analyzed using
FlowJo software. Error bars indicate the standard deviation (* p < 0.05 and ** p < 0.01). (C) Representative dot plots showing the fluorescence
overlay of unstained cells (black) with cells incubated with either FITC-labeled EGFR antibody (orange), A647-PVX (red), or A647-PVX-GE11
(green).
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through PEGylation.27 While we did not employ PEG coatings
in this study, our data indicate that display of EGFR-targeting
ligand GE11 enables targeting of EGFR+ cancer cells, while not
increasing nonspecific cell interactions with EGFR− cancer cells
or macrophages.
EGFR-targeted contrast agents and therapeutic formulations

are under development; however, all are spherical and this may
not be optimal. Mounting evidence suggests advantageous
behavior of elongated, filamentous nanomaterials for nano-
medical applications. Elongated filaments exhibit increased
margination toward the vessel wall, therefore increasing EPR
tumor homing and molecular targeting.39−41 Molecular target
recognition is further enhanced because elongated materials
present ligands more effectively to the flat vessel wall or target
cells compared to their spherical counterparts.42,43 Finally, data
indicate that elongated materials have increased immune
evasion and reduced macrophage uptake, therefore further
contributing to synergistic target enhancement.44 Therefore, we
turned toward the development of an EGFR-targeted filament
using the PVX platform technology. This is the first example of
a receptor-targeted PVX-based optical imaging agent. While we
demonstrate optical detection of EGFR+ cancer cells here,
fluorescent dyes could be exchanged with contrast agents used
in clinical imaging, including Gd(DOTA) for magnetic
resonance imaging45 or 64Cu for position emission spectrosco-
py.46 Alternatively, toxic payloads such as chemotherapeutic,
peptide, or protein drugs could be incorporated to aid
therapeutic intervention.47

Our data are in good agreement with reports using synthetic
nanomaterials targeted toward EGFR. For example, poly-
(inosine/cytosine) GE11 polyplex formulations show promise
in nonviral gene therapy targeting EGFR+ disease.48 Similarly,
GE11-targeted liposomes have been developed to target EGFR

expressing cells.49,50 EGFR-targeted virus-based materials have
also been developed and studied; examples include the 30-nm-
sized icosahedrons formed by bacteriophage Qβ. Qβ was
genetically engineered to express EGF protein in low copy
number as a coat protein fusion; the Qβ-EGF chimera was
shown to target EGFR+ cells and promotes autophosphor-
ylation of the EGF receptor, leading to apoptosis of A-431 cells
(a phenomenon specific to A-431 cells).51 A different approach
used an EGFR-retargeted measles virus (EGFR-MV) strain
engineered with a single chain antibody specific for EGFR for
targeted oncolytic viral therapy.52 We expect presentation of an
EGFR-specific targeting peptide on a filamentous particle will
exhibit advantageous behavior in vivo.
In summary, this report details the synthesis of fluorescently

labeled, EGFR-targeted filamentous nanoparticles using the
PVX platform technology and bioconjugate chemistry. The
proteinaceous particles remained stable after two rounds of
bioconjugation, and several hundred copies of fluorophores
(∼300/PVX) and EGFR-specific GE11 peptide ligands (∼500/
PVX) were incorporated. Serum stability was confirmed, and
cell target specificity was demonstrated using a panel of EGFR+

and EGFR− cancer cells and macrophages. We demonstrate
target-specificity and preferred partitioning to cancer cells
versus macrophages using the targeted A647-PVX-GE11
formulation. These results offer a critical step toward the
development of a scalable nanoparticle platform technology for
imaging and/or treatment of EGFR-expressing cancers. Never-
theless, the road toward translation of this technology must be
paved by detailed in vivo studies evaluating both the efficacy as
well as potential adverse effects.

■ MATERIALS AND METHODS
PVX Propagation and Purification. Nicotiana benthami-

ana plants were seeded and grown for 4−6 weeks in humidity
controlled growth chambers (15 h day cycle: 25 °C and 65%
rel. humidity; night cycle: 23 °C and 70% rel. humidity).
Infection was induced through mechanical inoculation using
150 ng μL−1 purified PVX in 0.1 M potassium phosphate (KP)
buffer pH 7.0; leaves were dusted with carborundum (Alfa
Aesar). Plants were propagated for 21−25 days post inoculation
and purified using established protocols.27 Purified PVX
particles were stored in KP buffer; concentration and purity
was determined using UV/visible spectroscopy, and PVX
particle integrity was determined by transmission electron
microscopy (see below).

PVX Bioconjugation. GE11 peptide was obtained from the
Cleveland Clinic Molecular Biotechnology Core Facility. GE11
peptide was synthesized with an amino-terminal cysteine
residue with intervening GG spacer (CGGYHWYGYTPQN-
VI). Fluorescently labeled, EGFR-targeted PVX were synthe-
sized using a two-step reaction: first, succinimidyl-[(N-
maleimidopropionamido)-tetraethylene glycol] ester (SM-
(PEG)4, Pierce) and Alexa Fluor 647 succinimdyl ester
(A647-NHS, Life Technologies) in DMSO were added at a
2-fold molar excess per PVX coat protein to give a final of 10%
(v/v) DMSO in KP buffer. After 2 h incubation at room
temperature, excess linker and fluorescent molecules were
removed using either 10 kDa molecular weight cutoff
centrifugal filters (Millipore) or ultracentrifugation (42 000
rpm using 50.2 Ti fixed angle rotor for 3 h over a 40% (w/v)
sucrose cushion), prior to immediately proceeding to the
second step. GE11 targeting ligand was added using a 20-fold
molar excess per PVX coat protein; the reaction was carried out

Figure 3. (A) Representative dot plots of co-cultured RAW264.7
macrophages and HT-29 cancer cells at a 20:80 ratio. Macrophages
were differentiated from HT-29 cells using CD11b staining (Oregon
Green 488 channel); PVX was detected based on the A647 label
(A647 channel). Q1 = RAW264.7 cells (CD11b positive) that are
PVX-negative; Q2 = RAW264.7 cells (CD11b positive) positive for
A647-PVX(-GE11); Q3 = HT-29 cells (CD11b negative) that are
PVX-negative; Q4 = HT-29 cells (CD11b negative) positive for A647-
PVX(-GE11). (B) Percent cell uptake distribution of A647-PVX and
A647-PVX-GE11 comparing HT-29− and RAW264.7−PVX inter-
actions. All samples were measured in triplicate and analyzed using
FlowJo software, with error bars indicating the standard deviation (* p
< 0.05 and ** p < 0.0005).
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overnight in 10% (v/v) DMSO in KP buffer. Controls were
also obtained by omitting the addition of the targeting ligand.
Samples were purified by ultracentrifugation over a 40% (w/v)
sucrose cushion (42 000 rpm using 50.2 Ti fixed angle rotor for
3 h). Pellets were resuspended in KP buffer and stored in the
dark at 4 °C until further processing.
UV/visible Spectroscopy. A NanoDrop Spectrophotom-

eter (Thermo Scientific) was used to measure the UV/visible
spectra of native and modified PVX nanoparticles. The amount
of A647 fluorophore per PVX was determined based on the
ratio of dye:PVX concentration, making use of the Beer−
Lambert law and dye- and PVX-specific extinction coefficients:
PVX: ε(260 nm) = 2.97 mL mg−1 cm−1, molecular weight of
PVX = 35 × 106 g mol−1; A647: ε(651 nm) = 270 000 M−1

cm−1, molecular weight of A647 = 1300 g mol−1.
Denaturing Gel Electrophoresis. 15 μg of PVX control,

A647 PVX-PEG, and A647 PVX-PEG-GE11 were denatured
(100 °C for 5 min) in 1× LDS loading dye (Life Technologies)
to obtain a final volume of 20 μL. PVX proteins, as well as
SeeBlue Plus2 ladder (Life Technologies), were separated for
40 min at 200 V and 120 mA using a 4−12% NuPage precast
gel in 1× MOPS buffer (Life Technologies). Gels were
photographed before and after staining with Coomassie Blue
(0.25% w/v) using the AlphaImager (Biosciences) imaging
system under white light.
Transmission Electron Microscopy. Drops of PVX

particles (20 μL, 0.1 mg mL−1) were added to Formvar carbon
film coated copper TEM grids (Electron Microscopy Sciences)
for 5 min at room temperature. The grids were washed with
deionized water and stained with 2% (w/v) uranyl acetate in
deionized water for another 5 min. A Zeiss Libra 200FE
transmission electron microscope was used to inspect samples
at 200 kV, or a FEI Tecnai G2 Spirit transmission electron
microscope at 120 kV.
Particle Stability in Serum. PVX particles were incubated

in FBS at a concentration of 50 μg/mL for 1 h at 37 °C. PVX
particles were then purified over a 30% (w/v) sucrose gradient
using ultracentrifugation (42 000 rpm using 50.2 Ti fixed angle
rotor for 3 h), prior to TEM imaging.
Tissue Culture. 1. Cell Maintenance. All cell lines were

obtained from ATCC. All culture media reagents were
purchased from Invitrogen, unless indicated otherwise. MDA-
MB-231 cells (triple negative breast cancer) were cultured in
RPMI-1640 medium with L-glutamine (Fisher). HT-29 cells
(colon cancer) were maintained in McCoy’s 5A medium with
L-glutamine. A-431 cells (epidermal carcinoma) and RAW264.7
cells (murine macrophage) were cultured in high glucose
Dulbecco’s modified Eagle medium (DMEM) with L-glutamine.
BT-474 cells (breast cancer) were maintained in Hybri-Care
Medium (ATCC). For all cell lines, media were supplemented
with 10% (v/v) FBS and 1% (v/v) penicillin−streptomycin.
BT-474 cells were additionally supplemented with 1.5 g L−1

sodium bicarbonate. Cells were grown at 37 °C and 5% CO2.
2. Flow Cytometry. EGFR Staining. MDA-MB-231, HT-29,

A-431, and BT-474 cells were grown to confluency and
collected using an enzyme-free Hank’s based cell dissociation
buffer (Invitrogen). Cells (500 000 cells/200 μL media/well)
were added to untreated 96-well v-bottom plates (VWR).
EGFR was stained using an anti-EGFR FITC-labeled antibody
(Millipore, 1.25 dilution as per manufacturer’s recommenda-
tion) and cells were incubated at 37 °C, 5% CO2 for 60 min.
After incubation, cells were spun down at 500 g for 4 min,
supernatant was removed, and cells were washed twice in FACS

buffer (0.1 mL 0.5 M EDTA, 0.5 mL FBS, and 1.25 mL 1 M
HEPES pH 7.0 in Ca2+ and Mg2+ free PBS (50 mL total
volume)). Cells were fixed in 2% (v/v) paraformaldehyde in
FACS buffer at room temperature for 10 min and washed twice
and resuspended using FACS buffer. All samples were prepared
in triplicate. The BD LSR II flow cytometer was used to analyze
samples and 10 000 gated events were recorded. Data were
analyzed using FlowJo 8.6.3 software (http://www.flowjo.com/
).

EGFR-Targeting Using PVX-Based Filaments. MDA-MB-
231, HT-29, A-431, and BT-474 cells were grown to confluency
and collected using enzyme-free Hank’s-based cell dissociation
buffer. Cells (500 000 cells/200 μL media/well) were added to
untreated 96-well v-bottom plates. Triplicates of no particles,
A647 PVX-PEG, and A647 PVX-PEG-GE11 were added at a
concentration of 100 000 particles/cell and incubated for 2 h at
37 °C, 5% CO2. Following incubation, cells were spun down at
500 g for 4 min and supernatant was removed. Cells were then
washed twice in FACS buffer and fixed in 2% (v/v)
paraformaldehyde in FACS buffer at room temperature for
10 min. Cells were washed twice after fixing and resuspended in
FACS buffer. FACS and data analysis were carried out as
described above.

Cell Co-Culture. HT-29 and RAW264.7 cells were grown to
confluency and collected using an enzyme-free Hank’s based
cell dissociation buffer. Cell mixtures containing 20:80 ratio of
RAW264.7:HT-29 cell were evaluated. Cells were prepared as
described above and PVX-based formulations were added at
100 000 particles/cell as described above and incubated for 2 h
at 37 °C, 5% CO2. Following incubation, cells were spun down
at 500 g for 4 min and supernatant was removed. Cells were
then washed twice in FACS buffer. RAW264.7 cells were
differentiated from HT-29 cells through staining of CD11b
surface markers. Cells were blocked with rat anti-mouse CD16/
CD32 (Fc Block) (BD Biosciences) as follows: a working
solution Fc Block was made using 1 μL Fc Block/200 μL FACS
buffer. 100 μL of the working solution was added to each well
and incubated for 30 min on ice. Following incubation, cells
were washed then stained using 1 μL anti-mouse CD11b (BD
Biosciences) in 100 μL FACS buffer per well and incubated for
30 min on ice. Cells were washed once and fixed as described
previously. FACS and data analysis were carried out as
described above.
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