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ABSTRACT: Delivering therapeutic materials or imaging
reagents into specific tumor tissues is critically important for
development of novel cancer therapeutics and diagnostics.
Genetically engineered phages possess promising structural
features to develop cancer therapeutic materials. For cancer
targeting purposes, we developed a novel engineered phage
that expressed cyclic RGD (cRGD) peptides on the pVIII
major coat protein using recombinant DNA technology. Using
a type 88 phage engineering approach, which inserts a new
gene to express additional major coat protein in the noncoding
region of the phage genome, we incorporated an additional
pVIII major coat protein with relatively bulky cRGD and
assembled heterogeneous major coat proteins on the F88.4
phage surfaces. With IPTG control, we could tune different numbers of cRGD peptide displayed on the phage particles up to 140
copies. The resulting phage with cRGD on the recombinant pVIII protein exhibited enhanced internalization efficiency into
HeLa cells in a ligand density and conformational structure dependent manner when comparing with the M13 phages modified
with either linear RGD on pVIII or cRGD on pIII. Our cRGD peptide engineered phage could be useful for cancer therapy or
diagnostic purposes after further modifying the phage with drug molecules or contrast reagents in the future.

■ INTRODUCTION

Specific delivery of therapeutic materials or imaging reagents
into desired cancerous tissues or organs is critically important
for the development of novel therapeutic methods or early
diagnosis of cancers.1−4 Cancer remains a major cause of
considerable morbidity and mortality worldwide with approx-
imately one in four deaths in the United States due to the
disease.5 In order to develop nanomedicine for cancer diagnosis
and therapy, specifically targeted delivery of therapeutic
materials into desired cancer tissues is considered one of the
most critical components to enhancing the efficacy of current
cancer medicines.6−8 Many limitations of conventional chemo-
therapeutics - such as instability in circulation, inadequate tissue
distribution, and toxicity to normal cells - could be improved
through targeted delivery. Advancements in nanoscale and
biological engineering of viral particles provide for the
development of novel pathways to develop nanomedicine for
cancer therapeutics. Various types of viruses, such as
adenovirus, adeno-associate virus, and bacteriophages, have
already been utilized for targeted cancer therapy and imaging
after genetic and chemical modification.9−19

In comparison with other virus-based targeted drug delivery
approaches, methods utilizing bacteriophages possess multiple
advantages as a targeted drug delivery vehicle: phages can easily
be altered by introducing functional peptides for new targeting

and therapeutic functions using a recombinant DNA
technology;10,20−23 desired targeting peptide sequences can
be identified through a high-throughput evolutionary screening
processes (phage display);24−26 relatively large genes can be
introduced without disrupting the phage’s own packaging
process;27,28 outer protein shells protect the gene;9,14,29 and
chemical modification can expand the phage’s capabilities
toward biomedical imaging and the incorporation of anticancer,
therapeutic molecules.23,30,31

Previously, phage-mediated drug and gene delivery into
mammalian cells was developed based on known targeting
peptide motifs or newly identified peptide information as
determined by phage display.9,11,14,16,25,29,32−39 The resulting
phages functionalized with targeting peptide sequences could
deliver therapeutic molecules or genes to specific cancer tissues
or organs. The most widely used peptide for targeting cancer is
the integrin binding motif (Arg-Gly-Asp; RGD).3,35,36,38,40−44

Integrins represent a major family of cellular receptors specific
to extracellular protein ligands, many of which interact with the
RGD sequence on target proteins.40,41,45 Because integrins are
overexpressed in cancerous tissues, research groups have
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utilized the RGD motif to target these tissues in order to study
cancer.3,14,21,35,38 The RGD peptide in different ligands (i.e.,
fibrinogen, vitronectin, and fibronectin) binds to specific
integrins with different affinities dependent upon factors such
as conformation and neighboring amino acid sequen-
ces.34,35,41,42,46 Previous studies have shown that cyclic RGD
can bind to integrins 10 times stronger than the linear RGD
peptide due to its structural stability.42 Various RGD peptide
structures have previously been incorporated on the phage’s
major and minor coat proteins.20,35,36,38,42,47

There are several phage engineering approaches to display
functional peptides on their coat proteins (Figure 1A). A type 3

approach has the capability to display five copies of relatively
large functional peptides or proteins (up to 50 mer) on the N-
terminus of the pIII region so that the phage could express
either linear or cyclic RGD peptides on the pIII minor coat
protein.36 A type 8 phage engineering approach would allow us
to modify the major coat protein surface with relatively small

peptides (up to 8 mer).48,49 Previously, our research group
incorporated the linear RGD peptide onto the M13 phage’s
pVIII major coat protein and used these engineered phages for
fabricating novel tissue engineering materials and gene delivery
materials.21,23,50−55 Although cyclic RGD has enhanced
biochemical activity, it is challenging to incorporate a circular
motif on the major coat protein, since the pVIII major coat
proteins must be closely packed in order to form the phage
particles, and such modifications can cause instability of the
phage packaging and propagation processes.
In order to improve the integrin targeting capability of the

phage, we can further engineer the phage major coat proteins
using type 88 phage engineering approaches on F88.4 phage
(Figure 1A). In the type 88 phage engineering approach, the
phage genome has two different genes to encode the pVIII
protein: a wild-type g8 and a recombinant g8, respectively. In
this system, the wild-type g8 can be utilized to help keep the
phage pVIII protein intact, while the recombinant g8 encodes a
new major coat protein (recombinant pVIII) fused with a
functional peptide/protein. In addition, the recombinant pVIII
can accommodate relatively large or structurally bulky inserts
that cannot be tolerated by the wild-type pVIII coat proteins.56

We hypothesized that the cyclic RGD peptide can be
incorporated on the phage major coat protein using the type
88 phage engineering approach and the resulting phage will
significantly enhance the targeting to and internalization activity
of the cancer cells. Here, we developed a phage to express a
cyclic RGD peptide (cRGD) on the pVIII major coat protein
using the type 88 phage engineering approach. We utilized the
F88.4 phage genome to insert additional genes and expressed
different numbers of cRGD on the major coat proteins of the
phage by controlling isopropyl β-D-1-thiogalactopyranoside
(IPTG) levels. We showed that the resulting phage with
cRGD on the major coat proteins exhibited enhanced
interaction with the target HeLa cell in a ligand density
dependent manner. The resulting phage showed the increased
internalization efficiency by the HeLa cells when compared to
both linear RGD peptides on the major coat and cRGD
peptides on minor coat proteins on the control phages. Our
engineered phage may have applications in targeted drug or
gene delivery for cancer therapeutics or diagnostics in the
future.

■ METHODS AND MATERIALS
Materials and reagents. The Fd-tet and F88.4 phages

were kindly provided by Smith group from University of
Missouri (University of Missouri, MO). Enzymes utilized for
genetic engineering of phage - HindIII, T4 DNA ligase, and
Phusion High-Fidelity DNA polymerase - were purchased from
New England Biolabs (Beverly, MA). Oligomers were ordered
from Integrated DNA Technologies (Chicago, IL) and
Invitrogen (Carlsbad, CA). Isopropyl-β-D-thiogalactopyrano-
side (IPTG) was purchased from Apex Bioresearch Products
(San Diego, CA). QIAprep Spin Miniprep Kit for the extraction
of dsDNA from E. coli was purchased from Qiagen (Hilden,
Germany). HeLa human cervical cancer cells were obtained
from the cell facility at the University of California, Berkeley
(Berkeley, CA). DMEM media, Trypsin-EDTA solution, fetal
bovine serum (FBS), and 1% antibiotics−antimicotics were
purchased from Gibco Life Technologies (Carlsbad, CA). The
rabbit anti-fd primary antibody was purchased from Sigma
Aldrich (St. Louis, MO). Alexa Fluor 594 fluorochrome-
conjugated goat anti-rabbit antibody, Alexa Fluor 488

Figure 1. Three different types of phage engineering approaches and
targeted delivery to cancer cells. (A) Incorporation of the phage with
target peptides using Type 3, Type 8, and Type 88 approaches. Type 3
phage can display five copies of cyclic RGD on the pIII protein. Type 8
phage can display 2700 copies of RGD, but only in linear form. Using
Type 88 phage engineering, cyclic RGD can be incorporated in the
recombinant pVIII protein up to 140 copies. (B) Schematic illustration
of the targeted delivery of the engineered phage to cancer cells.
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phalloidin, and DAPI were purchased from Invitrogen
(Carlsbad, CA). All other chemicals and solvents used in this
study were of analytical or high-performance liquid chromatog-
raphy (HPLC) grade and purchased from Sigma Aldrich (St.
Louis, MO).
Genetic Engineering of F88.4 Phage. The F88.4 phage

vector was engineered to display the cyclic RGD (cRGD)
peptide motif on recombinant pVIII coat proteins by using the
inverse polymerase chain reaction (PCR) cloning meth-
od.21,22,52 Details on the primers used can be found in Table
S1. To incorporate the gene sequences, PCR was performed
using Phusion High-Fidelity DNA Polymerase, the two primers,
and an F88.4 vector. The PCR product was purified using an
agarose gel, eluted with spin column purification (Qiagen),
digested with HindIII enzyme, and recircularized overnight at
16 °C with T4 DNA Ligase. The ligated DNA vector was then
transformed into XL-10 Gold E. coli competent cells
(Stratagene, La Jolla, CA), and the amplified plasmid was
verified via DNA sequencing at the UC Berkeley DNA
Sequencing Facility (Berkeley, CA). The engineered phage
was amplified in NZY media (Fisher Scientific, Pittsburgh, PA)
by infecting a midlog culture of XL-10 Gold and purified by
PEG solution containing 20% (w/v) polyethylene glycol
(PEG)-8000 and 2.5 M NaCl as previously described.21,25,57

While other phage constructs were amplified without IPTG, the
engineered F88.4-cRGD phage was amplified with the
induction of cRGD peptide by various concentrations of
IPTG treatment. To maximize the expression of recombinant
cRGD, different IPTG concentrations ranging from 0.3 mM to
5 mM were used when producing the phage. The M13 phage
with the cRGD peptide on the pIII minor coat proteins and
linear RGD peptide on the pVIII major coat proteins was
constructed previously in our laboratory and used in the
internalization studies (see Table S2).21,22,50,52

Induction and Verification of Recombinant pVIII
Peptide on F88.4 Phage. To investigate the expression
levels of cyclic RGD on the phage coat protein, SDS-PAGE and
MALDI-TOF analysis were utilized. For SDS-PAGE, phage
particles were disassembled with 6 M of guanidine-HCl and
maintained at 95 °C for 5 min, after which the phage proteins
were loaded onto the tricine-SDS-PAGE midi gels (Bio-Rad,
Hercules, CA). After electrophoresis, Coomassie staining was
performed on the gel. In addition, MALDI-TOF mass
spectrometry (Voyager-DE PRO, Applied Biosystems, Carls-
bad, CA) was utilized to quantify the amount of recombinant
pVIII peptide on the phage surface induced by the various
concentrations of IPTG. Bovine insulin from Sigma Aldrich (St.
Louis, MO) was utilized as a standard to calibrate the molecular
weight. Since the intensity of the MALDI-TOF signal
represented the relative amount of the protein in the same
batch, we were able to measure the relative amount of specific
proteins in a sample.20,58 In order to disassemble the phage, 1
mg/mL of each type of phage was incubated with 6 M of
guanidine-HCl for 5 min. The phage proteins were transferred
to the matrix buffer (acetonitrile) using C4 ZipTip (Millipore,
Temecula, CA), and loaded on the plate for the MALDI-TOF
analysis.
Cell Culture. HeLa cells were cultured in a T-75 flask

(Nunc, Rochester, MN) in DMEM media supplemented with
10% FBS and 1% antibiotics−antimicotics at 37 °C, 5% CO2,
and 95% humidity, and the growth media was changed every 2
days. For the phage internalization experiments, HeLa cells
were seeded in Lab-TekII Chamber Slide (Thermo-Fisher

Scientific, Rochester, NY) at a density of 5 × 104 cells/well and
were grown overnight.

Phage Internalization Studies with Different F88-
cRGD Phages. F88-cRGD phages amplified with 0.3 mM, 1.5
mM, 3 mM, 5 mM of IPTG were diluted in the HeLa cell
culture media to 7.5 × 1010 phage/mL. Triplicate wells with
HeLa cells cultured overnight (seeded with the 5 × 104 cells/
well) were blocked with 1% normal BSA in the cell culture
media for 30 min and treated with 0.2 mL of each phage. The
phages were incubated with the HeLa cells for 4 h at 37 °C.
The nonbound phages were removed by washing the cells three
times with PBS. The wells were then prepared for fluorescent
microscopy.

Phage Internalization Studies with Different Phage
Types. Three types of engineered phages (i.e., cyclic RGD on
recombinant pVIII proteins of F88.4 phage, linear RGD on
pVIII major coat protein of M13 phage, and cyclic RGD on pIII
minor coat protein of M13 phage) were exposed to HeLa cells
for the phage internalization assay. Chamber slides were
blocked with 1% normal BSA in the cell culture media for 30
min before phage treatment followed by the addition of 1.5 ×
1010 phages/well. The samples were then incubated for 4 h at
37 °C. The nonbound phages were washed away three times
with PBS and the wells were prepared for fluorescence
microscopy.

Quantification of Internalized Phage by Fluorescent
Microscopy Images. The cells were washed with 0.1 M
glycine (pH 2.0) containing 1 mg/mL BSA to wash the cell
surface bound phage and were then rinsed with PBS. Cells were
fixed in 3.7% formaldehyde solution for 15 min at room
temperature and washed three times with PBS. Cells were made
permeable by incubation with 0.1% Triton X-100 for 15 min
and washed with PBS. To detect internalized phages, samples
were blocked with 1% normal BSA in PBS for 30 min. Primary
antibodies for identifying cell markers and the phage were
incubated with the cells for 4 h. The cells were treated with
rabbit anti-fd primary antibody (1:500 dilution in PBST) and
washed with PBST three times, then incubated with Alexa
Fluor 594 fluorochrome-conjugated goat anti-rabbit antibody
(1:500 dilution in PBST) and washed three times with PBST.
Actin filaments and nuclei were stained with Alexa Fluor 488
phalloidin and DAPI, respectively, as counterstaining for all
samples. The fluorescence images were collected using an IX71
Fluorescence Microscope (Olympus, Tokyo, Japan). To
quantify the internalized phage from the fluorescence images,
we utilized the CellProfiler v 2.0 (Broad Institute, Cambridge,
MA) which is an open-source software that can quantitatively
measure the amount of the fluorescently labeled material from a
series of the images.59,60

Statistical Analysis. All results from in vitro experiments
were expressed as a mean ± SD of three independent
experiments. Comparison among multiple groups was
performed using one-way ANOVA with the Tukey test. p <
0.05 was considered to be the minimal level of significance.

■ RESULTS AND DISCUSSION
We utilized F88.4 phage to express the cyclic RGD through the
type 88 phage engineering approach (Figure 1). The F88.4
phage, which was derived from Fd-tet phage,25 possesses two
g8 genes to encode two pVIII major coat proteins: One is a
wild-type gene and the other is an extra recombinant pVIII
major coat protein.25,61 The Fd-tet and F88.4 phages were
kindly provided by Smith group from University of Missouri. In
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the F88.4 system, an additional gene (recombinant g8) was
added to the noncoding part of the phage genome. We added
both the signaling peptide and the recombinant pVIII gene to
the phage genome and induced the resulting proteins to go
through the phage assembly process. While conventional pVIII
major coat engineering (type 8 phage engineering) allows for
the expression of up to eight additional amino acids on the
pVIII major coat proteins,48,49 type 88 phage engineering
allows for the insertion of relatively large bulky peptide inserts
on the major coat protein. We constructed the F88.4 phage
genome to display the cRGD (termed F88-cRGD) using
primers shown in Table S1. The peptide sequence of the cRGD
displayed was Cys-Gly-Arg-Gly-Asp-Ser-Cys-Gly-Gly-Gly (Fig-
ure S1A). The two cysteines on both ends of the GRGDS
peptide help in generation of the cyclic form of RGD by
forming a disulfide bond. Three glycines (Gly-Gly-Gly) were
added as a flexible linker that helps the cRGD to protrude from
the phage surface. The size of the resulting engineered phage
genome was analyzed using gel electrophoresis after treatment
with a restriction enzyme to linearize the genome (Figure S1B).
The gel images showed the proper propagation of the DNA
band when compared to the wild-type genome. While the wild
F88.4 phage genome has 9183 bps, the F88-cRGD phage has
9254 bps. 328 bps of the noncoding region in the Fd-tet phage
genome was replaced with 399 bps of recombinant pVIII that
included the gene encoding cRGD.
For the comparison purposes, we engineered phage

constructs by expressing the RGD on different coat proteins
of M13 phages which have similar protein structures to the Fd-
tet phage (see Table S2). Using an M13 phage system, we
could engineer the same cyclic CGRGDSC on the pIII protein
(M13pVIII-cRGD5), while the pVIII proteins only accepted
linear GRGDS (M13pVIII-lRGD2700).

21,52,54 Though we were
able to construct phage vectors to encode cyclic RGD sequence
using the M13 phage, those phage vectors were not able to
produce phage particles. When linear and cyclic forms of RGD
are expressed as a fusion protein at the end of the N-terminal of
the pVIII major coat protein, those inserts are known to
influence their packing stability. The major coat proteins are
assembled on the phage with the fivefold helical symmetry
through the long axis of the phage.25,48,49 We believe that the
modification of the cyclic structure on the RGD through the
Cys-Cys disulfide bond significantly influences packing stability
of the phage so that we could not construct the phage with the
cyclic RGD. Therefore, we exploited the type 88 approach of
the F88.4 phage to incorporate cRGD on the major coat
protein. Although M13 and F88.4 phage possess similar
filamentous structures, F88.4 has 2012 bps longer genome
due to the tetracycline gene and the recombinant gene for the
recombinant pVIII expression. Because of the length difference
in their genomes, the M13 phage has 2700 copies of pVIII and
the F88.4 has 4000 copies of pVIII.25,61 In our experiment, the
cyclic RGD was incorporated to the F88.4 phage so that some
portions of 4000 pVIII proteins were substituted with the
recombinant pVIII protein as reported previously.61,62

The F88-cRGD phage displayed the cRGD in an IPTG
concentration dependent manner. The expression of the
recombinant pVIII protein is controlled by IPTG by inserting
a tac promoter in the front of the recombinant g8, whereas the
wild-type gene 8 is transcribed constitutively. The resulting
phage particles are covered with a mosaic of wild-type and
recombinant pVIII molecules.61−65 Because expressions of the
recombinant major coat proteins are controlled by IPTG, we

could control the expressed amount of recombinant pVIII by
tuning the IPTG concentration between 0.3 mM and 5 mM. In
other words, we could manipulate the ratio of the recombinant
pVIII to the wild-type pVIII by changing the IPTG
concentration.
The amount of recombinant pVIII on the F88-cRGD phage

surface was quantified in two ways: SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) and
MALDI-TOF (matrix-assisted laser desorption ionization
time-of-flight) analysis (Figure 2). The phage proteins were

first denatured and then loaded onto the tricine-SDS-PAGE
midi gels (Bio-Rad, Hercules, CA). The expected molecular
weight of the wild-type pVIII and the recombinant pVIII is
5239.0 and 6399.2 Da, respectively. For their relatively small
amount compared to the pVIII, other phage structural proteins,
such as pIII, pVI, pVII, and pIX, are not visible on the gel.
While the wild-type Fd-tet phage showed only one band for the
wild pVIII protein, the F88-cRGD phages exhibited two bands:
a wild-type pVIII and a recombinant pVIII protein (Figure 2A).
Because the molecular weights of the two proteins are too close
to separate, we could not confirm that the expression level of
recombinant pVIII protein increased by the increase of IPTG
concentration (Figure 2A).

Figure 2. Analyses of the recombinant pVIII protein expression on the
phage. (A) Expression levels of recombinant pVIII on the phage via
SDS-PAGE using F88-cRGD phages amplified with different IPTG
concentrations (0, 0.3, 1.5, 3, and 5 mM of IPTG). (B) MALDI-TOF
analyses of recombinant pVIII protein expression on the phage. (C)
Percentage of the recombinant pVIII protein when compared to the
wild-type version on each phage amplified in different IPTG
concentrations (0, 0.3, 1.5, 3, and 5 mM of IPTG). Red line
represents the fitting curve.
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We quantified the relative expression amounts of the
recombinant pVIII protein using MALDI-TOF (Figure 2B).
For quantification of a certain protein, the protein with a
known amount should be set as a control.66,67 However, in this
work, we focused on the relative amount of the recombinant
pVIII compared to wild-type pVIII. By setting the original wild-
type pVIII amount as the control, we could obtain the relative
amount of the recombinant pVIII for each phage and calculate
how much recombinant pVIII was expressed on the phage
surface. Expected and calculated molecular weights of peaks are
presented for the wild-type pVIII and recombinant pVIII on the
Table S3. After collecting MALDI-TOF data from the pVIII
protein solution, the maximum intensity of the wild-type pVIII
protein peak signals was normalized to 100 and the areas of the
wild-type pVIII and the recombinant pVIII protein signals were
measured and compared. The relative amount of the
recombinant pVIII proteins was estimated and plotted using
the ratio between the peak areas of the wild-type and
recombinant pVIII proteins (Figure 2C). As the IPTG
concentration increased, so did the amount of recombinant
pVIII proteins with the incorporated cRGD. The expressed
ratio of the recombinant pVIII was gradually increased up to
3% at 1.5 mM and saturated at ∼3.5% near 5 mM of IPTG
concentration. Previously, it has been known that the number
of inserted peptides is restricted by the size and conformation
of the inserted residue. Larger inserts tend to reduce the
number of the recombinant pVIII. Our results coincide with
previous results where 0.5−5% of the wild-type pVIII proteins
were substituted to the recombinant pVIII.62,68 Based on the
MALDI-TOF measurements we were able to estimate that the
maximum number of recombinant pVIII coat proteins in the

F88-cRGD phage was 140 copies (the total number of major
coat proteins of the F88.4 is 4000).61

We characterized the internalization efficiency of the F88-
cRGD phages with different amounts of the cRGD ligand using
HeLa cells (Figure 3). The HeLa cell is a well-established
cancer cell line known to overexpress integrins on the cellular
membrane. Because the RGD motif selectively binds to
integrins, the cRGD on the phages can target the HeLa cell.
We expected that the phages would bind to the integrins on the
HeLa cells causing the bound phages to be internalized by
receptor-mediated endocytosis.35,38,39 In order to quantify the
internalization efficiency of the engineered phages, we
incubated the HeLa cells with the phages with different
amounts of cRGD prepared from IPTG controls. After acid
washing to remove the phages bound on the HeLa cell
membrane, we used immunofluorescence staining to quantify
the internalized phages using CellProfiler (www.cellprofiler.
org).59,60 The immunofluorescence images showed that the
phages with the higher number of cyclic RGD peptides
exhibited better internalization efficiency (Figure 4). We believe
that the improved internalization originates from the increased
multivalency of the cRGD peptides on the phages that could
have led to more efficient targeting into the cell membrane by
integrin receptor-mediated endocytosis. This result was
consistent with previous reports that the multimerization of
the RGD peptide increased binding affinity to the integrin and
elicited higher internalization.44 When we quantified the
fluorescence level, the phage amplified with 5 mM of IPTG
was internalized 16.7 times more than that of the wild type
phage (p < 0.001). These results show that the internalization
efficiency is dependent upon the variation of ligand number for
each phage particle.

Figure 3. Immunofluorescence images after treatment of the F88-cRGD phages. HeLa cells were incubated with either wild-type F88.4 phage (A) or
F88-cRGD phages amplified with different IPTG concentrations: 0.3 mM (B), 1.5 mM (C), 3 mM (D), and 5 mM (E) of IPTG. (1) Blue: DAPI,
nucleus; (2) Green: actin filaments; (3) Red: phages; (4) composite images of 1, 2, and 3. Scale bars are 100 μm.
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To compare the internalization efficiency of our phage
construct with other phages engineered to express the RGD
motif, we utilized the M13 phage with cyclic RGD on the pIII
protein (M13pIII-cRGD5) and linear RGD on the pVIII coat
protein (M13pVIII-lRGD2700) as controls (Figure 1).21,50,52

Because F88-cRGD phage amplified with 5 mM of IPTG
showed the best internalization efficiency, we used the F88-
cRGD phage with 5 mM IPTG (termed F88-cRGD140) for the
comparison experiments. The same number of each type of
phage (F88wild, M13pIII-cRGD5, M13pVIII-lRGD2700, and F88-
cRGD140) was incubated with the HeLa cells for 4 h at 37 °C.
After acid washing, the immunofluorescence images (Figure
5A−D) were collected and the amounts of internalized phage
were calculated via CellProfiler. Among the tested set, the F88-
cRGD140 phage had the best internalization efficiency (Figure
5E). Because the F88-cRGD140 phage carries 140 copies of
cRGD on the major coat protein, internalization efficiency of
the F88 phage was significantly improved. The F88-cRGD140
phage showed 5.5 times better internalization efficiency than
that of the M13pIII-cRGD5 phage (p < 0.001), and 3.1 times
better than the M13pVIII-RGD2700 phage (Figure 5E, p < 0.01).
The M13pIII-cRGD5 has 5 copies of the cRGD, while the
M13pVIII-RGD2700 has 2700 copies of linear RGD. The
difference of internalization efficiency between type 3
(M13pIII-cRGD5) and type 8 (M13pVIII-RGD2700) phages is
caused by the different numbers of the RGD peptide motif with
different specificity caused by the linear or cyclic form of RGD
peptides. Even with the linear form of the RGD on the type 8
phage, the excessive amount of RGD on the pVIII major coat
protein of the phage induced better interaction with the
integrins on the HeLa cells. Though engineering pVIII (type 8
strategies) holds great advantage on the number of ligands, the
pVIII is embedded on the surface of the phage particle and
linear RGD may not be presented effectively to the integrins.69

That is one of the critical reasons type 8 (2700 copies of ligand)
approaches could not improve the internalization efficiency
drastically compared to type 3 (5 copies of ligand) approaches.
In our type 88 approach, we could display the cyclic RGD
ligand to protrude from the surface of the phage, which could

lead to better interaction with the integrins. Although F88-
cRGD140 phage expressed ∼20 times less RGD peptide than
that of the M13pVIII-RGD2700, the cyclic form RGD present on
the F88-cRGD140 phage played a critical role in enhancing the
interaction with the HeLa cell and induced integrin-mediated
endocytosis.36,38,39,44 These results showed that type 88 phage
engineering is effectively able to display large numbers (∼140
copies) of the functional cyclic form of the RGD peptides on
the phage major coat protein.

■ SUMMARY
We genetically engineered a filamentous phage to express the
cyclic form of integrin binding peptide, cRGD in the
recombinant pVIII major coat protein. We tuned the expression
levels of cRGD on the phage surface by the control of IPTG.
The resulting phage could express cRGD on the phage surface
to make up a maximum of 3.5% of the total number of major
coat proteins, corresponding to 140 copies of cRGD. We
observed that the internalization efficiency of the cRGD
engineered phage into the HeLa cells was increased with the
increased copy number of cRGD on the phage. Internalization
efficiency of the F88-cRGD140 phage, which displayed 140
copies of the cRGD motif, was 5.5 times higher than that of
M13pIII-cRGD5 phage and 3.1 times higher than M13pVIII-
RGD2700 phage. We believe that the improvement of the
internalization efficiency of the phage originated from the stable
expression of a large number of copies of the cyclic RGD

Figure 4. Quantification of the internalized phages with CellProfiler.
With enhanced multivalency of the cRGD on the major coat protein of
F88.4 phage, more F88-cRGD phages were delivered into HeLa cells
due to the increased expression of the cRGD moiety. The F88-cRGD
phage amplified with 5 mM of IPTG showed the best internalization
efficiency. *p < 0.05; **p < 0.01; ***p < 0.001 from the wild-type
phage treated group.

Figure 5. Comparison of different phage engineering strategies for
internalization into HeLa cell. HeLa cells were incubated with the
different types of engineered phages: (A) F88.4-wild, (B) M13pIII-
cRGD5, (C) M13pVIII-RGD2700, and (D) F88-cRGD140 phages for 4 h.
Blue: DAPI (nucleus). Green: actin filaments. Red: phages. White
scale bars represent 100 μm. (E) Quantification of the internalized of
F88-cRGD140 phages with the control phages. *p < 0.01, **p < 0.001
from the F88-cRGD phage treated group.
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peptides on the pVIII major coat protein through type 88
phage engineering. We believe that our engineered phage could
be useful for cancer therapeutics and diagnostics after further
modification of the phage proteins with therapeutic materials or
contrast reagents.
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