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ABSTRACT: M13 bacteriophage (phage) was engineered for
the use as a versatile template for preparing various
nanostructured materials via genetic engineering coupled to
enzymatic chemical conversions. First, we engineered the M13
phage to display TyrGluGluGlu (YEEE) on the pVIII coat
protein and then enzymatically converted the Tyr residue to
3,4-dihydroxyl-L-phenylalanine (DOPA). The DOPA-dis-
played M13 phage could perform two functions: assembly
and nucleation. The engineered phage assembles various noble
metals, metal oxides, and semiconducting nanoparticles into
one-dimensional arrays. Furthermore, the DOPA-displayed
phage triggered the nucleation and growth of gold, silver,
platinum, bimetallic cobalt−platinum, and bimetallic iron−
platinum nanowires. This versatile phage template enables rapid preparation of phage-based prototype devices by eliminating the
screening process, thus reducing effort and time.
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■ INTRODUCTION

Engineered viral particles have been used as templates to
fabricate various nanostructures through genetic engineering,
and these phage-templated functional nanomaterials are used in
various devices for semiconductor, energy, biosensors, and
biomedicine.1−5 Specifically, the M13 bacteriophage (phage) is
a filamentous-shape bacterial virus that contains a single
stranded DNA encapsulated by 2700 copies of the pVIII coat
protein, which is 880 nm in length and 6.6 nm in diameter.6

This phage has been used extensively as a biological template
because it can be easily engineered via genetic engineering or
chemical conjugation to acquire various functionalities, such as
specific material binding and nucleation capabilities.6,7 To
introduce new binding or nucleation functions to the M13
phage, a specific peptide motif must be identified via a time-
consuming, multistep biopanning process.8 So far, various
inorganic nanostructures have been prepared using engineered
M13 bacteriophages, and representative examples are shown in
Table 1.
After screening, a peptide that exhibits the specific

functionality is genetically incorporated into the M13

bacteriophage. The engineered phage is then used to align or
nucleate nanoparticles. For example, a gold binding peptide,
VSGSSPDS, was screened for and displayed on the pVIII
proteins of the M13 phage to direct one-dimensional gold
nanoparticle array formation.11 Similarly, magnetic and semi-
conducting nanowires have been prepared by screening and
displaying peptides with magnetic material binding affinities
(HNKHLPSTQPLA and CNAGDHANC) and semiconductor
binding affinities (CNNPMHQNC and SLTPLTTSHLRS).18

The inorganic nanostructures templated by the engineered
M13 phage have been used in applications, such as photo-
voltaics,21 energy devices,5,22−24 biosensors,25 tissue engineer-
ing,26 and medical imaging.27 To engineer the M13 phage for
the specific materials, it requires to invest effort to go through
biopanning and further optimization of the time-demanding
characterization. Furthermore, nanoparticle composites tem-
plated by engineered M13 phage such as CoPt and FePt have
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been reported,18−24 in most cases, single inorganic material is
templated by a single engineered M13 phage. Thus, it would be
advantageous if a single engineered M13 phage could template
a wide variety of nanostructured inorganic materials.
To develop a versatile phage that templates diverse material

syntheses, 3,4-dihydroxyl-L-phenylalanine (DOPA), a key
chemical component in the water-resistant adhesion of mussels,
was introduced to the M13 phage surface. The DOPA-
displayed phage may exhibit versatile template functionality and
bind or nucleate a wide array of inorganic nanomaterials
because catechol, the side chain of DOPA, strongly interacts
with various organic and inorganic substrates through
coordination, covalent bonds, π−π stacking, electrostatic forces,
and hydrogen bonding.28,29 Furthermore, the catechol moiety
possesses a significant redox activity that can chemically reduce
metal ions. Catechol moieties can reduce gold and silver
because they release electrons and oxidize into catechol
quinone.29−31 In this study, we report a mussel-inspired,
DOPA-displayed M13 phage that not only assembles a wide
array of inorganic nanoparticles but also nucleates various
inorganic materials via the adhesive and redox properties of
catechol without requiring a conventional biopanning process
(Scheme 1).

■ EXPERIMENTAL DETAILS
M13 phage Engineering. The inverse polymerase chain reaction

(PCR) cloning method was adapted to engineer the M13 phage major
coat protein (pVIII).32 Two primers were designed to insert YEEE
into the pVIII coat protein: 5′-ATATATCTGCAGNKTAYGAAGAG-
GA ANNKGATCCCGCAAAAGCGGCCTTTAACTCCC-3′ and 5′-
GGAAGCTGCAGCGAAA GACAGCATCGGAACGAGG-3′. To
engineer the YEEE phage (M13-YEEE8), a PCR reaction was
performed using the above primers and the M13KE phage vector
(New England Biolabs) as a template. The obtained PCR product was
purified, treated with PstI restriction enzyme (NEBiolabs), and
recircularized via the overnight ligation at 16 °C using T4 DNA
ligase (NEBiolabs). The ligated DNA vector was transformed into
XL1-Blue electroporation competent cells (Stratagene) that were
plated onto an LB agar plate containing IPTG and X-GAL after mixing
with a top agar. The amplified plasmid and phage plaques were verified

by DNA sequencing at the University of California, Berkeley DNA
sequencing facility (Berkeley, CA).

Phage Amplification and Purification. To amplify the YEEE
phage for further experiments, a XL1-Blue culture was grown
overnight with the YEEE phage stock solution. After the overnight
culturing, E. coli cells were removed from the culture via centrifugation
at 8000 rpm for 20 min. The supernatant was collected, and a 20%
PEG/2.5 M NaCl solution was added and incubated overnight at 4 °C
to precipitate the phage. The precipitated phage was centrifuged and
resuspended in 10 mM phosphate buffer (pH 5.8) for further
experiments. The obtained phage solution was quantified using UV−
vis spectrometry as previously reported.33

Conversion of tyrosine to DOPA residue. Tyrosinase from
mushroom (Sigma-Aldrich) was used to convert the tyrosine residue
of the engineered M13 phage (YEEE phage) into DOPA throughout
these experiments. The tyrosinase was dissolved in distilled water to a
concentration of 500 U/mL, where one unit represents a ΔA280 of
0.001 per min at a pH of 6.5 and 25 °C in a 3 mL reaction mixture
containing L-tyrosine. The phage solution was treated with tyrosinase
(500 U/mL) overnight at room temperature. After this tyrosinase
treatment, the engineered phage was dialyzed against a 10 mM
phosphate buffer (pH 5.8) using a cellulose/ester membrane (MWCO
300 kDa) to remove the tyrosinase enzyme and prevent any oxidation
of the converted DOPA moiety.

NBT/Glycinate Assay. A NBT/glycinate assay was performed to
confirm the tyrosine residue modification using previously reported
method.34 Two microliters of a 3 mg/mL YEEE phage solution and
tyrosinase treated YEEE phage solution was dropped onto a
polyvinylidene fluoride (PVDF) membrane (Millipore) until the
solution had dried. The membrane was then incubated in a NBT/
glycinate solution (0.6 mg/mL NBT in 2 M potassium glycinate
buffer, pH 10) at room temperature until the color had developed.
The stained membrane was then washed using a 0.1 M sodium borate
solution and deionized water.

MALDI-ToF MS Analysis of the M13 pVIII Subunit. A MALDI-
ToF analysis was performed to confirm the expression of the YEEE
phage and tyrosine residue conversion into DOPA on the phage coat
protein. A solution of the engineered M13 phages (1 mg/mL, 26 ul)
was treated with 6 M guanidine-HCl (4 ul) for 5 min at room
temperature. The denatured protein was spotted onto the MALDI
sample plate using a Millipore ZipTip to remove the salts. The samples
were analyzed using a Voyager mass spectrometer with sinapinic acid
in 70% acetonitrile and 0.1% TFA as the matrix.

Analysis of DOPA Conversion Efficiency. To determine the
tyrosinase conversion efficiency, we employed two different UV
spectroscopic methods. First, UV spectroscopic method that
determines the DOPA content by the formed catechol-borate
complexes was employed.35,36 The absorbance of DOPA-EEE phage
in 0.2 N HCl and 0.2 M sodium borate buffer were scanned at 250−
350 nm using a UV−visible spectrophotometer. The spectral
difference was calculated by subtracting the spectra of DOPA-EEE
phage in 0.2 N HCl from that obtained from the DOPA-EEE phage in
0.2 M sodium borate buffer. As a standard, 1 mM DOPA standard was
used and the spectral difference was obtained using the same method.
The 1 mM DOPA standard showed a subtraction difference λmax of
292 nm with a Δε value of 3200 M−1 cm−1. Using the λmax and Δε,
the number of DOPA residues in the DOPA-EEE phages was
calculated according to Beer’s law. As another method to quantify the
converted DOPA moiety, modified NBT/Glycinate assay was
employed.37 Twenty microliters of DOPA-EEE phage was incubated
with 180 μL of NBT/Glycinate (0.2 mg NBT in 2 M glycinate buffer,
pH 10) in 96-well plates at 25 °C in the dark for 1 h. After 1 h
incubation, the absorbance at 530 nm was measured using UV−visible
spectrophotometer. Standard curve was made using different
concentrations of DOPA ranging from 0.002 to 0.02 μg incubated
with NBT/Glycinate solution. The amount DOPA moiety present in
DOPA-EEE phage was then calculated using the standard curve.

Assembly of Various Nanoparticles on Phage Template.
Gold nanoparticles (5 nm, Sigma-Aldrich), Iron oxide nanoparticles
(Fe3O4, 10 nm, Sigma-Aldrich), and quantum dots (Qdot, Invitrogen)

Table 1. M13 Phage-Based Inorganic Nanomaterials through
Peptide Engineering

peptide sequence
inorganic
material function ref

LKAHLPPSRLPS Au Au NP assembly 5
AHHAHHAAD Au Au nucleation 9, 10
VSGSSPDS Au Au specific binding peptide 11
AYSSGAPPMPPF Ag Ag NP synthesis 12
EEEE Ag Ag nucleation 13
PTSTGQA Pt Pt specific binding peptide 14
CPTSTGQAC
(cyclic form)
LSTVQTISPSNH IONP iron oxide binding peptide 15
CNNPMHQNC, ZnS, PbS,

CdS
semiconductor NP (Qdots)
binding Peptide

16−18

QNPIHTH
CTYSRLHLC
HNKHLPSTQPLA FePt FePt specific binding peptide 18, 19
SVSGMKPSPRP
VISNHRESSRPL
CNAGDHANC CoPt CoPt specific binding

peptide
18, 19

HYPTLPLGSSTY CoPt CoPt specific binding
peptide

20
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were used during the nanoparticle assembly experiments. The phage
solution (0.5 mg/mL) was mixed and incubated with various
nanoparticles for 4 h. After a 4 h incubation, the samples were
analyzed via transmission electron microscopy (TEM).
Nanowire Synthesis Using Engineered Phage. To synthesize

the noble metal nanowires, a phage solution (0.5 mg/mL) was mixed
and incubated with 5 mM HAuCl4, 5 mM AgNO3, and 5 mM H2PtCl6
(Sigma-Aldrich) for 4 h. The CoPt and FePt alloy nanowires were
prepared using a previously reported method.18 The engineered phage
template CoPt nanowire was synthesized by mixing 1 mL of the
engineered phage (1 mg/mL) with 0.5 mM CoCl2 and 0.5 mM
H2PtCl6. For the FePt nanowire, 1 mL of the engineered phage (1
mg/mL) was mixed with 0.01 mM FeCl2 and 0.01 mM H2PtCl6.
These mixtures were vortexed for 10 min and 0.1 M NaBH4 was added
to the reaction mixture to reduce the metals into the desired
nanowires. Sample preparation for TEM analysis: A reaction solution
of the engineered M13 phages with various nanoparticles and metal
solutions were deposited onto a 200-mesh carbon-coated copper grid
for 3 min. After the 3 min of incubation, the reaction solutions were
wicked from the TEM grid, which was washed once with deionized

water. The grids were then stained with 2% uranyl acetate before the
TEM analysis.

■ RESULTS AND DISCUSSION

To engineer 3,4-dihydroxyl-L-phenylalanine (DOPA) displayed
M13 bacteriophage, a phage with a YEEE peptide on the N-
terminus of the pVIII coat protein (termed YEEE phage) was
engineered to induce a tyrosine, a tyrosinase substrate. The
three-glutamate (EEE) moiety was designed to attract metal
ions. An M13 phage displaying the YEEE sequence on the
pVIII surface proteins was genetically engineered using
recombinant DNA techniques. The sequence and location of
the YEEE phage was confirmed via DNA sequencing. After
confirming its successful engineering, the YEEE phage was
treated with tyrosinase to convert the tyrosine residue to
DOPA and obtain the DOPA-EEE phage (Figure 1). The
successful conversion of tyrosine into DOPA was first
investigated using a nitroblue tetrazolium (NBT) and glycinate

Scheme 1. Schematic Illustration of (A) Various Nanostructures Templated by the DOPA Displayed Phage and (B)
Conventional Method for Preparing Engineered M13 Phage Templated Nanostructuresa

aVarious nanostructures can be prepared using the adhesive surface binding and metal reduction of catechol moieties displayed on engineered M13
bacteriophage.
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assay.34 Proteins containing quinones and related quinonoids,
such as dopaquinone and DOPA, are specifically stained by the
NBT and glycinate solution as a result of their redox-cycling.
The YEEE and DOPA-EEE phage solutions were dropped onto
a nitrocellulose membrane and stained using the NBT/
glycinate solution. While the YEEE phage was unstained,
blue-purple spots were clearly observed for the DOPA-EEE
phage as shown in Figure 1, which indicates the tyrosine was
successful modified into DOPA. The successful conversion of
tyrosine to DOPA was also confirmed via matrix-assisted laser
desorption ionization-time-of-flight mass spectrometry
(MALDI-ToF MS) of the pVIII coat protein. The molecular
weight of the pVIII coat protein calculated for the YEEE phage
was 5858.73. The MALDI-ToF MS analysis of the YEEE phage
pVIII coat protein yielded a molecular weight of m/z 5858,

which agrees with the calculated value (Figure 1A). The
MALDI-ToF MS analysis of the tyrosinase-treated YEEE phage
(DOPA-EEE phage) pVIII coat protein yielded a molecular
weight of m/z 5874, which corresponds to the oxidation of the
tyrosine residue that confirms the successful conversion to
DOPA (Figure 1B). The MALDI-ToF MS analysis of the pVIII
protein and NBT/glycinate assay provide sufficient evidence
that the YEEE and DOPA-EEE phages were successfully
engineered.
To quantify the proportion of tyrosine residue modified to

DOPA, we employed two different UV−vis spectroscopy based
analysis: (1) catechol-borate complex formation and (2)
modified NBT/glycinate assay. The DOPA conversion
determined by catechol-borate complexation method was
calculated to be 61.4%. Similarly, the conversion efficiency

Figure 1. Confirmation of successful engineering YEEE and DOPA-EEE phages MADLI-ToF analysis and NBT/glycinate assay were performed on
the (A) YEEE and (B) DOPA-EEE phages. After the tyrosinase treatment, the tyrosine residue of the YEEE phage is oxidized into the catechol-
containing DOPA-EEE phage.

Figure 2. Gold NP Binding of DOPA-EEE phage. (A) Photograph of the YEEE (left) and DOPA-EEE (right) phages incubated with 5 nm AuNP.
The incubated DOPA-EEE phage solution showed a visible precipitate, which indicates an interaction between the AuNP and the phages, whereas
the YEEE phage solution remained clear. (B) TEM image of the YEEE phage incubated with AuNP (control) and stained with 2% uranyl acetate. No
interactions between the YEEE phage and AuNPs were observed. (C) TEM images of the DOPA-EEE phage incubated with the AuNP. The AuNP
particles assembled into 1D arrays only when incubated with the DOPA-EEE phage.
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measured by the NBT/glycinate assay exhibited DOPA
conversion of 55.6%. However, the actual conversion rate
from tyrosine to DOPA might be higher than the measured two
values since the analytical methods cannot detect the oxidized
species called catecholquinone, which might in part be
presented on the phage surface. After confirming the successful
engineering of the DOPA-EEE phage, its capabilities as a
nanoparticle assembly template were investigated. The catechol
moiety, which is a side chain of the displayed DOPA, is known
to play a key role in the water-resistant adhesion of mussels,
and studies show that it strongly interacts with a variety of
organic and inorganic substrates via various means such as
coordination, covalent bonds, electrostatic forces, hydrogen
bonding and π−π stacking.28,29 To prove that the DOPA-EEE
phage can be used as a nanoparticle assembly template, it was
tested with gold nanoparticles (5 nm). The YEEE and DOPA-
EEE phages were incubated with gold nanoparticles for 4 h, and
their morphologies were observed via transmission electron
microscopy (TEM). In the TEM images, the DOPA-EEE phage
exhibited the one-dimensional assembly of gold nanoparticles
into wire-like structures along the M13 virus outline (Figure
2C). By contrast, the gold nanoparticles were randomly
distributed for the YEEE phage with no interactions as
shown in Figure 2B. A visible precipitate was also observed

in the DOPA-EEE phage-gold nanoparticle solution, whereas
the YEEE phage-gold nanoparticle solution remained clear
(Figure 2A) after incubating overnight.
To demonstrate that the DOPA-EEE phage can be used to

assemble various nanoparticles, two widely used nanoparticles,
quantum dots (QD, 15 nm) and iron oxide nanoparticles
(IONP, 10 nm), were also used. The DOPA-EEE phage
interacted with both the IONP and QD as shown in Figure 3.
The QD and IONP all aligned along the viral axis of the
DOPA-EEE phage to form anisotropic, linear nanoparticle
chains (Figure 3C, F), whereas no interactions were observed
for the YEEE phage (Figure 3B, E). Precipitation was again
observed for the DOPA-EEE phage nanoparticle solution after
incubating overnight but not for the YEEE phage, which
indirectly confirms the nanoparticle interactions (Figure 3A,
D). The DOPA-EEE phage successfully templated three widely
used representative nanoparticles−a metal oxide, semiconduc-
tor, and noble metal nanoparticle−and demonstrated its
versatility as a 1D assembly template.
Next, the ability of the DOPA-EEE phage to nucleate and

grow nanoparticles on its surface was investigated. Catechol
moieties are known to possess a certain redox activity. When
the catechol moiety oxidizes into catecholquinone, it releases
electrons and spontaneously reduces various metal ions.29−31

Figure 3. IONP and QD Binding of DOPA-EEE phage. (A, D) Photograph of the YEEE (left) and DOPA-EEE (right) phages incubated with 15 nm
QD and 10 nm IONP, respectively. The DOPA-EEE phage solution yielded a visible precipitate, which indicates an interaction between the
nanoparticles and the phages, whereas the YEEE phage incubated solution remained clear. B and E) TEM image of the YEEE phage incubated with
QD and IONP (control) and stained with 2% uranyl acetate. No interactions between the YEEE phage and the AuNP were observed. (C, F) TEM
images of DOPA-EEE phage incubated with QD and IONP. The nanoparticles only assembled into 1D arrays when incubated with the DOPA-EEE
phage.
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Figure 4. Treelike nanowires synthesized using the DOPA-EEE phage. TEM images of (A) gold, (B) silver, (C) platinum nanowires synthesized
using the DOPA-EEE phage as a template. The TEM EDS spectra are present on the right for each nanowires, which confirms their composition.

Figure 5. Bimetallic Pt alloy nanowires synthesized using DOPA-EEE phage. TEM image of the (A) CoPt and (C) FePt synthesized using DOPA-
EEE as a template. (B, D) SAED patterns for the corresponding nanowires.
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Therefore, the DOPA-EEE phage is expected to reduce noble
metal ions owing to the reductive properties of catechol.
DOPA-EEE phages and YEEE phages were incubated with
various noble metal salt solutions, HAuCl4, AgNO3, and
H2PtCl6. The morphology of the phages were then observed via
TEM. Both gold and platinum were reduced on the DOPA-
EEE phage into tree-like nanowire structures as shown in
Figure 4, whereas, no nanowirelike structures were observed
when the YEEE phage was incubated with HAuCl4 and
H2PtCl6 (see Figure S1 in the Supporting Information). For the
engineered phages incubated with AgNO3 solution, the silver
was reduced to form treelike nanowire structures on both the
DOPA-EEE and YEEE phage surfaces. The reduction of silver
on both of the engineered phages can be explained by the
common “EEE” moiety, which is previously known to reduce
and nucleate silver as a result of the high surface charge
density.13 Energy-dispersive X-ray spectroscopy (EDS) was
used to confirm the nanowire composition, and all of the EDS
results corresponded to the anticipated material (Figure 4).
After confirming noble metals could be reduced on the DOPA-
EEE phage surface, the engineered phages were incubated with
cobalt or iron with platinum to test their ability to template and
synthesize metal alloy nanowires. After synthesizing the CoPt
and FePt nanowires using the DOPA-EEE phage template via
the previously reported methods,18 the nanowire morphologies
were determined via TEM. A nanowirelike morphology was
observed for the DOPA-EEE phage incubated with both
bimetallic salt solutions (Co and Pt, Fe, and Pt), which
confirms the successful nucleation of the CoPt and FePt
particles at the engineered M13 phage surface (Figure 5).
The corresponding selected area electron diffraction (SAED)

patterns for the obtained CoPt and FePt nanowires were also
observed and confirmed the successful alloy metal nanowire
formation. The SAED patterns for the M13 CoPt alloy
nanowire (Figure 5B) showed the ring pattern for the face-
centered cubic (FCC) CoPt phase38 with diffuse continuous
ring, which indicates the polycrystalline nature of the alloy. The
SAED pattern for the FePt alloy nanowire (Figure 5D)
confirmed the distorted face-centered cubic (DFCC) FePt
phase with [1,1,1] and [2,0,0] faces, which agrees with
previously reported SAED patterns for FePt alloys.39 Both
metal alloy nanowires exhibited low crystallinity; however, the
crystallinity was not enhanced via high temperature annealing
because this study is a proof of concept for using the DOPA-
EEE phage as a template to synthesize metal alloy nanowires.
By contrast, no nanowire-like morphology was observed when
the YEEE phages were incubated with the bimetallic salt
solutions (see Figure S2 in the Supporting Information).
In this study, we demonstrated that a single engineered

DOPA-EEE M13 phage can act as a versatile nanoscale
biological template for the assembly and nucleation of all the
materials listed in Table 1: Au, Ag, Pt, IONP, CdS, FePt, and
CoPt. So far, conventional studies have used screened peptides
that bind or nucleate a specific material to prepare inorganic
nanostructures. Using a nonspecific peptide interaction with
various materials can be an alternative approach toward
engineered phages with multiple targets. One example is the
engineered tetraglutamate (EEEE) displayed phage, which was
used to prepare Ag nanowires.13 Later, it was found that the
EEEE displayed phage is capable of nonspecifically interacting
with cobalt,5 and iron phosphate.22 EEEE phages have high
charge densities and increased ionic interactions with cations
due to the presence of carboxyl groups on their surface, which

enables metals nucleation.13 However, the EEEE sequence only
utilizes electrostatic binding, which intrinsically lacks material
versatility and has a weak binding strength. By contrast,
incorporating catechol (i.e., DOPA) into the peptide sequence
provides a dramatically different result. As previously
mentioned, catechol utilizes several binding mechanisms, such
as coordination, π−π stacking, covalent, and electrostatic force.
Furthermore, the redox capabilities of catechol are an important
advantage when preparing various metallic nanostructures.
Though our DOPA displayed bacteriophage is a versatile
template in preparing various nanostructures, there are
limitations related to the tyrosine to DOPA conversion
efficiency by the enzymatic action of tyrosinase. The conversion
efficiency determined by the UV spectrometric methods,
catechol−borate complex and modified NBT/glycinate assay,
revealed that about 60% of tyrosine was converted to DOPA.
However, the 60% DOPA conversion was sufficient to anchor
nanoparticles and reduce metal ions on M13 phage surfaces.
Unnatural amino acids such as DOPA can also be genetically
incorporated onto the M13 bacteriophage surface using
engineered tRNA and aminoacyl-tRNA synthases which may
increase the DOPA content of the DOPA-EEE phage but the
process may be more energy and time-consuming.40,41

■ CONCLUSION
In conclusion, we have shown the versatility of the DOPA
engineered M13 phage to assemble and reduce a variety of
inorganic material via the unique properties of the catechol
moieties displayed on the major coat surface. The nonspecific
binding capabilities and redox properties of catechol can make
the DOPA incorporated M13 phage a powerful template for
various inorganic nanostructures.
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