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any diseases, including prostate
and breast cancer, continue to be
a global public health problem.'?
To improve patient survival rates, advanced
biomarker detection systems are necessary
for early stage diagnosis, monitoring ther-
apeutic response, and determining the
efficacy of the treatment.3~'® However, to
obtain global applicability, these biomole-
cule detection systems must not only be
sensitive but must also be easy to use,
reliable, high-throughput, and inexpensive
to manufacture. Within the biomedical
community, chemically engineered viruses
and virus-like particles (VLPs) have gener-
ated interest due to their potential for a
variety of medical applications'*'* includ-
ing drug delivery,'®"'® serving as in vitro
imaging scaffolds,’®~%' and platforms for
biosensing.>>~ %> One particular advantage
for using viruses as scaffolds for imaging
and detection is that they occur naturally
and are readily produced by E. coli, which
enables the generation of many virus copies
without intensive fabrication. Furthermore,
viruses are thermally and chemically
robust,'”” and their coat protein composi-
tion can easily be modified synthetically or
genetically, providing an inherent capacity
for multivalent and orthogonal display.?'
M13 bacteriophage is a particularly pro-
mising virus scaffold due to its well-estab-
lished role in phage display technologies to
identify particular peptide sequences that
bind to specific targets.?®> M13 bacterioph-
age is a rodlike virus?*”? in which the five
minor capsid plll proteins located at one
end of the virus are involved in biological
recognition, and the remaining major cap-
sid pVIIl proteins (~2700 copies per phage)
are responsible only for the structural
arrangement of bacteriophage.?® Thus, the
structure of the virus allows for the major
capsid proteins to be chemically modified
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Sensitive protein detection and accurate identification continues to be in great demand for disease
screening in dclinical and laboratory settings. For these diagnostics to be of clinical value, it is
necessary to develop sensors that have high sensitivity but favorable cost-to-benefit ratios. However,
many of these sensing platforms are thermally unstable or require significant materials synthesis,
engineering, or fabrication. Recently, we demonstrated that naturally occurring M13 bacteriophage
can serve as biological scaffolds for engineering protein diagnostics. These viruses have five copies of
the plll protein, which can bind specifically to target antigens, and thousands of pVIII coat proteins,
which can be genetically or chemically modified to react with signal-producing materials, such as
plasmon-shifting gold nanoparticles (Au NPs). In this report, we show that DNA-conjugated M13
bacteriophage can act as inexpensive protein sensors that can rapidly induce a color change in the
presence of a target protein yet also offer the ability to identify the detected antigen in a separate
step. Many copies of a specific DNA oligonucleotide were appended to each virus to create phage-
DNA conjugates that can hybridize with DNA-conjugated gold nanoparticles. In the case of a
colorimetric positive result, the identity of the antigen can also be easily determined by using a DNA
microarray. This saves precious resources by establishing a rapid, quantitative method to first screen
for the presence of antigen followed by a highly specific typing assay if necessary.
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without disrupting its ability to bind a parti-
cular antigen. This approach was recently
used to produce thiol-modified M13 bacterio-
phage that could cause Au nanoparticle
aggregation, and the resulting plasmon
resonance shifts acted as optical indicators of
antigens in solution.?? In addition to detec-
ting a single type of antigen, multiplexed
protein assays are also needed as they
provide a means to identify and measure
multiple biomarkers in solution and thereby
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Scheme 1. Synthesis of DNA-modified M13 bacteriophage.

increase diagnostic accuracy.>*°32 In this report, we
describe the synthesis of DNA-conjugated M13 bacter-
iophage and demonstrate its dual applicability for
rapidly detecting and identifying antigens in solution
with high sensitivity and accuracy.

RESULTS AND DISCUSSION

M13 bacteriophage that recognizes the model anti-
gen antigoat rabbit immunoglobulin (IgG) was isolated
through phage display.?> Enzyme-linked immunosor-
bent assays (ELISAs) demonstrated that the viruses
bound strongly and with high specificity to the target
protein.?? The phage did not bind to streptavidin or to
surfaces conjugated with the incorrect antigen.?* Next,
the antigoat IgG binding phage was modified with
multiple copies of Aso DNA. To install thiol nucleophiles
on the phage coat, thiol groups were first incorporated
onto the phage coat by reacting the phage with
N-succinimidyl 3-[2-pyridyldithio]-propionate (SPDP)
(Scheme 1) so that we could effectively conjugate the
maleimide-derivatized DNA to the phage coat. The
majority of the phage coat consists of 2700 copies of
the same 50-amino acid peptide, which do not have
any cysteine or disulfide bonds. While some disulfide
bonds are buried in the minor capsid proteins of
phage, the solvent-accessible SPDP groups are
more accessible to tris(2-carboxyethyl)phosphine hy-
drochloride (TCEP-HCI). Upon reaction with TCEP, the
pyridine 2-thione groups are removed to reveal free
thiols on the phage. Finally, maleimide-bearing oligo-
nucleotides (Asp), produced from amine-terminated As,
and sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-
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1-carboxylate (s-SMCC), were coupled with the thiol
groups on the phage. While it is plausible that the
amines on the phage could react with the malei-
mide-derivatized DNA, since the coupling was car-
ried out at pH 7, the chemoselectivity was enhanced
for the introduced thiol groups. In addition, the
reaction rate of sulfhydryls with maleimides is
1000-fold faster than the reaction rate with
amines;** thus, we could greatly favor the reaction
of the thiols with the maleimide-DNA.

The resulting conjugate was characterized by matrix-
assisted laser desportion ionization time-of-flight
mass spectrometry (MALDI-TOF MS), UV—vis spectros-
copy, and gel electrophoresis. The conversion ratio of
SPDP-modified pVIIl to total pVIIl was quantitatively
measured by MALDI-TOF MS. This synthetic approach
led to the addition of approximately 1210 4+ 85 SPDP
groups per virus (Figure 1a). After Coomassie staining
SDS PAGE gels, densitometric analysis was used to
quantify the ratio of DNA-conjugated to unfunctiona-
lized pVIIIL'*3** Using this approach, the phage-
DNA conjugate prepared from 300 uM maleimide-
modified DNA was determined to have 259 + 19
DNAs per phage. (Figure 1b, Supporting Information,
Table S1).

Next, to determine if chemical modification of the
phage altered or inhibited its ability to bind its specific
protein target, the DNA-conjugated phage was tested
for binding to antigoat IgG through ELISA. As shown in
Table 1, the DNA-conjugated phage showed similar
binding affinities and specificities for antigoat I1gG as
compared to unmodified bacteriophage (Table 1).
Although the relative ELISA signals from the DNA-
conjugated phage were slightly lower than that from
the native phage, which could be attributed to the
DNA on the phage inhibiting anti-M13 antibody
binding, the modification of the phage did not
significantly alter the ELISA signals. Control assays
showed that the DNA-conjugated phage bound
neither the incorrect antigen biotinylated amylase
nor the strepatvidin surfaces, indicating that DNA
conjugation also did not affect the specificity of the
phage.

To use the DNA-phage for both protein detection
and identification, the Azo-DNA phage was incubated
with varying concentrations of the model antigen,
biotinylated antigoat rabbit IgG, and captured using
streptavidin-coated magnetic beads. Unbound phage
was removed by washing with PBST (PBS with 0.1%
Tween) (Scheme 2). T;5-conjugated 10 nm Au nano-
particles (NPs) were then added to the magnetic bead
pellets and vortexed to hybridize with the bound Azo-
phage. After adding the DNA—Au NPs and removing
the beads with a magnet, an immediate decrease in
color was observed in the supernatant for samples
containing antigen, indicating that some of the DNA-
conjugated Au NPs had bound to the phage on the
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Figure 1. (a) MALDI-TOF MS of unmodified pVIIl (IMI7), pVIIl + SPDP (IM+A]"), and pVIIl + SPDP—pyridine 2-thione
(IM+A—B]"). (b) Engineered DNA-M13 bacteriophage analyzed by SDS-PAGE. Lane 1 corresponds to native M13 bacter-
iophage. Lanes 2—4 correspond to phage reacted with different amounts of s-SMCC-derivatized DNA oligonucleotide (A3).

TABLE 1. Comparison of Native and DNA-Phage Binding to Anti-goat IgG (model antigen) from Horse Radish Peroxidase-
Conjugated Anti-M13 Antibodies, after Addition of ABTS

pure phage + antigen pure phage + streptavidin DNA phage + antigen DNA phage + streptavidin

UV abs. 2.163 0.401 1.258 0.265

“The UV absorbance values at 410 nm. Antigoat IgG was used as model antigen.
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Scheme 2. Sensor Design with DNA-phage: (a) DNA-phage was reacted with the target antigen in the solution phase; (b)
complexes of DNA (A3o)-phage and antigen were captured with magnetic beads; (c) DNA (T;5)—Au NPs were hybridized with
captured DNA (Aso)-phage; (d) DNA (T;5)—Au NPs were competitively eluted with T5, DNA and sonication. Liberated DNA—Au
NPs were analyzed by UV—vis spectroscopy values, and the sequence was identified with a DNA microarray.

beads (Supporting Information, Figure S1). With increas-
ing amounts of antigen, more DNA—Au NPs bound to
the magnetic beads, indicating that more phage bound
to the beads at higher antigen amounts. Control assays
using the incorrect antigen (biotinylated amylase and
biotinylated bovine serum albumin (BSA)), the absence
of antigen, or the absence of phage showed no color
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changes upon addition of Au NPs (Supporting Informa-
tion, Figure S2).

To more precisely quantify the amount of antigen
and to provide a method for identifying the specific
antigen, the DNA—Au NPs were eluted back into
solution, and the DNA sequences on the Au NPs were
determined with DNA microarrays. To achieve this, the
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Figure 2. (a) After NP liberation, the supernatant showed an increase in color with an increase in antigen. (b) UV—vis spectra
of liberated DNA—Au NPs. The inset shows UV—vis spectra of the lower antigen concentration regime. (c) Plot of total number
of moles of liberated Au NPs versus antigen moles. Inset for lower amount of antigen. Error bars correspond to the standard

deviation (n = 3).
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Figure 3. Dark field optical microscopy images of micropatterned DNA after hybridization with liberated DNA—Au NP.

T15-DNA Au NPs bound to the Azp-phage were compe-
titively eluted by adding excess T3, DNA, heating the
solution, and allowing it to cool. Though this process
released the bound DNA—Au NPs at lower concentra-
tions of antigen (25—100 femtomoles), at higher anti-
gen concentrations heating alone was found to be
insufficient to dissociate any of the Ty5-Au NPs. It is
possible that at higher antigen concentrations, the
higher DNA-phage loading on the magnetic beads
led to more DNA—Au NP binding, which interfered
with the diffusion of either the competitive Tsq strand
and/or the liberated DNA—Au NPs. To circumvent
these problems, the samples were sonicated briefly
to increase the rate and extent of nanoparticle disso-
ciation. With even very brief heating and sonication,
in the presence of Tzo, the DNA—Au NPs were easily
dissociated from the phage at all antigen concentra-
tions studied (Supporting Information, Figure S3).
UV—vis measurements of the supernatants showed
that increasing amounts of T;5-Au NPs were eluted
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with increasing amounts of antigen, with a detection
limit of 25 fmole antigen (Figure 2). Control assays
using the incorrect antigen (biotinylated amylase and
biotinylated bovine serum albumin (BSA)), the absence
of antigen, or the absence of phage showed almost no
color of Au NPs as well as relatively weak or negligible
UV—vis signal in the liberated solutions (Supporting
Information, Figure S4). Alternatively, the UV—vis ab-
sorption values were converted to moles of NPs, and
this was used as a method to quantify the moles of
antigen in solution (Figure 2c). The error bars in Figure 2c
corresponded to the standard deviation of the assay
from three independent preparations of the conjugate;
thus, the variability inherent in the preparation of each
batch is included in the uncertainty of each value.

To identify the DNA sequence on the Au NPs and
therefore the antigen, after competitive elution, excess
T30 DNA was removed by microcentrifuge filtration.
The filtered and concentrated DNA—Au NPs were
then adsorbed to printed DNA microarrays, and after
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washing away excess nanoparticles with saline sodium
citrate (SSC) buffer, the T;5 -Au NPs were easily de-
tected on printed arrays of A;s (Figure 3). Printed
control arrays of T;s (Figure 3, Control 1) showed no
binding of the T;5-Au NPs, demonstrating the high
binding specificity and validating the use of DNA
microarrays to identify the DNA sequence and, there-
fore, the antigen in solution.

CONCLUSION

We have demonstrated that M13 bacteriophage can
be modified with multiple DNA oligonucleotides to
generate a single bioanalytical platform that not only
enables the facile and rapid detection of antigens in
solution but also provides a system for protein identi-
fication. Because every virus is composed of thousands
of the coat pVIIl protein, none of which is responsible
for binding the antigen, it is possible to chemically

MATERIALS AND METHODS

Phage Display. Commercial M13 bacteriophage libraries (New
England Biolabs) were used for phage display screening. Phage
libraries were reacted in solution with 10 pmol of the model
antigen, biotinylated rabbit IgG (Sigma Aldrich), captured using
streptavidin-coated magnetic Dynabeads, and washed with TBS
and Tween-20 (TBST). Bound phage was eluted with 0.2 M
glycine—HCI buffer (pH 2.2) with BSA and neutralized with 1 M
Tris buffer (pH 9.1). Three rounds of screening were run, at which
point individual phage plaques were subjected to DNA sequen-
cing. After three rounds of screening, the consensus peptide
sequence DHVRSSSISSLT was obtained.

DNA Conjugation of Phage. Amine-terminated oligonucleotides
(A30) were attached to the phage by first reacting the pVill
protein amine groups with N-succinimidyl 3-(2-pyridyldithio)
propionate (SPDP, Thermo scientific). SPDP (200 uM) was
reacted with 1.5 mg/mL phage in pH 7.4 PBS at room tempera-
ture (RT) for 1 h. Excess SPDP was removed by precipitating
the phage with PEG/NaCl solution (20% w/v PEG/2.5 M NaCl).
The SPDP-modified phage was next reacted with excess tri(2-
carboxyethyl)phosphine hydrochloride (TCEP-HCI, Thermo
scientific) for 30 min to reduce the disulfide bridge. The reaction
mixture was desalted twice. Concurrently and in separate vials,
amine-terminated oligonucleotides in PBS (pH 7) were reacted
with a 10-fold molar excess of sulfo-succinimidyl 4-[N-maleimi-
domethyl]cyclohexane-1-carboxylate (s-SMCC) at RT for 40 min,
and the resulting maleimide-modified DNA was precipitated in
ethanol and centrifuged to remove excess s-SMCC. Deprotected
thiol-modified phage and maleimide-modified DNA were then
reacted at RT in 1x PBS overnight. The DNA-modified phage
was purified by centrifuge filtration.

MALDI-TOF for Characterization of DNA Modified Phage. For char-
acterization of SPDP modified phage, 2 uL of the SPDP phage
solution (2 mg/mL) was denatured with 3 M guanidine chloride
for 5 min at RT, purified with a Millipore C18-ZipTip, and
characterized with a Bruker MALDI mass spectrometer. 2,4,6-
Trihydroxyacetophenone monohydrate/ammonium citrate so-
lution (50 mg/mL:12.5 mg/mL in MeOH) was used as the matrix.

DNA Microarrays. Epoxy-coated glass substrates (Arrayit) were
used to generate the DNA micropatterns. Amine-terminated
DNA (75 uM of oligonucleotides with 25 v/v % Spotting Solution
Plus) was printed on the epoxy glass substrate, immobilized for
1—2 h in a humidified chamber, and baked at 60 °C for 30 min.
The patterned glass substrates were used immediately or
stored under dry and dark conditions at room temperature.

conjugate distinct moieties onto a single virus scaffold
that play dual roles in protein sensing and identification.
Interactions between the DNA-phage and DNA—Au NPs
led to observation of immediate color changes, which
can first be used optically or spectroscopically to detect
the presence of an antigen in solution. In addition, the
same DNA-phage platform can be used to identify the
types of antigens in solution by competitively eluting the
DNA—Au NPs from the phage and adsorbing the particles
to printed DNA microarrays. Because each phage recog-
nizes 1—2 antigens yet can bind to hundreds of DNA—Au
NPs through the pendant DNA chains on the virus' pVIIl
proteins, these sensors are extremely sensitive, easy to
use, can provide both protein detection and identifica-
tion in an extremely high throughput manner, and are
ultimately inexpensive to manufacture. Future work will
involve studying the use of DNA-phage for multiplexing
with clinically relevant biomarkers.

The printed micro-A;s-patterned glass was successively washed
with 0.1% Triton X-100 for 5 min and DI water for 1 min and
blocked (12.5 mM ethanolamine, 0.025% SDS in 25 mM Tris, pH
9.0) at 50 °C for 15 min.

DNA-Phage-Based Protein Detection and Identification Assay. A 600
fmol portion of DNA-phage was reacted with varying amounts
of biotinylated antigoat IgG. The DNA-phage-antibody com-
plexes were captured with streptavidin-coated magnetic beads
(Dynabeads) and washed with 1x PBS containing Tween-20
(0.1%). DNA-conjugated (T;s) 10 nm Au NPs were reacted with
the Ao DNA-phage on magnetic beads in 1x PBS. The super-
natants were collected, and the absorption at 520 nm was
monitored to determine how many DNA—Au NPs were bound.
The bound 10 nm DNA—Au NPs were eluted by competitive
elution with DNA (T30) at 95 °C for 10 min. After heating and
cooling, the samples were briefly sonicated. Liberated 10 nm
DNA Au NPs were purified with a 100 K MWCO filter to remove
remaining T3o and to concentrate the solutions. The 10 nm DNA
Au NPs were adsorbed to DNA microarrays in 50 mM MgCl, for
1 hin a humidified chamber. After hybridization, the substrate
was washed sequentially with 2x SSC with 0.1% SDS, 2x SSC,
and 1x SSC.
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