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For early detection of many diseases, it is critical to be able to diagnose small amounts of biomarkers in
blood or serum. One of the most widely used sensing assays is the enzyme-linked immunosorbent assay
(ELISA), which typically uses detection monoclonal antibodies conjugated to enzymes to produce color-
imetric signals. To increase the overall sensitivities of these sensors, we demonstrate the use of a dually
modified version of filamentous bacteriophage Fd that produces significantly higher colorimetric signals
in ELISAs than what can be achieved using antibodies alone. Because only a few proteins at the tip of the
micron-long bacteriophage are involved in antigen binding, the approximately 4000 other coat proteins
can be augmented—by either chemical functionalization or genetic engineering—with hundreds to thou-
sands of functional groups. In this article, we demonstrate the use of bacteriophage that bear a large
genomic fusion that allows them to bind specific antibodies on coat protein 3 (p3) and multiple biotin
groups on coat protein 8 (p8) to bind to avidin-conjugated enzymes. In direct ELISAs, the anti-rTNFa
(recombinant human tumor necrosis factor alpha)-conjugated bacteriophage show approximately 3- to
4-fold gains in signal over that of anti-rTNFa, demonstrating their use as a platform for highly sensitive
protein detection.

� 2014 Elsevier Inc. All rights reserved.
During past years, extensive methods have been developed to
both sense and identify different proteins in solution through
enzymatic assays in which a detection antibody binds to both an
antigen and a signaling enzyme that produces a colorimetric signal
[1–3]. A typical enzyme-linked immunosorbent assay (ELISA)1

requires three steps. First, the antigen is sequestered to a surface
or surface-bound antibody. This is followed by the addition of a dif-
ferent antibody that binds the antigen as well as an enzyme capable
of generating amplified signals such as horseradish peroxidase
(HRP). This enzyme then generates a colorimetric reaction by react-
ing with a substrate molecule [4]. Although ELISAs are now used
routinely and extensively in medical facilities and laboratories,
because the detection antibodies can possess only a finite number
of attached enzymes (�1–4 HRPs per antibody), the signals
generated for sensing are often limited to the nanomolar range
[5,6], especially in the case where the dissociation constant between
antibody and antigen is high [4]. Although the binding strength of
the antibody to an antigen can be limited, gains in sensitivity can
be obtained by using a detection platform that possesses large sur-
face areas for binding multiple enzymes but still binds to a single
antigen [7–9].

During recent years, filamentous bacteriophage such as M13,
Fd, and their derivatives have been investigated as biological tools
for material science and biotechnology. The virus coat proteins
may be genetically engineered to display different peptides, and
panning may be used to isolate unique binding motifs for a wide
variety of substrates. Filamentous phage have been used as
biosensors [10–17], templating agents for energy-relevant materi-
als [18–20], and drug delivery vehicles [21–25]. Of the five differ-
ent proteins that comprise the filamentous phage capsid, two are
commonly used as fusion partners to display peptides or small pro-
teins. These are the 406-residue p3 proteins, which are present at
three to five copies at one end of the virus, and the 50-residue p8
proteins, which are arranged in a helix around the length of the
phage [26]. To enable the display of larger proteins on protein 3,
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such as antibody fragments that bind with greater specificity and
affinity to antigens than short peptides, the genome of the Fd
phage can be modified with a tetracycline resistance gene inserted
into the origin of replication to create a modified phage known as
Fd-tet [27,28]. In wild-type phage, protein fusions to p3 larger than
approximately 20 amino acids typically prevent the p3 proteins
from binding to the f-pilus of male bacteria and initiating the infec-
tion process, thereby preventing propagation. However, Fd-tet may
be replicated without the need for infectivity because it can be
maintained within a host culture through tetracycline selection.
Because of this, Fd-tet phage have been used to clone libraries of
large fusions such as antibody fragments [29] and IgG-binding
domains [30] onto the p3 proteins. Furthermore, the increased
length of the Fd-tet genome causes the resulting phage to possess
approximately 4000 p8 proteins as opposed to the typical 2700 p8
proteins seen in wild-type Fd.

For biosensing applications, the p3 proteins at the end of the
phage are primarily responsible for binding a single antigen,
whereas the thousands of p8 proteins are modified to bind other
materials. For example, in earlier work we showed that thiol
groups or DNA strands could be attached to the viruses to bind
metal nanoparticles to generate unique optical or spectroscopic
signals [10,11]. In this article, we first show that genetically mod-
ified Fd-tet phage can bind the Fc portions of monoclonal antibod-
ies and that these can be used to target specific antigens with high
affinity and selectivity. Furthermore, we show methods to modify
the p8 proteins with biotin groups without inhibiting the phage
from binding to the detection antibody or the targeted antigen.
These biotin groups were then used to attach approximately 70
avidin-conjugated HRP enzymes to each virus to yield large gains
in signal in direct ELISAs over what can be achieved using antibod-
ies alone (Fig. 1A).
Materials and methods

fUSE-5 genomic DNA was kindly provided by Itai Benhar
(Tel-Aviv University). K91BlueKan cells were kindly provided by
George P. Smith (University of Missouri). Oligonucleotides were
ordered from integrated DNA technologies. The highly competent
DH5a cells, high-fidelity polymerase, DpnI, BamHI, PstI, and ligase
enzymes were purchased from New England Biolabs. Miniprep kits
were purchased from Qiagen. Gel extraction kits and 4–12%
Bis–Tris SDS–PAGE (sodium dodecyl sulfate–polyacrylamide gel
electrophoresis) gels were purchased from Life Technologies.
Tetracycline hydrochloride, pyridoxal-50-phosphate hydrate,
Fig.1. (A) Schematic showing the use of dually modified phage for generating signal enha
coding sequence (orange), ZZ domain antibody binding fusion (red), p8 coding sequence
from M13KE control phage (left), Fzz8 phage (center), and a labeled protein ladder in kDa
is referred to the Web version of this article.)
bovine serum albumin (BSA), 2,20-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS), and Tween 20 were purchased from
Sigma–Aldrich. Alkoxyamine–PEG4–biotin and high-binding poly-
styrene 96-well plates were purchased from Thermo Scientific
Pierce. Recombinant human tumor necrosis factor alpha (rTNFa),
avidin-conjugated HRP, and biotinylated and unmodified versions
of the anti- TNFa antibody clone Mab11 were purchased from
Affymetrix eBioscience. Anti-M13–HRP antibodies were purchased
from GE Healthcare.

Creating Fzz8 and Fzz8–AKT

The fUSE-5 genome was modified with restriction sites for p8
cloning by site-directed mutagenic polymerase chain reaction
(PCR). Two rounds of mutagenic PCR were used to first remove
the BamHI site located within the p3 coding sequence and then
introduce a BamHI and PstI site at the N terminus of p8. Each time,
the PCR products were digested with DpnI to remove template
DNA and then transformed into DH5a cells, and resulting colonies
were screened for the correct mutation by digesting with the
correct enzyme and analyzing on a 0.8% agarose gel. The resulting
mutated fUSE-5 was named Fzz8 and was used to create Fzz8–AKT
by cloning in the AKT sequence into the N terminus of p8 via
restriction ligation cloning. The Fzz8 genome was cut with BamHI
and PstI, and the larger fragment was purified by gel extraction.
Oligonucleotides coding for the AKT sequence and compatible
restriction sites were annealed together and then ligated into the
Fzz8 fragment to recircularize it as Fzz8–AKT. Phage were grown
by transforming K91BlueKan cells with Fzz8 or Fzz8–AKT phage
genomes and plating on LB plates with 40 lg/ml tetracycline. Col-
onies were pricked from these plates and grown for 20 to 24 h at
37 �C with vigorous shaking in 80 to 160 ml of LB with 40 lg/ml
tetracycline.

PLP reaction and biotin conjugation

Phage were reacted with pyridoxal phosphate (PLP) by poly-
ethylene glycol (PEG) precipitating a phage preparation and
resuspending the pellet in freshly prepared 25 mM phosphate-
buffered saline (PBS, pH 6.5) at a concentration of approximately
141 nM. PLP was dissolved in the same buffer from frozen stock
at a concentration of 200 mM by bringing the pH to approxi-
mately 6.5 with NaOH. Then, 150 ll of the phage and PLP solu-
tions was mixed and reacted for 16 h at room temperature with
mild shaking. Excess PLP was removed by PEG precipitating the
ncement over antibodies alone. (B) Schematic of the Fzz8 phage genome showing p3
(teal), and multiple cloning site (blue). (C) SDS–PAGE gel showing capsid proteins
(right). (For interpretation of the references to color in this figure legend, the reader
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phage four times. The resultant pellet was first resuspended in
200 ll of 10 mM PBS (pH 7.4), then in 1 ml of water twice, and
finally in 200 ll of water. PLP-modified phage were diluted to a
concentration of approximately 20 nM with 100 mM PBS (pH
4.0) prepared immediately beforehand and reacted with various
concentrations of alkoxyamine–PEG4–biotin in the presence of
1 mM aniline.
MALDI and SDS–PAGE analysis

Matrix-assisted laser desorption/ionization time-of-flight
(MALDI–TOF) spectra were taken on a Voyager DE-STR system
(Applied Biosystems) after denaturing phage in a methanol/
water/formic acid mixture and using tetrahydroxyacetophenone
as a matrix. Phage were denatured for SDS–PAGE analysis by
dissolving in lithium dodecyl sulfate (LDS) loading buffer (Life
Technologies) and heating at 80 �C for 10 min. PAGE gels were
run for 35 min at 200 V and visualized by staining with Coomassie
SafeStain (Life Technologies).
SPR studies

BiOptix 404pi (BiOptix) and carboxymethyl dextran-coated
gold surface sensing chips (BiOptix) were used for the surface plas-
mon resonance (SPR) assays. The protein-coated gold chips were
prepared by immobilizing human rTNFa (PeproTech) to the dex-
tran-coated surfaces using carbodiimide chemistry. For this,
400 mM EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide)
and 100 mM NHS (N-hydroxysuccinimide) were injected simulta-
neously across the sensing spots for 5 min. Next, 3 lg/ml rTNFa
solutions in sodium acetate buffer (pH 4.5) were injected into all
of the channels. The surfaces were then blocked with 1 M ethanol-
amine (pH 8.5) for 10 min. For determining binding constants,
5 nM anti-human rTNFa antibody (Affymetrix eBioscience) or
5 nM anti-human TNFa antibody-conjugated Fzz phage in 0.05%
(v/v) PBST (PBS with Tween 20) was injected into the experimental
channels, whereas 0.05% (v/v) PBST was injected as control chan-
nels. The resulting spectra were analyzed by Scrubber 2 program
(BioLogic Software).
ELISA

To target phage to rTNFa, 3 nM biotin-conjugated Fzz8 phage
were mixed at a 3:1 molar ratio with anti-rTNFa antibody clone
Mab11 in 10 mM PBS (pH 7.4). Unbound antibodies were removed
by PEG precipitating the phage. Phage were resuspended in block-
ing buffer (10 mg/ml BSA in 10 mM PBS, pH 7.4) at a concentra-
tion of 3.3 nM. The biotinylated version of the same targeting
antibody (anti-TNFa antibody clone Mab11) was also made to
be 3.3 nM in blocking buffer. rTNFa (Affymetrix eBioscience)
was diluted in 10 mM PBS (pH 6.0), and 50 ll of each dilution
was coated onto high-binding capacity polystyrene wells for at
least 16 h at 4 �C. The wells were then further blocked by adding
blocking buffer and shaking at 170 rpm for 1 h at room tempera-
ture. Then, 100 ll of either the biotinylated antibody or phage
solution was added to each well for 1.5 h. Wells were washed
three times by pipetting in 0.01% PBST solution for 5 min and tap-
ping out gently on a paper towel. Then, 100 ll of avidin–HRP
diluted in blocking buffer to the recommended concentration
was added to each well for 1 h and wells were washed as before.
Signals from bound HRP were developed with ABTS for 10 min
and measured at 418 nm using a Beckman Coulter DU730
spectrophotometer.
Results and discussion

To build highly sensitive protein sensors from filamentous
bacteriophage, we chose to generate a virus that was capable of
binding biologically relevant antigens via the p3 proteins located
at the tip of the phage while conjugating multiple handles to the
approximately 4000 p8 proteins to bind catalysts. For this, we first
produced phage whose p3 proteins were genetically modified to
display a repeated synthetic version of domain B from staphylococ-
cus protein A (‘‘ZZ’’ domain) that binds tightly with the Fc portion
of IgG-type antibodies [31]. The ZZ-expressing phage (Fzz) could
then be targeted to an antigen by conjugating it with an antibody
specific to that antigen. For this, phage expressing two repeats of
the IgG-binding Z domain fused to each of the p3 coat proteins
(fUSE5-ZZ phage) were first generously provided by Itai Benhar
[30]. Next, to fuse specific peptides to each of the p8 proteins,
the fUSE5-ZZ genome was further modified via site-directed muta-
genesis such that a BamHI and PstI site was located on either side of
the coding sequence for the N terminus of the mature p8 protein
(Fig. 1B) [27,32,33]. A BamHI site was also deleted within the p3
coding sequence such that the newly introduced restriction
enzyme sites were unique. The introduction of the new BamHI site
caused the third amino acid from the N terminus of the mature p8
coat protein to change from aspartic acid to glutamic acid, but all
other mutations were silent. The new restriction enzyme sites
would allow peptide sequences to be expressed as N-terminal
fusions to all p8 coat proteins. The newly engineered genome
termed Fzz8 was next transformed into chemically competent
K91BlueKan cells and plated on LB plates containing 40 lg/ml
tetracycline. Specific colonies were then grown overnight in
K91BlueKan cells in LB with 40 lg/ml tetracycline at 37 �C. After
centrifuging the cells, the Fzz8 phage were precipitated out of
solution by using 20 wt% PEG (MW = 8000) and 2.5 M NaCl. The
resulting phage pellets were resuspended in 1 ml of 10 mM PBS
(pH 7.2) and centrifuged for 5 min to remove additional cell debris,
followed by a second PEG precipitation step. The final phage con-
centration in solution was estimated by measuring the absorbance
at 269 and 320 nm [26].

To confirm the presence of the ZZ domain on the p3 proteins,
SDS–PAGE was run. As a control, M13KE phage that carries a gene
very similar to the wild-type p3 protein was run as a negative con-
trol [34]. Both the Fzz8 and M13KE were first concentrated via a
PEG precipitation and resuspended in water at a concentration of
approximately 1e14 particles per milliliter (166 nM) and then
denatured by mixing with LDS buffer (Life Technologies) and heat-
ing in a thermocycler at 80 �C for 10 min. As shown in Fig. 1C, the
Fzz8 lane clearly contains a band corresponding to a p3 protein
conjugated with a ZZ domain, whereas the M13KE lane contains
only a band corresponding to the molecular weight of an unmodi-
fied p3 protein.

Next, to use the phage as detection platforms to produce highly
enhanced ELISA signals, we decided to develop methods to conju-
gate multiple catalysts to each virus body. By doing so, we could
increase the signal generated many-fold for each antigen-binding
event over what can be achieved using antibodies alone, which
at most can have only a few enzymes attached. To achieve this,
we decided to attach multiple biotin groups to the p8 proteins,
which could then be reacted with avidin-conjugated enzymes such
as HRP. Although it is possible to detect the presence of phage by
using an HRP-conjugated anti-M13 antibody, this would require
the need for an additional antibody that only increases the com-
plexity and cost of the sensing assay. To chemically bind biotin
groups to the p8 proteins, we employed a conjugation strategy
developed by Francis and coworkers in which N-terminal amines
are first converted to ketones by a transamination reaction with
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PLP and are then reacted with alkoxyamine-functionalized PEG4–
biotin to form the corresponding Schiff base [35]. By targeting only
the N termini of the coat proteins, we minimized the chance of
conjugating biotin groups to the p3 proteins and disrupting the
phage binding to the targeting antibody. After reaction, the biotin-
ylated Fzz8 phage was characterized by MALDI–TOF mass spec-
trometry. As shown in Fig. 2A, the MALDI data contained two
main peaks, one of which corresponded to the mass of the unmod-
ified p8 coat protein (5253 Da) and the other of which matched the
expected molecular weight of a p8 protein fused to a PEG4–biotin
group (5669 Da). A smaller peak can also be seen in between these
two peaks and corresponds to the mass of the p8 protein modified
with a PLP adduct. Higher amounts of biotin groups could also be
attached per phage simply by increasing the amount of alkoxy-
amine PEG4–biotin added during the reaction (Fig. 2A). However,
as the number of PEG4-biotin groups per phage increased, this also
caused the phage to become more difficult to precipitate out of the
reaction mixture, thereby lowering the yields of biotinylated phage
obtained. Using a molar ratio of 2800:1 alkoxyamine–PEG4–biotin
to phage during the reactions produced biotinylated viruses that
could easily be recovered from solution by PEG/NaCl precipitation.
Next, to determine the number of enzymes that could be attached
to each virus, 1 lM avidin–HRP was added to 13 nM biotinylated
Fzz8 in PBS and incubated at 4 �C for 1 h. The solutions were then
centrifuged through 0.22-lm filters to determine how much of the
HRP had bound to each phage by measuring the flow-through by
UV–Vis (ultraviolet–visible) analysis. To make sure that the
enzymes alone could pass through the filters, solutions of avidin–
HRP were also filtered through 0.22-lm filters. Through such mea-
surements, we were able to determine that approximately 70 avi-
din–HRP bound to each phage (see Fig. S1 in online Supplementary
material).

In addition to using Fzz8 phage that contain unmodified p8 pro-
teins, the amino acid sequence alanine-lysine-threonine (AKT) was
also genetically expressed at the N terminus of the Fzz8 p8 pro-
teins. The reason the AKT sequence was chosen was due to the
observation that these peptides showed a higher oxidation rate
of the N terminus by PLP [36,37], which could further prevent
any modification of the p3 proteins. For this, the lysine-threonine
DNA sequence was inserted between the N-terminal alanine and
the adjacent glutamic acid present in the wild-type protein. As
shown in Fig. 2B, MALDI analysis showed the expected molecular
weight of a p8 protein fused to an additional lysine-threonine
sequence (5669 Da). However because the AKT-expressing phage
showed very limited solubility at neutral pH, presumably due to
the extra lysine group leading to an increased isoelectric point,
we were unable to move forward in reacting the AKT-modified
viruses with PLP and alkoxyamine biotin.
Fig.2. (A) MALDI–TOF spectrum of Fzz8 phage reacted first with 100 mM PLP and then
Fzz–AKT phage.
To see whether the Fzz8 phage could next be targeted to spe-
cific protein antigens, the biotinylated Fzz8 phage were conjugated
with anti-rTNFa antibody by using a 1:3 molar ratio of phage to
antibody in PBS for 1 h at 4 �C, followed by PEG precipitation.
The resulting phage pellet was resuspended in 10 mM PBS (pH
7.2) with 8.6 mg/ml BSA at a concentration of 3.3 nM. The anti-
body-conjugated phage were next reacted with high-binding poly-
styrene wells bound with rTNFa. Any bound phage were reacted
with HRP-conjugated anti-M13 antibodies, followed by thorough
washing. ABTS and H2O2 were then added to react with bound
HRP. Control wells bound with no recombinant rTNFa and blocked
with BSA were also tested simultaneously. As shown in Fig. 3A,
only the rTNFa-bound well showed any colorimetric signal, indi-
cating that (i) the Fzz8 phage could successfully bind the anti-
rTNFa antibody and (ii) the antibody-conjugated phage could rec-
ognize the antigen rTNFa.

In addition to using HRP-conjugated anti-M13 antibodies for
testing phage–antibody binding to the antigen, we also enlisted
the use of SPR to determine the dissociation constant (KD) values
of phage–antibody versus antibody alone [38–40]. In the SPR assay,
a carboxymethyl dextran-coated gold surface was used to inhibit
nonspecific binding of bacteriophage to the gold chip surface. Next,
rTNFa was immobilized onto the dextran-coated surfaces by car-
bodiimide chemistry. As shown in Fig. 3B, the SPR sensorgram
showed that even though antibody-conjugated Fzz8 phage had a
higher response unit (RU) due to having a mass 110 times that of
the antibody, the KD value of the complex to rTNFa was
270 ± 33 pM (n = 3), which was very close to the measured KD

value of the antibody alone (KD = 298 ± 99 pM, n = 3). These results
supported the continuing study of using phage–antibodies as bio-
sensing platforms.

Next, to see whether the biotin-modified antibody–phage could
enhance ELISA signals compared with biotinylated detection anti-
bodies alone, we ran direct ELISAs using either reagent. Because
of the noncovalent interactions between the ZZ domain on the
phage and the antibodies, running indirect ELISAs caused nonspe-
cific interactions between the phage–antibodies and the capture
antibody surfaces, leading to large background signals. Current
work is under way to overcome these challenges. In the direct ELI-
SAs tested, the amounts of antibody, avidin–HRP, ABTS, and H2O2

were kept constant among all wells, whereas the concentrations
of rTNFa absorbed to the polystyrene wells were varied. First,
50-ll solutions containing varying concentrations of rTNFa rang-
ing from 40 to 0 nM in 10 mM PBS (pH 6.0) and BSA were absorbed
for at least 16 h to 96-well high-binding polystyrene plates at 4 �C.
After removing the rTNFa solutions and washing, the wells were
blocked further by adding 300 ll of 10 mg/ml BSA in 10 mM PBS
(pH 7.2) and shaking gently at room temperature. After 1 h, the
different molar phage:alkoxyamine PEG–biotin ratios. (B) MALDI–TOF spectrum of



Fig.3. (A) Polystyrene wells coated with 40 or 0 nM TNFa and incubated with biotin-conjugated Fzz8 phage targeted with anti-TNFa antibody and detected with an HRP-
conjugated anti-M13 antibody. Absorbance readings for the 40- and 0-nM TNFa wells were 1.776 and 0.156, respectively. (B) SPR sensorgram spectra comparing antibody–
phage versus antibody alone. Association and dissociation curves of TNFa-immobilized chip to anti-human TNFa antibody (top) and anti-human TNFa antibody-conjugated
Fzz8 phage (bottom) are shown. The insets show an expanded time–response curve at approximately 200 min.
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blocking solutions were removed and 100 ll of either the biotinyl-
ated phage–antibody or biotinylated antibody was added to each
well for 1.5 h, after which the wells were washed three times by
adding 300 ll of 0.01% PBST to each for 5 min. Next, 100 ll of avi-
din–HRP (Affymetrix eBioscience) in 10 mg/ml BSA was added to
react with any bound biotin groups for 1 h, followed by washing
as above and adding 200 ll of an ABTS/H2O2 mixture in 50 mM cit-
rate at pH 4.0. After 10 min, the solutions were removed and the
absorbance was measured at 418 nm. The average signals and
standard deviations of three assay replicates are shown in Fig. 4.
The use of the biotinylated phage antibodies clearly showed a
marked increase in ELISA signal over that using biotinylated
antibodies alone. In these direct ELISA studies, as the concentration
of TNFa decreased from 40 nM to 625 pM, the anti-rTNFa
antibody-based assay gave a limit of detection of 10 nM, whereas
the phage–antibody-based assay showed a limit of detection at
2.5 nM. From this result, it was observed that using phage–
antibodies enabled a significantly lower detection limit than the
antibody-based ELISA. To increase the overall sensitivities of the
assays, future studies will work both on using phage that geneti-
cally express the variable regions of antibodies as fusions to the
p3 proteins [41–43] and on introducing covalent bonds between
the antibodies and ZZ domains. Further gains in sensitivity may
be achieved by expressing avidin-binding peptides (histidine-pro-
line-glutamine) [44–46] on the p8 proteins to alleviate the need for
chemical conjugation that can in principle modify the p3 proteins
and also requires purchasing alkoxyamine biotin compounds.
Conclusion

The early detection of disease has been shown to greatly
increase the effectiveness of treatment and increase the overall
health and well-being of patients. Although ELISA is currently the
most common method for detecting biomarkers, its limited detec-
tion sensitivity caused by insufficient and widely varying KD values
between antibodies and antigens has hindered its potential for
sensing low antigen concentrations in biological media. In this
work, we have empowered conventional ELISA techniques by engi-
neering and using modified filamentous bacteriophage as sensing
platforms. First, the phage were genetically engineered to bind to
the Fc portion of detection antibodies, allowing them to bind spe-
cific antigens with higher specificity than what can be achieved by
using short peptide sequences. The genome of the viruses was also
designed to enable cloning short peptide sequences onto the
approximately 4000 p8 proteins. Next, multiple biotin groups were
attached to the viruses by specifically modifying the N termini of
the coat proteins with ketone groups, which could then be reacted
with alkoxyamine-modified biotin. The chemical modification of
the coat proteins with biotin groups did not seem to prevent the
p3 proteins from interacting with the detection antibodies.
Although previous research has shown that AKT sequences can
increase the oxidation rate of the N terminus by PLP, when all p8
proteins were modified with the AKT sequences, the phage became
insoluble, hindering further use. Lastly, the biotinylated phage–
antibodies were tested in direct ELISAs against antibodies alone



Fig.4. (A) Average ELISA signals over background and standard deviations for three replicate assays with varying concentrations of rTNFa detected with Fzz8 phage reacted
with 100 mM PLP and a 1:2800 molar excess of alkoxyamine and then conjugated with anti-rTNFa antibody. Signals are compared with assays done with a biotinylated
version of the same antibody clone. (B) Bar graph of the data in panel A.
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to show that the phage–antibodies could yield on average a 3- to
4-fold increase in signal at all antigen concentrations. Future work
will include using capture antibodies to improve antigen binding
to surfaces as well as genetically expressing avidin-binding pep-
tides on the p8 proteins to avoid the need for chemical conjugation
strategies.
Acknowledgments

We thank Itai Benhar for providing us with the phage contain-
ing the fUSE5-ZZ genome. We also thank George P. Smith for pro-
viding us with K91BlueKan cells and instructions for their use. This
work was supported by a National Science Foundation (NSF) Career
Award (DMR-1056808). We thank Andrew Goodwin for help in
editing the manuscript.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ab.2014.10.006.
References

[1] S. Mousa, Biosensors: the new wave in cancer diagnosis, Nanotechnol. Sci.
Appl. (2010) 1, http://dx.doi.org/10.2147/nsa.s13465.

[2] D. Brambilla, B. Le Droumaguet, J. Nicolas, S.H. Hashemi, L.-P. Wu, S.M.
Moghimi, P. Couvreur, K. Andrieux, Nanotechnologies for Alzheimer’s disease:
diagnosis, therapy, and safety issues, Nanomed. Nanotechnol. Biol. Med. 7
(2011) 521–540.

[3] M. Ferrari, Cancer nanotechnology: opportunities and challenges, Nat. Rev.
Cancer 5 (2005) 161–171.

[4] S.M. Borisov, O.S. Wolfbeis, Optical biosensors, Chem. Rev. 108 (2008) 423–
461.

[5] D. Kim, W.L. Daniel, C.A. Mirkin, Microarray-based multiplexed scanometric
immunoassay for protein cancer markers using gold nanoparticle probes, Anal.
Chem. 81 (2009) 9183–9187.

[6] S.I. Stoeva, J.-S. Lee, J.E. Smith, S.T. Rosen, C.A. Mirkin, Multiplexed detection of
protein cancer markers with biobarcoded nanoparticle probes, J. Am. Chem.
Soc. 128 (2006) 8378–8379.

[7] R. Ke, W. Yang, X. Xia, Y. Xu, Q. Li, Tandem conjugation of enzyme and antibody
on silica nanoparticle for enzyme immunoassay, Anal. Biochem. 406 (2010) 8–
13.

[8] S. Dhawan, Design and construction of novel molecular conjugates for signal
amplification: I. Conjugation of multiple horseradish peroxidase molecules to
immunoglobulin via primary amines on lysine peptide chains, Peptides 23
(2002) 2091–2098.

[9] S. Dhawan, Design and construction of novel molecular conjugates for signal
amplification. II: Use of multivalent polystyrene microparticles and lysine
peptide chains to generate immunoglobulin–horseradish peroxidase
conjugates, Peptides 23 (2002) 2099–2110.

[10] J.H. Lee, J.N. Cha, Amplified protein detection through visible plasmon shifts in
gold nanocrystal solutions from bacteriophage platforms, Anal. Chem. 83
(2011) 3516–3519.

[11] J.H. Lee, D.W. Domaille, J.N. Cha, Amplified protein detection and identification
through DNA-conjugated M13 bacteriophage, ACS Nano 6 (2012) 5621–5626.

[12] J.H. Lee, P.F. Xu, D.W. Domaille, C. Choi, S. Jin, J.N. Cha, M13 bacteriophage as
materials for amplified surface enhanced Raman scattering protein sensing,
Adv. Funct. Mater. 24 (2014) 2079–2084.

[13] D.W. Domaille, J.H. Lee, J.N. Cha, High density DNA loading on the M13
bacteriophage provides access to colorimetric and fluorescent protein
microarray biosensors, Chem. Commun. 49 (2013) 1759–1761.

[14] J.-W. Oh, W.-J. Chung, K. Heo, H.-E. Jin, B.Y. Lee, E. Wang, C. Zueger, W. Wong, J.
Meyer, C. Kim, et al., Biomimetic virus-based colourimetric sensors, Nat.
Commun. 5 (2014) 3043.

[15] H. Jin, N. Won, B. Ahn, J. Kwag, K. Heo, J.-W. Oh, Y. Sun, S.G. Cho, S.W. Lee, S.
Kim, Quantum dot-engineered M13 virus layer-by-layer composite films for
highly selective and sensitive turn-on TNT sensors, Chem. Commun. 49 (2013)
6045–6047.

[16] R.S. Lakshmanan, R. Guntupalli, J. Hu, V.A. Petrenko, J.M. Barbaree, B.A. Chin,
Detection of Salmonella typhimurium in fat free milk using a phage
immobilized magnetoelastic sensor, Sens. Actuators B 126 (2007) 544–550.

[17] R. Pacheco-Gómez, J. Kraemer, S. Stokoe, H.J. England, C.W. Penn, E. Stanley, A.
Rodger, J. Ward, M.R. Hicks, T.R. Dafforn, Detection of pathogenic bacteria
using a homogeneous immunoassay based on shear alignment of virus
particles and linear dichroism, Anal. Chem. 84 (2012) 91–97.

[18] C. Mao, D.J. Solis, B.D. Reiss, S.T. Kottmann, R.Y. Sweeney, A. Hayhurst, G.
Georgiou, B. Iverson, A.M. Belcher, Virus-based toolkit for the directed
synthesis of magnetic and semiconducting nanowires, Science 303 (2004)
213–217.

[19] Y.J. Lee, H. Yi, W.-J. Kim, K. Kang, D.S. Yun, M.S. Strano, G. Ceder, A.M. Belcher,
Fabricating genetically engineered high-power lithium-ion batteries using
multiple virus genes, Science 324 (2009) 1051–1055.

[20] N.-M.D. Courchesne, M.T. Klug, P.-Y. Chen, S.E. Kooi, D.S. Yun, N. Hong, N.X.
Fang, A.M. Belcher, P.T. Hammond, Assembly of a bacteriophage-based
template for the organization of materials into nanoporous networks, Adv.
Mater. 26 (2014) 3398–3404.

[21] D. Ghosh, A.G. Kohli, F. Moser, D. Endy, A.M. Belcher, Refactored M13
bacteriophage as a platform for tumor cell imaging and drug delivery, ACS
Synth. Biol. 1 (2012) 576–582.

[22] H. Bar, I. Yacoby, I. Benhar, Killing cancer cells by targeted drug-carrying phage
nanomedicines, BMC Biotechnol. 8 (2008) 37.

[23] N. Gandra, D.-D. Wang, Y. Zhu, C. Mao, Virus-mimetic cytoplasm-cleavable
magnetic/silica nanoclusters for enhanced gene delivery to mesenchymal stem
cells, Angew. Chem. Int. Ed. 52 (2013) 11278–11281.

[24] K. Li, Y. Chen, S. Li, H.G. Nguyen, Z. Niu, S. You, C.M. Mellow, X. Lu, Q. Wang,
Chemical modification of M13 bacteriophage and its application in cancer cell
imaging, Bioconjug. Chem. 21 (2010) 1369–1377.

http://dx.doi.org/10.1016/j.ab.2014.10.006
http://dx.doi.org/10.2147/nsa.s13465
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0010
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0010
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0010
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0010
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0015
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0015
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0020
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0020
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0025
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0025
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0025
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0030
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0030
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0030
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0035
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0035
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0035
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0040
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0040
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0040
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0040
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0045
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0045
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0045
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0045
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0050
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0050
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0050
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0055
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0055
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0060
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0060
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0060
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0065
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0065
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0065
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0070
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0070
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0070
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0075
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0075
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0075
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0075
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0080
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0080
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0080
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0085
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0085
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0085
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0085
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0090
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0090
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0090
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0090
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0095
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0095
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0095
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0100
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0100
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0100
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0100
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0105
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0105
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0105
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0110
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0110
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0115
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0115
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0115
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0120
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0120
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0120


Highly amplified ELISA signals from bacteriophage / M. Brasino et al. / Anal. Biochem. 470 (2015) 7–13 13
[25] N. Suthiwangcharoen, T. Li, K. Li, P. Thompson, S. You, Q. Wang, M13
bacteriophage–polymer nanoassemblies as drug delivery vehicles, Nano Res. 4
(2011) 483–493.

[26] C.F. Barbas III, D.R. Burton, G.J. Silverman, Phage Display: A Laboratory Manual,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 2004.

[27] V.A. Petrenko, G.P. Smith, X. Gong, T. Quinn, A library of organic landscapes on
filamentous phage, Protein Eng. 9 (1996) 797–801.

[28] J.K. Scott, G.P. Smith, Searching for peptide ligands with an epitope library,
Science 249 (1990) 386–390.

[29] T. Clackson, H.R. Hoogenboom, A.D. Griffiths, G. Winter, Making antibody
fragments using phage display libraries, Nature 352 (1991) 624–628.

[30] I. Yacoby, M. Shamis, H. Bar, D. Shabat, I. Benhar, Targeting antibacterial agents
by using drug-carrying filamentous bacteriophages, Antimicrob. Agents
Chemother. 50 (2006) 2087–2097.

[31] B. Nilsson, T. Moks, B. Jansson, L. Abrahmsén, A. Elmblad, E. Holmgren, C.
Henrichson, T.A. Jones, M. Uhlén, A synthetic IgG-binding domain based on
staphylococcal protein A, Protein Eng. 1 (1987) 107–113.

[32] S.-K. Lee, D.S. Yun, A.M. Belcher, Cobalt ion mediated self-assembly of
genetically engineered bacteriophage for biomimetic Co–Pt hybrid material,
Biomacromolecules 7 (2006) 14–17.

[33] K.T. Nam, D.-W. Kim, P.J. Yoo, C.-Y. Chiang, N. Meethong, P.T. Hammond, Y.M.
Chiang, A.M. Belcher, Virus-enabled synthesis and assembly of nanowires for
lithium ion battery electrodes, Science 312 (2006) 885–888.

[34] K.A. Noren, C.J. Noren, Construction of high-complexity combinatorial phage
display peptide libraries, Methods 23 (2001) 169–178.

[35] Z.M. Carrico, M.E. Farkas, Y. Zhou, S.C. Hsiao, J.D. Marks, H. Chokhawala, D.S.
Clark, M.B. Francis, N-terminal labeling of filamentous phage to create cancer
marker imaging agents, ACS Nano 6 (2012) 6675–6680.

[36] L.S. Witus, T. Moore, B.W. Thuronyi, A.P. Esser-Kahn, R.A. Scheck, A.T. Iavarone,
M.B. Francis, Identification of highly reactive sequences for PLP-mediated
bioconjugation using a combinatorial peptide library, J. Am. Chem. Soc. 132
(2010) 16812–16817.

[37] R.A. Scheck, M.T. Dedeo, A.T. Iavarone, M.B. Francis, Optimization of a biomimetic
transamination reaction, J. Am. Chem. Soc. 130 (2008) 11762–11770.

[38] Y. Uludag, I.E. Tothill, Cancer biomarker detection in serum samples using
surface plasmon resonance and quartz crystal microbalance sensors with
nanoparticle signal amplification, Anal. Chem. 84 (2012) 5898–5904.

[39] P.S. Katsamba, I. Navratilova, M. Calderon-Cacia, L. Fan, K. Thornton, M. Zhu,
T.V. Bos, C. Forte, D. Friend, I. Laird-Offringa, et al., Kinetic analysis of a high-
affinity antibody/antigen interaction performed by multiple Biacore users,
Anal. Biochem. 352 (2006) 208–221.

[40] R. Karlsson, A. Fält, Experimental design for kinetic analysis of protein–protein
interactions with surface plasmon resonance biosensors, J. Immunol. Methods
200 (1997) 121–133.

[41] D. O’Connell, B. Becerril, A. Roy-Burman, M. Daws, J.D. Marks, Phage versus
phagemid libraries for generation of human monoclonal antibodies, J. Mol.
Biol. 321 (2002) 49–56.

[42] J. McCafferty, A.D. Griffiths, G. Winter, D.J. Chiswell, Phage antibodies:
filamentous phage displaying antibody variable domains, Nature 348 (1990)
552–554.

[43] M.A. Poul, B. Becerril, U.B. Nielsen, P. Morisson, J.D. Marks, Selection of tumor-
specific internalizing human antibodies from phage libraries, J. Mol. Biol. 301
(2000) 1149–1161.

[44] V.A. Petrenko, G.P. Smith, Phages from landscape libraries as substitute
antibodies, Protein Eng. 13 (2000) 589–592.

[45] S.Y. Yoo, A. Merzlyak, S.-W. Lee, Facile growth factor immobilization platform
based on engineered phage matrices, Soft Matter 7 (2011) 1660–1666.

[46] P.C. Weber, M.W. Pantoliano, L.D. Thompson, Crystal structure and ligand
binding studies of a screened peptide complexed with streptavidin,
Biochemistry (Mosc.) 31 (1992) 9350–9354.

http://refhub.elsevier.com/S0003-2697(14)00451-5/h0125
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0125
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0125
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0130
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0130
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0130
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0135
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0135
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0140
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0140
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0145
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0145
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0150
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0150
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0150
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0155
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0155
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0155
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0160
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0160
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0160
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0165
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0165
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0165
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0170
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0170
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0175
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0175
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0175
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0180
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0180
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0180
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0180
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0185
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0185
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0190
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0190
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0190
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0195
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0195
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0195
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0195
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0200
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0200
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0200
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0205
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0205
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0205
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0210
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0210
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0210
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0215
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0215
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0215
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0220
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0220
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0225
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0225
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0230
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0230
http://refhub.elsevier.com/S0003-2697(14)00451-5/h0230

	Creating highly amplified enzyme-linked immunosorbent assay signals from genetically engineered bacteriophage
	Materials and methods
	Creating Fzz8 and Fzz8–AKT
	PLP reaction and biotin conjugation
	MALDI and SDS–PAGE analysis
	SPR studies
	ELISA

	Results and discussion
	Conclusion
	Acknowledgments
	Appendix A Supplementary data
	References


