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We have developed a sensitive and inexpensive opto-fluidic ring resonator (OFRR) biosensor using phage
as areceptor for analyte detection. Phages have distinct advantages over antibodies as biosensor receptors.
First, affinity selection from large libraries of random peptides displayed on phage provides a generic
method of discovering receptors for detecting a wide range of analytes with high specificity and sensitivity.
Second, phage production can be less complicated and less expensive than antibody production. Third,
phages withstand harsh environments, reducing the environmental limitations and enabling regeneration
of the biosensor surface. In this work, filamentous phage R5C2, displaying peptides that bind streptavidin
specifically, was employed as a model receptor to demonstrate the feasibility of a phage-based OFRR
biosensor. The experimental detection limit was approximately 100 pM streptavidin and the Kggpparent)
is 25 pM. Specificity was verified using the RAP 5 phage, which is not specific to streptavidin, as the
negative control. Sensing surface regeneration results show that the phage maintained functionality after
surface regeneration, which greatly improves the sensors’ reusability. The phage-based OFRR biosensor
will become a promising platform for universal biomolecule detection with high sensitivity, low cost, and
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good reusability.
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1. Introduction

Label-free optical biosensors, such as highly sensitive surface
plasmon resonance (SPR) instruments (Homola, 2008; Hoa et al.,
2007) and interferometers (Yemti et al., 2007; Schipper et al., 1998)
allow real-time detection of biomolecular interactions without flu-
orescent labeling, which is time consuming and may change the
properties of the analytes. However, SPR and interferometer biosen-
sors are large and complicated, needing external microfluidics to
transport the samples to the sensing surface and/or a delicate
optical detection system that must be precisely aligned to yield
usable results. With the aim to make a sensitive integrated sens-
ing platform that can be integrated into a lab-on-a-chip device or
micro-total analysis system, we developed a novel label-free opti-
cal sensing platform based on an opto-fluidic ring resonator (OFRR)
(White etal., 2006; Suter et al.,2007; Zhu et al., 20073, 2008). It suc-
cessfully integrates the ring resonator with microfluidics, allowing
for real-time biomolecule detection. Fig. 1(A) and (B) diagram the
principle of the OFRR. It utilizes a micro-sized quartz capillary as
the microfluidics and each cross-section of the capillary forms aring
resonator. The ring resonator supports a series of optical resonant
modes called whispering gallery modes or circulating waveguide
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modes (WGMs) that circulate along the resonator surface. The cap-
illary wall is sufficiently thin (<4 wm) so that the evanescent field
of the resonant WGMs extends into the core by about 100 nm and
interacts with the analyte in the capillary core. The evanescent
interaction between the resonant WGMs and the analyte near the
inner surface enables detection without fluorescent or radioactive
labeling. The resonant wavelength of the WGM A is determined by
(Gorodetsky and Ilchenko, 1999):

27 Negt = MA, (1)

where ne is the effective refractive index (RI) of the medium expe-
rienced by WGMs, r is the ring radius, and m is an integer multiple
indexing the WGM. A change in RI at the sensor surface, due either
to change in the RI of the bulk solution or to binding of analyte
molecules to immobilized receptors, will change neg, causing a
corresponding change in resonant wavelength A. Because of the
high Q factors (~107) in the OFFR, photons circulate thousands of
times around the ring resonator circumference, greatly increasing
interaction between the evanescent wave and surface-bound ana-
lyte and thus improving sensitivity. The OFRR principle has been
demonstrated for protein, DNA and virus detection (Zhu et al,,
20074, 2008; Suter et al., 2007) with a protein detection limit of
several picomolar, corresponding to a mass detection limit of a few
pg/mm?2, comparable to commercialized SPR instruments.

In addition to sensitivity, specificity and robustness of recep-
tors are another two important characteristics in biosensor
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Fig. 1. (A) The OFRR employs a micro-sized glass capillary with thin wall (<4 wm) and (B) the capillary cross section forms the ring resonator. The WGM circulates along
the OFRR circumference. Its evanescent field extends beyond the interior surface of the OFRR and interacts with the analytes in the core. (C) Overall experimental setup for

biomolecule detection.

development. Antibodies are the most commonly used receptors in
biosensor applications, but they are expensive to produce and tend
to denature in unfavorable conditions, such as might be encoun-
tered in environmental field testing. Therefore, there is a need for
a cheaper, more robust type of receptor. The development of phage
display technology has drawn increasing attention to the advan-
tages of phages as biosensor receptors. Peptide-bearing phage that
bind a given target biomolecule with high affinity and specificity
canbe affinity selected from large phage libraries displaying billions
of random peptides, and can serve as receptors for detection of that
biomolecule. Phage receptors can be produced by cheap, generic
fermentation processes, and can withstand high temperature (up to
70°C), extreme pH (2-12), and denaturants (up to 6 M urea). Never-
theless, they have so far found only limited application in biosensor
development (Yang et al., 2006; Nanduri et al., 2007a,b,c; lonescu
et al., 2007; Petrenko and Vodyanoy, 2003; Olsen et al., 2006; Jia
et al,, 2007; Souza et al., 2006). For label-free optical biosensors
in particular, phage has only been applied in SPR with a detection
limit of 1 pM for [3-galactosidase detection (Nanduri et al., 2007a).
Although, SPR instrument is very sensitive and readily commercial-
ized for decade, it is very expensive and may be not affordable in
some applications. In order to develop a sensitive and inexpensive
label-free optical biosensor with high specificity and selectivity, we
explored the feasibility of using phage as receptors on OFRR sensing
surfaces for universal biomolecule detection, combining the merits
of the OFRR and phages receptors.

Streptavidin was chosen as the model analyte for this work
phage clone R5C2, displaying a streptavidin-binding peptide on
~100 of its major coat protein (pVIII) subunits, served as the specific
(analyte-binding) receptor; while phage clone RAP 5, displaying
a non-streptavidin-binding peptide, served as a negative control
receptor. OFRR biosensors in which the phages were covalently
attached to the sensing surface were able to detect the streptavidin
analyte with high sensitivity and specificity, and could be regener-
ated and used repeatedly. These results support phage-based OFRR

biosensors as a promising new platform for analyte detection and
quantitation.

2. Experimental methods
2.1. Materials

Ethanol, hydrofluoric acid (HF, 48%), 12M HCl, anhydrous
methanol, 3-aminopropyltrimethoxysilane (3-APS), 75% glu-
taraldehyde and bovine serum albumin (BSA) were purchased
from Sigma-Aldrich (St. Louis, MO). All chemical agents were used
without purification. Streptavidin (molecular weight 55 kDa) (from
Streptococcus avidinii) was purchased from Invitrogen. Filamen-
tous phages R5C2 (Chen et al., 2004) and RAP 5 (Mattews et al.,
2002) were purified as described (Smith and Scott, 1993). The spe-
cific receptor phage R5C2 displays the streptavidin-binding peptide
NH,-ANRLPCHPQFPCTSHE, while the negative control receptor
phage RAP 5 displays the control (non-streptavidin-binding)
peptide NH,-APTEWCPPHRTCWPTT. Both clones were affinity-
selected from library f88-Cys5 (GenBank Accession AF246454).
These filamentous virions have a rod-like structure 1.3 wm in length
and 6 nm in diameter. Chemicals for the surface regeneration buffer
- KSCN (0.46 M), MgCl, (1.83 M), urea (0.92 M), guanidine-HCl
(1.83 M) and EDTA (20 mM) - were purchased from Sigma-Aldrich
(St. Louis, MO) and used without further purification.

2.2. Experimental setup

OFRR fabrication is described in detail in previous work (White
etal,, 2006; Zhu et al., 2007b). In brief, a quartz capillary was pulled
under intense heat (~2000°C) provided by CO, lasers, after which
diluted HF (~10%) was pumped through the capillary to reduce the
wall thickness to a few micrometers. The experimental setup for
the biomolecule detection was similar to previous work (Zhu et
al., 2007a), as shown in Fig. 1(C). The OFRR was in contact with
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an optical fiber taper with a diameter of approximately 3 wm. The
taper delivered light from a 980 nm tunable diode laser from New
Focus (San Jose, CA; linewidth <3 fm). The output wavelength of the
laser is periodically scanned at a rate of 5Hz. A photodetector was
placed at the output end of the optical fiber to collect the optical
intensity. When the laser wavelength meets the resonant condition
described in Eq. (1), the light is coupled into the OFRR, causing a
reduction in power measured at the fiber output, which can be used
to indicate the WGM spectral position. The measurement system
was controlled by a computer through a data acquisition card from
National Instruments (Austin, TX) and the WGM spectral position
was recorded for post-analysis.

2.3. OFRR bulk refractive index sensitivity (BRIS) characterization

Our theory to derive the density of bound analyte from the
amount of resonance wavelength A shift (Eq. (2) below) requires
knowledge of the OFRR surface’s BRIS (Zhu et al., 2007a). It is there-
fore essential to determine BRIS prior to the biomolecule detection.
For this purpose, ethanol/water mixtures with gradually increasing
concentrations of ethanol were pumped through the OFRR, causing
the WGM resonant dips to shift to progressively longer wavelengths
as the bulk Rl in the core increases. BRIS is determined prior to each
individual experiment. A representative figure with BRIS of 20 nm
per refractive index units (RIU) for the OFRR used in one experi-
ment was deduced by measuring the slope of the WGM shift versus
RI change (see Fig. 1 in Supplementary Materials).

2.4. Immobilization phage on the sensing surface

Phages were covalently coupled to the sensor surface accord-
ing to the scheme shown in Fig. 2 in Supplementary Materials.
The interior surface of the OFRR was cleaned with HCl/methanol
(v:v=50:50) mixture for 10min and thoroughly rinsed with DI
water. Then 1% 3-APS in water was passed through the OFRR
for 20min to aminate the surface. The OFRR was then thor-
oughly rinsed with water. The amine-reactive homobiofunctional
crosslinker glutaraldehyde (5% in water) was pumped through the
capillary for 20 min to functionalize the aminated surface. The OFRR
was rinsed with water and PBS buffer was introduced into the
OFRR to establish the detection baseline for subsequent experi-
ments. Then phages in PBS buffer were pumped through the OFRR
using syringe pump at the flow rate of 20 wL/min for 30 min to
allow them to couple to the functionalized surface through their
amine groups, after which the surface was rinsed with PBS buffer
to remove non-coupled phages. Then the unoccupied sites were
blocked with bovine serum albumin (BSA, 1 mg/mL) solution, fol-
lowed by a PBS rinse. Finally, the OFRR was filled with PBS buffer
and ready for detection of streptavidin.

3. Results and discussion
3.1. Theoretical basis for biomolecule detection

We have established a linear relationship between the magni-
tude of the WGM spectral shift and the molecule density on the
OFRR surface (Zhu et al., 2007a), as shown in Eq. (2):

2m\/n3 —n3 n,

g0 n2

SA = Upaex s (2)
where 6\ is the amount of WGM spectral shift due to the
biomolecules binding to the sensing surface, o} is the molecu-
lar surface density per unit area, aex is the excess polarizability
of the analyte, n; =1.45 is the RI of the OFRR wall, and n3=1.33

is the RI of the aqueous medium. g¢ is vacuum permittivity, A is
the wavelength of the WGM, and S is the BRIS of the OFRR (in
units of nm/RIU). The excess polarizability for phage and strep-
tavidin is 4meg x (5.1 x 10718)cm? and 4meg x (3.2 x 10721) cm?,
respectively (Arnold et al., 2003; Zhu et al., 2008). When the sur-
face is fully covered with phage, the phage surface density is
1.3 x 10'% virions/cm?; when the surface is fully covered with strep-
tavidin, the streptavidin surface density is 5 x 1012 molecules/cm?
(streptavidin dimensions are 4.5 nm x 4.5 nm x 5 nm). Using Eq. (2)
and the above parameters, we can determine the biomolecule sur-
face density from the amount of WGM spectral shift measured in
experiments.

3.2. Optimization of phage immobilization

In most phage-display based biosensor configurations, such as
SPR (Nanduri etal.,2007a,c) and quartz crystal microbalance (QCM)
(Nanduri et al., 2007b), phage are immobilized on the sensing sur-
face simply through direct passive physical adsorption. This is a
very simple method, but it takes long time (1-3 h) to reach a sta-
bilized signal. Furthermore, immobilized phages tend to detach
from the silica sensing surface, especially during the regenera-
tion step. To reduce the surface preparation time and strengthen
attachment, phages were coupled to the silica surface covalently
as outlined previously (Appendix B Fig. 2 in Supplementary Mate-
rials). Fig. 2(A) shows the real-time WGM spectral response for
the phage bound to the surface at three different concentrations
(1019, 10" and 10" virion/mL. It took only approximately 15 min
for the signal to reach the steady state, much less than for the phys-
ical adsorption method. This may be due to the high surface to
volume ratio in the circular OFRR’s microfluidics channel, which
promotes faster phage diffusion to the sensing surface from the
bulk solution. To find out the optimal phage concentration used for
preparing the sensing surface, phage at different concentrations
were tested on the sensing surface. The phage surface coverage
was calculated from Eq. (2) using the amount of WGM spectral
shift caused by phage immobilization. Fig. 2(B) shows that surface
coverage increased gradually with increasing phage concentration,
reaching a maximum of approximately 20% at 10'2 virion/mL. The
maximal coverage was relatively low compared to previous stud-
ies (Nanduri et al., 2007a). However, less phage surface coverage
may give phage a more flexible conformation and spaces for bind-
ing, compared to the rigid and tight packing layers (Nanduri et al.,
2007a).

3.3. Real-time detection of streptavidin

Fig. 3 shows the real-time response of a glutaraldehyde-
functionalized OFRR sensor, first to R5C2 specific receptor phage
at a concentration of 10! virion/mL, then to the BSA blocker at a
concentration of 1 mg/mL, and finally to the streptavidin analyte at
a concentration of 1.8 WM. As expected, the resonance wavelength
\ shifts to higher values as more virions or BSA molecules bound
to the surface, or more analyte molecules captured by R5C2 recep-
tors. The first of these shifts plateaus at a 38 pm, corresponding to
7.7% coverage of the sensor surface with receptor virions. The third
shift plateaus at 9 pm, corresponding to 7.4% coverage of the sur-
face with analyte molecules-very close to receptor virion coverage.
This result suggests that each receptor virion is almost fully covered
with analyte molecules at saturation.

3.4. Binding specificity

To ensure that the response from Fig. 3 was due to the spe-
cific binding between the phage and streptavidin, the sensing
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Fig. 2. Optimization of phage immobilization. (A) Real-time sensorgram for phage immobilization at different concentration. Arrows indicate the time when phage was
introduced into the OFRR. Curves are vertically shifted for clarity. (B) Estimated phage surface coverage vs. phage concentration. Each experiment was repeated four times.
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Fig. 3. Sensorgram for streptavidin detection. The interior surface of OFRR was
immobilized with working phage probes R5C2, and then the unoccupied sites were
blocked with BSA. Finally, the sensing surface was exposed to 1.8 wM streptavidin.

signal was compared for the streptavidin-specific phage R5C2 and
the negative control phage RAP 5. Phages were coupled to the
surface at a concentration of 10'! virion/mL. Fig. 4(A) shows no
observable response to streptavidin when the negative control
phage was used as the probe, but a strong response when the
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streptavidin-specific phage was used as probe. A competitive bind-
ing assay further verified the specificity of the sensing results.
Phages were coupled to the sensing surface at a concentration of
102 virion/mL. Streptavidin at a concentration of 1.8 WM was prein-
cubated for 20 min with free R5C2 phage at concentrations ranging
from 104 to 10! virion/mL before being pumped through the R5C2
coated OFRR. We expected higher concentrations of free phage
in the preincubation solution to result in less free streptavidin in
solution. Fig. 4(B) shows that, as expected, the normalized strep-
tavidin surface coverage (streptavidin surface coverage divided
by phage surface coverage) decreased progressively with increas-
ing free phage concentrations. These two assays confirm that the
interaction between streptavidin and the R5C2 phage is highly spe-
cific.

3.5. Detection limit and dynamic range

To explore the detection limit and dynamic range, streptavidin
at concentrations ranging from 0.18 nM to 3.6 WM were passed
consecutively through the OFRR. The surface was rinsed with PBS
buffer after each sample injection to minimize the sensing signal
caused by bulk refractive index change and non-specific binding.
The normalized streptavidin surface coverage gradually increased
and finally reached the saturation level. From Fig. 5, the normal-
ized streptavidin surface coverage was linear on the log-log scale
within the concentration range of 0.9nM to 3.6 wM. The lowest
concentration used in experiment was 0.18 nM, causing 0.65 pm
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Fig. 4. (A) Sensing specificity test. (a) The OFRR response with working phage R5C2 and (b) the OFRR response with negative control phage RAP 5. (B) Competitive binding
assay for phage specificity test. WGM spectral responses to the phage probe on the sensing surface to the streptavidin (1.8 wM). Strepavidin was incubated with free phage
(10" -10* virion/mL) prior to exposure to sensing surface. Each experiment was repeated three times.
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WGM spectral shift. The theoretical detection limit is limited by
the spectral resolution, which in turn is limited by the Q-factor and
temperature fluctuation. A spectral resolution of 0.02 pm for the
OFRR has been achieved earlier (Fan et al., 2007), which leads to
a theoretical detection limit of about 5pM, similar to the detec-
tion limit achieved by SPR ~1 pM (Nanduri et al., 2007a) and QCM
~3 pM (Nanduri et al., 2007b). The detection limit of OFRR can
probably be improved by at least another order of magnitude by
several available means. First, the sensitivity of the OFRR can be
further increased by improving OFRR manufacture procedures. In
current experimental setup, the HF acid etching procedure results
in the roughness on capillary interior surface, thus decreasing the
resonance Q-factor and limiting the spectral resolution. The cap-
illary can be made by using a fiber drawer tower without further
HF etching, which helps maintain the Q-factors of the OFRR. Sec-
ond, sandwich assay detection method can be employed. In this
method, the biotinylated phage is immobilized on the sensing
surface as the primary receptor to trap streptavidin, and then sec-
ondary biotinylated phage can be introduced to the sensing surface
to amplify the sensing signal. Additionally surface chemistry for
phage immobilization can also be further improved. Currently the
surface functionalization method relies on an unstable Schiff base
that can compromise the probe immobilization. We can use stabi-
lizing agent such as sodium cyanoborohydride to reduce the Schiff
base into stable secondary or tertiary amine bond, which might
increase phage surface coverage.

3.6. Binding affinity

Binding between phage receptors and their target ana-
lytes has been quantified by Petrenko and Vodyanoy (2003).
Applied to the present work, the interaction can be expressed
as

[Ph] 4 n[Str] < [PhStry], (3)

in which the [Ph] is the density of free phage on the OFRR sur-
face, [Str] is the concentration of free streptavidin in solution,
and [PhStry] is the density of the phage-streptavidin complex on
the OFRR surface, n is the number of streptavidin bound to a
phage. The Hill equation for this interaction is described as fol-
lows:

log (%) — logKa + nlog[Str], (4)

where Y/1 — Yis the ratio of the occupied phages to the free phages
on the sensing surface, Kj is the association constant. The Hill plot
shows log(Y/1 —Y) versus log[Str], in which Y=R/Rnax, Where R is
the average normalized streptavidin surface coverage. From this,
we can estimate the apparent value of the associate constant K; of
the interaction of streptavidin with phage from the intercept of the
Hill plot (Nanduri et al., 2007b). Fig. 5(B) shows the Hill plot for the
binding process in Fig. 5. According to the Hill plot, the apparent
value of dissociation constant Kqy(apparent), Which is defined as 1/K;
(Samoylov et al., 2002), is estimated to be approximately 25 pM
and the Hill coefficient, n, is 0.45. The apparent value of disso-
ciation constant is in agreement with what is typically obtained
for phage probes and their corresponding targets (9 pM to 26 nM
(Nanduri et al., 2007a,c; Petrenko and Vodyanoy, 2003; Samoylov
et al., 2002).

3.7. Surface regeneration

As discussed before, the bacteriophage is very robust and can
withstand harsh environments, such as high temperature and
extreme pH. This leads to a long sensor lifetime and a high number
of uses without the need to perform the surface functionalization
and phage immobilization before each reuse. To reuse the sen-
sor, it is required that all residual analyte molecules be stripped
from the sensor surface after each assay without removing recep-
tors or compromising their ability to bind analyte. There are a
few standard procedures for regenerating antibody receptors, but
none so far for regenerating phage receptors. Here we explored
two multi-ingredient stripping cocktails based on work with SPR
sensors (Andersson et al., 1999). One was ionic solution made up
by KSCN (0.46 M), MgCl, (1.83 M), urea (0.92 M), and guanidine-
HCI (1.83 M); the other was a chelating solution made by 20 mM
EDTA solution. Mg2* interacts with EDTA to form MgZ*-EDTA com-
plex. The Mg%*-EDTA works with other chaotropic agents, such
as guanidine-HCI, urea, and the SCN~ ions, so that the dissocia-
tion between the target and probe will be increased (Andersson
et al., 1999). The cocktail stock solutions were mixed with water
by volume ratio of 1:1:1. As shown in Fig. 6, the mixed solution
was pumped through the sensor capillary after streptavidin bind-
ing. Its high RI caused a large resonance wavelength shift, but the
signal returned almost to baseline when the sensor was subse-
quently rinsed with PBS buffer, indicating complete removal of
streptavidin analyte from the surface. When the same concen-
tration of streptavidin was applied to the stripped surface, the
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Fig. 6. Sensorgram in response to sensing surface regeneration. (a) Injection of
1.8 wM streptavidin that binds to the sensing surface, (b) injection of cocktail regen-
eration solution to remove streptavidin from the sensing surface and (c) injection
of PBS buffer to rinse off the cocktail regeneration solution and re-establish the
detection baseline. Dashed line is the sensing baseline.

resonance wavelength shift was nearly the same as that observed
before stripping, indicating complete regeneration of the sensor.
The regeneration was repeated yet again, with similar results. The
sensor can be used for many times if only the analyte is stripped
off the receptor. If the sensor surface needs to be completely
regenerated which means the receptor need to be removed and
immobilize new receptors. Diluted HF (<1%) acid will be used to
etch the interior surface. In this case the sensor could be used
for 4 to 5 times until the capillary wall is etched through by HF
acid.

4. Conclusion

In this work, we developed a sensitive and robust label-free
OFRR sensor in which filamentous phages bearing analyte-binding
peptides served as the immobilized receptors. The experimen-
tal detection limit for the model analyte, streptavidin, was found
to be approximately 100 pM, and the sensitivity could proba-
bly be improved at least another order of magnitude by available
means. The sensing surface could be regenerated for reuse by
passing a stripping cocktail through the sensor. Such sensors
have an extraordinarily wide range of applications, since phages
displaying peptides that bind a great variety of analytes - includ-
ing threat agents and clinically relevant biomarkers - can be
affinity selected from available large random-peptide libraries.
In future work, the application of phage as receptor in biosen-
sor application will be further explored, including increasing
the sensor sensitivity and extending its application in clinical
research.
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