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a b s t r a c t

We have developed a sensitive and inexpensive opto-fluidic ring resonator (OFRR) biosensor using phage
as a receptor 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
hispering gallery mode
irus detection
abel-free
pto-fluidic ring resonator
ilamentous phage

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 Kd(apparent)

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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. Introduction

Label-free optical biosensors, such as highly sensitive surface
lasmon resonance (SPR) instruments (Homola, 2008; Hoa et al.,
007) and interferometers (Yemti et al., 2007; Schipper et al., 1998)
llow real-time detection of biomolecular interactions without flu-
rescent labeling, which is time consuming and may change the
roperties of the analytes. However, SPR and interferometer biosen-
ors are large and complicated, needing external microfluidics to
ransport the samples to the sensing surface and/or a delicate
ptical detection system that must be precisely aligned to yield
sable results. With the aim to make a sensitive integrated sens-

ng platform that can be integrated into a lab-on-a-chip device or
icro-total analysis system, we developed a novel label-free opti-

al sensing platform based on an opto-fluidic ring resonator (OFRR)
White et al., 2006; Suter et al., 2007; Zhu et al., 2007a, 2008). It suc-
essfully integrates the ring resonator with microfluidics, allowing
or real-time biomolecule detection. Fig. 1(A) and (B) diagram the

rinciple of the OFRR. It utilizes a micro-sized quartz capillary as
he microfluidics and each cross-section of the capillary forms a ring
esonator. The ring resonator supports a series of optical resonant
odes called whispering gallery modes or circulating waveguide

∗ Corresponding author. Tel.: +1 573 884 2543; fax: +1 573 884 9676.
E-mail address: fanxud@missouri.edu (X. Fan).
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odes (WGMs) that circulate along the resonator surface. The cap-
llary wall is sufficiently thin (<4 �m) so that the evanescent field
f the resonant WGMs extends into the core by about 100 nm and
nteracts with the analyte in the capillary core. The evanescent
nteraction between the resonant WGMs and the analyte near the
nner surface enables detection without fluorescent or radioactive
abeling. The resonant wavelength of the WGM � is determined by
Gorodetsky and Ilchenko, 1999):

�neffr = m�, (1)

here neff is the effective refractive index (RI) of the medium expe-
ienced by WGMs, r is the ring radius, and m is an integer multiple
ndexing the WGM. A change in RI at the sensor surface, due either
o change in the RI of the bulk solution or to binding of analyte

olecules to immobilized receptors, will change neff, causing a
orresponding change in resonant wavelength �. Because of the
igh Q factors (∼107) in the OFFR, photons circulate thousands of
imes around the ring resonator circumference, greatly increasing
nteraction between the evanescent wave and surface-bound ana-
yte and thus improving sensitivity. The OFRR principle has been
emonstrated for protein, DNA and virus detection (Zhu et al.,

007a, 2008; Suter et al., 2007) with a protein detection limit of
everal picomolar, corresponding to a mass detection limit of a few
g/mm2, comparable to commercialized SPR instruments.

In addition to sensitivity, specificity and robustness of recep-
ors are another two important characteristics in biosensor

http://www.sciencedirect.com/science/journal/09565663
mailto:fanxud@missouri.edu
dx.doi.org/10.1016/j.bios.2008.04.028
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ig. 1. (A) The OFRR employs a micro-sized glass capillary with thin wall (<4 �m)
he OFRR circumference. Its evanescent field extends beyond the interior surface of
iomolecule detection.

evelopment. Antibodies are the most commonly used receptors in
iosensor applications, but they are expensive to produce and tend
o denature in unfavorable conditions, such as might be encoun-
ered in environmental field testing. Therefore, there is a need for
cheaper, more robust type of receptor. The development of phage
isplay technology has drawn increasing attention to the advan-
ages of phages as biosensor receptors. Peptide-bearing phage that
ind a given target biomolecule with high affinity and specificity
an be affinity selected from large phage libraries displaying billions
f random peptides, and can serve as receptors for detection of that
iomolecule. Phage receptors can be produced by cheap, generic
ermentation processes, and can withstand high temperature (up to
0 ◦C), extreme pH (2–12), and denaturants (up to 6 M urea). Never-
heless, they have so far found only limited application in biosensor
evelopment (Yang et al., 2006; Nanduri et al., 2007a,b,c; Ionescu
t al., 2007; Petrenko and Vodyanoy, 2003; Olsen et al., 2006; Jia
t al., 2007; Souza et al., 2006). For label-free optical biosensors
n particular, phage has only been applied in SPR with a detection
imit of 1 pM for �-galactosidase detection (Nanduri et al., 2007a).
lthough, SPR instrument is very sensitive and readily commercial-

zed for decade, it is very expensive and may be not affordable in
ome applications. In order to develop a sensitive and inexpensive
abel-free optical biosensor with high specificity and selectivity, we
xplored the feasibility of using phage as receptors on OFRR sensing
urfaces for universal biomolecule detection, combining the merits
f the OFRR and phages receptors.

Streptavidin was chosen as the model analyte for this work
hage 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

non-streptavidin-binding peptide, served as a negative control

eceptor. OFRR biosensors in which the phages were covalently
ttached to the sensing surface were able to detect the streptavidin
nalyte with high sensitivity and specificity, and could be regener-
ted and used repeatedly. These results support phage-based OFRR

u
d
w
t
a

B) the capillary cross section forms the ring resonator. The WGM circulates along
FRR and interacts with the analytes in the core. (C) Overall experimental setup for

iosensors as a promising new platform for analyte detection and
uantitation.

. Experimental methods

.1. Materials

Ethanol, hydrofluoric acid (HF, 48%), 12 M HCl, anhydrous
ethanol, 3-aminopropyltrimethoxysilane (3-APS), 75% glu-

araldehyde and bovine serum albumin (BSA) were purchased
rom Sigma-Aldrich (St. Louis, MO). All chemical agents were used
ithout purification. Streptavidin (molecular weight 55 kDa) (from

treptococcus avidinii) was purchased from Invitrogen. Filamen-
ous phages R5C2 (Chen et al., 2004) and RAP 5 (Mattews et al.,
002) were purified as described (Smith and Scott, 1993). The spe-
ific receptor phage R5C2 displays the streptavidin-binding peptide
H2–ANRLPCHPQFPCTSHE, while the negative control receptor
hage RAP 5 displays the control (non-streptavidin-binding)
eptide NH2–APTEWCPPHRTCWPTT. Both clones were affinity-
elected from library f88–Cys5 (GenBank Accession AF246454).
hese filamentous virions have a rod-like structure 1.3 �m in length
nd 6 nm in diameter. Chemicals for the surface regeneration buffer

KSCN (0.46 M), MgCl2 (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. Experimental setup

OFRR fabrication is described in detail in previous work (White
t al., 2006; Zhu et al., 2007b). In brief, a quartz capillary was pulled

nder intense heat (∼2000 ◦C) provided by CO2 lasers, after which
iluted HF (∼10%) was pumped through the capillary to reduce the
all thickness to a few micrometers. The experimental setup for

he biomolecule detection was similar to previous work (Zhu et
l., 2007a), as shown in Fig. 1(C). The OFRR was in contact with
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n optical fiber taper with a diameter of approximately 3 �m. The
aper delivered light from a 980 nm tunable diode laser from New
ocus (San Jose, CA; linewidth <3 fm). The output wavelength of the
aser is periodically scanned at a rate of 5 Hz. A photodetector was
laced at the output end of the optical fiber to collect the optical

ntensity. When the laser wavelength meets the resonant condition
escribed in Eq. (1), the light is coupled into the OFRR, causing a
eduction in power measured at the fiber output, which can be used
o indicate the WGM spectral position. The measurement system
as controlled by a computer through a data acquisition card from
ational Instruments (Austin, TX) and the WGM spectral position
as recorded for post-analysis.

.3. OFRR bulk refractive index sensitivity (BRIS) characterization

Our theory to derive the density of bound analyte from the
mount of resonance wavelength � shift (Eq. (2) below) requires
nowledge of the OFRR surface’s BRIS (Zhu et al., 2007a). It is there-
ore essential to determine BRIS prior to the biomolecule detection.
or this purpose, ethanol/water mixtures with gradually increasing
oncentrations of ethanol were pumped through the OFRR, causing
he WGM resonant dips to shift to progressively longer wavelengths
s the bulk RI in the core increases. BRIS is determined prior to each
ndividual experiment. A representative figure with BRIS of 20 nm
er refractive index units (RIU) for the OFRR used in one experi-
ent was deduced by measuring the slope of the WGM shift versus

I change (see Fig. 1 in Supplementary Materials).

.4. Immobilization phage on the sensing surface

Phages were covalently coupled to the sensor surface accord-
ng to the scheme shown in Fig. 2 in Supplementary Materials.
he interior surface of the OFRR was cleaned with HCl/methanol
v:v =50:50) mixture for 10 min and thoroughly rinsed with DI
ater. Then 1% 3-APS in water was passed through the OFRR

or 20 min to aminate the surface. The OFRR was then thor-
ughly rinsed with water. The amine-reactive homobiofunctional
rosslinker glutaraldehyde (5% in water) was pumped through the
apillary for 20 min to functionalize the aminated surface. The OFRR
as rinsed with water and PBS buffer was introduced into the
FRR to establish the detection baseline for subsequent experi-
ents. Then phages in PBS buffer were pumped through the OFRR

sing syringe pump at the flow rate of 20 �L/min for 30 min to
llow them to couple to the functionalized surface through their
mine groups, after which the surface was rinsed with PBS buffer
o remove non-coupled phages. Then the unoccupied sites were
locked with bovine serum albumin (BSA, 1 mg/mL) solution, fol-

owed by a PBS rinse. Finally, the OFRR was filled with PBS buffer
nd ready for detection of streptavidin.

. Results and discussion

.1. Theoretical basis for biomolecule detection

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

� = �p˛ex
2�

√
n2

2 − n2
3

ε0�

n2

n2
S, (2)
3

here ı� is the amount of WGM spectral shift due to the
iomolecules binding to the sensing surface, �p is the molecu-

ar surface density per unit area, ˛ex is the excess polarizability
f the analyte, n2 =1.45 is the RI of the OFRR wall, and n3 = 1.33

3

c
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s the RI of the aqueous medium. ε0 is vacuum permittivity, � is
he wavelength of the WGM, and S is the BRIS of the OFRR (in
nits of nm/RIU). The excess polarizability for phage and strep-
avidin is 4�ε0 × (5.1 × 10−18) cm3 and 4�ε0 × (3.2 × 10−21) cm3,
espectively (Arnold et al., 2003; Zhu et al., 2008). When the sur-
ace is fully covered with phage, the phage surface density is
.3 × 1010 virions/cm2; when the surface is fully covered with strep-
avidin, the streptavidin surface density is 5 × 1012 molecules/cm2

streptavidin dimensions are 4.5 nm × 4.5 nm × 5 nm). Using Eq. (2)
nd the above parameters, we can determine the biomolecule sur-
ace density from the amount of WGM spectral shift measured in
xperiments.

.2. Optimization of phage immobilization

In most phage-display based biosensor configurations, such as
PR (Nanduri et al., 2007a,c) and quartz crystal microbalance (QCM)
Nanduri et al., 2007b), phage are immobilized on the sensing sur-
ace simply through direct passive physical adsorption. This is a
ery simple method, but it takes long time (1–3 h) to reach a sta-
ilized signal. Furthermore, immobilized phages tend to detach
rom the silica sensing surface, especially during the regenera-
ion step. To reduce the surface preparation time and strengthen
ttachment, phages were coupled to the silica surface covalently
s outlined previously (Appendix B Fig. 2 in Supplementary Mate-
ials). Fig. 2(A) shows the real-time WGM spectral response for
he phage bound to the surface at three different concentrations
1010, 1011 and 1012 virion/mL. It took only approximately 15 min
or the signal to reach the steady state, much less than for the phys-
cal adsorption method. This may be due to the high surface to
olume ratio in the circular OFRR’s microfluidics channel, which
romotes faster phage diffusion to the sensing surface from the
ulk solution. To find out the optimal phage concentration used for
reparing the sensing surface, phage at different concentrations
ere tested on the sensing surface. The phage surface coverage
as calculated from Eq. (2) using the amount of WGM spectral

hift caused by phage immobilization. Fig. 2(B) shows that surface
overage increased gradually with increasing phage concentration,
eaching a maximum of approximately 20% at 1012 virion/mL. The
aximal coverage was relatively low compared to previous stud-

es (Nanduri et al., 2007a). However, less phage surface coverage
ay give phage a more flexible conformation and spaces for bind-

ng, compared to the rigid and tight packing layers (Nanduri et al.,
007a).

.3. Real-time detection of streptavidin

Fig. 3 shows the real-time response of a glutaraldehyde-
unctionalized OFRR sensor, first to R5C2 specific receptor phage
t a concentration of 1011 virion/mL, then to the BSA blocker at a
oncentration of 1 mg/mL, and finally to the streptavidin analyte at
concentration of 1.8 �M. As expected, the resonance wavelength
shifts to higher values as more virions or BSA molecules bound

o the surface, or more analyte molecules captured by R5C2 recep-
ors. The first of these shifts plateaus at a 38 pm, corresponding to
.7% coverage of the sensor surface with receptor virions. The third
hift plateaus at 9 pm, corresponding to 7.4% coverage of the sur-
ace with analyte molecules–very close to receptor virion coverage.
his result suggests that each receptor virion is almost fully covered
ith analyte molecules at saturation.
.4. Binding specificity

To ensure that the response from Fig. 3 was due to the spe-
ific binding between the phage and streptavidin, the sensing
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Fig. 2. Optimization of phage immobilization. (A) Real-time sensorgram for phage imm
introduced into the OFRR. Curves are vertically shifted for clarity. (B) Estimated phage sur
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ig. 3. Sensorgram for streptavidin detection. The interior surface of OFRR was
mmobilized with working phage probes R5C2, and then the unoccupied sites were
locked with BSA. Finally, the sensing surface was exposed to 1.8 �M streptavidin.
ignal was compared for the streptavidin-specific phage R5C2 and
he negative control phage RAP 5. Phages were coupled to the
urface at a concentration of 1011 virion/mL. Fig. 4(A) shows no
bservable response to streptavidin when the negative control
hage was used as the probe, but a strong response when the

T
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ig. 4. (A) Sensing specificity test. (a) The OFRR response with working phage R5C2 and
ssay for phage specificity test. WGM spectral responses to the phage probe on the sensi
1011–104 virion/mL) prior to exposure to sensing surface. Each experiment was repeated
obilization at different concentration. Arrows indicate the time when phage was
face coverage vs. phage concentration. Each experiment was repeated four times.

treptavidin-specific phage was used as probe. A competitive bind-
ng assay further verified the specificity of the sensing results.
hages were coupled to the sensing surface at a concentration of
012 virion/mL. Streptavidin at a concentration of 1.8 �M was prein-
ubated for 20 min with free R5C2 phage at concentrations ranging
rom 104 to 1011 virion/mL before being pumped through the R5C2
oated OFRR. We expected higher concentrations of free phage
n the preincubation solution to result in less free streptavidin in
olution. Fig. 4(B) shows that, as expected, the normalized strep-
avidin surface coverage (streptavidin surface coverage divided
y phage surface coverage) decreased progressively with increas-
ng free phage concentrations. These two assays confirm that the
nteraction between streptavidin and the R5C2 phage is highly spe-
ific.

.5. Detection limit and dynamic range

To explore the detection limit and dynamic range, streptavidin
t concentrations ranging from 0.18 nM to 3.6 �M were passed
onsecutively through the OFRR. The surface was rinsed with PBS
uffer after each sample injection to minimize the sensing signal
aused by bulk refractive index change and non-specific binding.

he normalized streptavidin surface coverage gradually increased
nd finally reached the saturation level. From Fig. 5, the normal-
zed streptavidin surface coverage was linear on the log-log scale

ithin the concentration range of 0.9 nM to 3.6 �M. The lowest
oncentration used in experiment was 0.18 nM, causing 0.65 pm

(b) the OFRR response with negative control phage RAP 5. (B) Competitive binding
ng surface to the streptavidin (1.8 �M). Strepavidin was incubated with free phage
three times.
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Fig. 5. (A) The normalized streptavidin surface coverage vs. streptavidin concentration when working phage R5C2 was used as receptor on the OFRR surface. Each experiment
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as repeated four times. The inset (a) is the real-time WGM spectral shift for 0.18 nM s
olid line is the linear fit (R = 0.94). (B) Hill plot of binding isotherm showing the ra
he linear fit. (n = 0.4494 ± 0.02472, Kd(apparent) = 25 pM, R = 0.99).

GM spectral shift. The theoretical detection limit is limited by
he spectral resolution, which in turn is limited by the Q-factor and
emperature fluctuation. A spectral resolution of 0.02 pm for the
FRR has been achieved earlier (Fan et al., 2007), which leads to
theoretical detection limit of about 5 pM, similar to the detec-

ion limit achieved by SPR ∼1 pM (Nanduri et al., 2007a) and QCM
3 pM (Nanduri et al., 2007b). The detection limit of OFRR can
robably be improved by at least another order of magnitude by
everal available means. First, the sensitivity of the OFRR can be
urther increased by improving OFRR manufacture procedures. In
urrent experimental setup, the HF acid etching procedure results
n the roughness on capillary interior surface, thus decreasing the
esonance Q-factor and limiting the spectral resolution. The cap-
llary can be made by using a fiber drawer tower without further
F etching, which helps maintain the Q-factors of the OFRR. Sec-
nd, sandwich assay detection method can be employed. In this
ethod, the biotinylated phage is immobilized on the sensing

urface as the primary receptor to trap streptavidin, and then sec-
ndary biotinylated phage can be introduced to the sensing surface
o amplify the sensing signal. Additionally surface chemistry for
hage immobilization can also be further improved. Currently the
urface functionalization method relies on an unstable Schiff base
hat can compromise the probe immobilization. We can use stabi-
izing agent such as sodium cyanoborohydride to reduce the Schiff
ase into stable secondary or tertiary amine bond, which might

ncrease phage surface coverage.

.6. Binding affinity

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

Ph] + n[Str] ⇔ [PhStrn], (3)

n which the [Ph] is the density of free phage on the OFRR sur-
ace, [Str] is the concentration of free streptavidin in solution,
nd [PhStrn] is the density of the phage-streptavidin complex on
he OFRR surface, n is the number of streptavidin bound to a

hage. The Hill equation for this interaction is described as fol-

ows:

og
(

Y

1 − Y

)
= log Ka + n log [Str], (4)

i
s
q
s
t

vidin and (b) is the real-time WGM spectral shift for 1.8 �M and 3.6 �M streptavidin.
occupied and free phages as a function of streptavidin concentration. Solid line is

here Y/1 − Y is the ratio of the occupied phages to the free phages
n the sensing surface, Ka is the association constant. The Hill plot
hows log(Y/1 − Y) versus log[Str], in which Y = R/Rmax, where R is
he average normalized streptavidin surface coverage. From this,
e can estimate the apparent value of the associate constant Ka of

he interaction of streptavidin with phage from the intercept of the
ill plot (Nanduri et al., 2007b). Fig. 5(B) shows the Hill plot for the
inding process in Fig. 5. According to the Hill plot, the apparent
alue of dissociation constant Kd(apparent), which is defined as 1/Ka

Samoylov et al., 2002), is estimated to be approximately 25 pM
nd the Hill coefficient, n, is 0.45. The apparent value of disso-
iation constant is in agreement with what is typically obtained
or phage probes and their corresponding targets (9 pM to 26 nM
Nanduri et al., 2007a,c; Petrenko and Vodyanoy, 2003; Samoylov
t al., 2002).

.7. Surface regeneration

As discussed before, the bacteriophage is very robust and can
ithstand harsh environments, such as high temperature and

xtreme pH. This leads to a long sensor lifetime and a high number
f uses without the need to perform the surface functionalization
nd phage immobilization before each reuse. To reuse the sen-
or, it is required that all residual analyte molecules be stripped
rom the sensor surface after each assay without removing recep-
ors or compromising their ability to bind analyte. There are a
ew standard procedures for regenerating antibody receptors, but
one so far for regenerating phage receptors. Here we explored
wo multi-ingredient stripping cocktails based on work with SPR
ensors (Andersson et al., 1999). One was ionic solution made up
y KSCN (0.46 M), MgCl2 (1.83 M), urea (0.92 M), and guanidine-
Cl (1.83 M); the other was a chelating solution made by 20 mM
DTA solution. Mg2+ interacts with EDTA to form Mg2+–EDTA com-
lex. The Mg2+–EDTA works with other chaotropic agents, such
s guanidine–HCl, urea, and the SCN− ions, so that the dissocia-
ion between the target and probe will be increased (Andersson
t al., 1999). The cocktail stock solutions were mixed with water
y volume ratio of 1:1:1. As shown in Fig. 6, the mixed solution
as pumped through the sensor capillary after streptavidin bind-
ng. Its high RI caused a large resonance wavelength shift, but the
ignal returned almost to baseline when the sensor was subse-
uently rinsed with PBS buffer, indicating complete removal of
treptavidin analyte from the surface. When the same concen-
ration of streptavidin was applied to the stripped surface, the



466 H. Zhu et al. / Biosensors and Bioele

Fig. 6. Sensorgram in response to sensing surface regeneration. (a) Injection of
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Yang, L.C., Tam, P.Y., Murray, B.J., Mclntire, T.M., Overstreet, C.M., Weiss, G.A., Penner,
.8 �M streptavidin that binds to the sensing surface, (b) injection of cocktail regen-
ration solution to remove streptavidin from the sensing surface and (c) injection
f PBS buffer to rinse off the cocktail regeneration solution and re-establish the
etection baseline. Dashed line is the sensing baseline.

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

. Conclusion

In this work, we developed a sensitive and robust label-free
FRR sensor in which filamentous phages bearing analyte-binding
eptides served as the immobilized receptors. The experimen-
al detection limit for the model analyte, streptavidin, was found
o be approximately 100 pM, and the sensitivity could proba-
ly be improved at least another order of magnitude by available
eans. The sensing surface could be regenerated for reuse by

assing a stripping cocktail through the sensor. Such sensors
ave an extraordinarily wide range of applications, since phages
isplaying peptides that bind a great variety of analytes – includ-

ng threat agents and clinically relevant biomarkers – can be

ffinity selected from available large random-peptide libraries.
n future work, the application of phage as receptor in biosen-
or application will be further explored, including increasing
he sensor sensitivity and extending its application in clinical
esearch.
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