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To improve the ability of an external cavity laser (ECL) biosensor to more easily distinguish true
signals caused by biomolecular binding from a variety of sources of background noise, two photonic
crystal (PC) resonant reflectors were incorporated into a single flow cell, with one of the PCs
performing the detection function and the other one serving as a reference sensor. The ECL-based
sensor system simultaneously emits at two distinct wavelengths corresponding to two different
longitudinal cavity modes selected by the sensing and reference PC reflectors. The surface of the
sensing PC filter was functionalized by a biomolecule recognition layer and exhibited narrowband
reflection with the peak reflection wavelength at 856 nm. The reference PC was untreated and had the
peak reflection wavelength at 859 nm. The PCs were bond to the upper and lower surfaces of a thin
chamber frame, forming a flow cell. Utilizing the reference external cavity mode, the dual-mode
ECL sensor system eliminated common-mode noise sources, including thermal drift, refractive index
variations of the analyte solution, and nonspecific biomolecule binding. © 2013 American Institute of
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A self-referencing biosensor based upon a dual-mode external cavity laser

Physics. [http://dx.doi.org/10.1063/1.4801427]

Label-free biosensors based upon measuring wavelength
shifts of optical resonant devices have been used effectively
for characterizing biomolecular interactions.'™ Recent dem-
onstrations of passive optical resonators with high quality fac-
tor include whispering gallery mode spheres, microring
resonators, liquid-core optical fibers, and nanobeam photonic
crystal sensors.*”” The narrow resonant bandwidth of these
approaches enables small resonant wavelength shifts to be
accurately resolved for detection of low concentration analy-
tes, individual nanoparticles, and small molecules. The opera-
tion of high quality factor passive optical resonators can
require highly precise optical alignment for coupling light into
the system, and often also demands highly precise fabrication
tolerances for smoothness or gaps between waveguides and
rings. Passive resonant reflectors, while achieving greater
quality factor, also generally deliver reduced sensitivity, as
measured by the magnitude of the resonant wavelength shift
obtained for adsorption of biomolecules. To overcome these
limitations, the external cavity laser (ECL) biosensor has been
recently demonstrated.® The ECL biosensor utilizes a semi-
conductor optical amplifier (SOA) as the gain medium and a
photonic crystal (PC) reflectance filter as the wavelength-
selective element to form an active optical cavity. The lasing
wavelength value (LWYV) is selected by the narrowband
reflection from the PC and tuned by the attachment of biomo-
lecules.® While maintaining the bulk refractive index sensitiv-
ity of the PC passive resonator, the narrowing of PC resonant
mode through the process of stimulated emission in the ECL
cavity leads to high Q-factor (Q = 2.8 x 107), which is compa-
rable or higher than high Q optical resonators and existing
laser-based label-free biosensors.” "'

A fundamental aspect of the ECL laser biosensor, as
well as many types of optical biosensors, is the detection
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of wavelength shifts, which are indistinguishable from the
change in resonant wavelength generated by an actual binding
event.'> A change in the bulk refractive index of the test sam-
ple, the temperature of the test sample, thermal expansion of
the sensor, thermally induced changes in the refractive indices
of the sensor materials, or drift of the gain spectrum of the
SOA can all modify the resonant wavelength of the sensor
without the presence of biomolecular binding, and thus serve
as sources of noise.''® Further, as biosensors are generally
prepared with a molecular recognition layer (such as an im-
mobilized protein or nucleic acid layer), any attachment of
biomolecules from the test sample to the sensor that is not due
to binding of an immobilized molecule to its intended target
also generates a wavelength shift that must be considered as a
source of noise. In order to extract the signal of interest and to
improve the accuracy of ECL biosensors, we developed a
self-referencing approach based upon a dual-mode ECL.
Dual-mode ECLs have been studied for applications in optical
communications, atomic laser spectroscopy, and environmen-
tal monitoring, but this work represents its initial application
to optical biodetection.'*'®

In the dual-mode ECL sensor system, the two PCs are
bonded to the opposite sides of a thin chamber frame, form-
ing a flow cell that enables a test sample to be exposed to
two PC sensors simultaneously. One of the PCs is modified
with specific surface chemistry to perform the sensing func-
tion (termed the ‘“active” or “sensing” PC), while the
“reference” PC is untreated (or alternatively, treated with a
biomolecular blocking layer that resists surface adsorption).
Both PCs serve as wavelength selective mirrors for the exter-
nal cavity laser cavity, which operates at two distinct lasing
wavelengths corresponding to their own peak reflection
wavelengths. The only constraint for the selection of the
active and reference PC wavelengths is that both must fall
within the gain spectrum of the SOA used for pumping the
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system. Because the test sample is introduced to both sensor
surfaces simultaneously, any refractive index change of the
test sample will induce equivalent shifts on both lasing
modes. Likewise, because both the active and reference sen-
sor share the same thermal environment, small temperature
fluctuations of the test sample or in the room will be experi-
enced by both sensors equivalently, thus automatically refer-
encing the effects of thermal expansion, or thermally
induced changes in the refractive indices of the sensor mate-
rial components. Both sensors share all the optical compo-
nents of the ECL system (SOA, optical fiber, mirror, and
spectrometer), so any unintentional change to the instrument
will be a common-mode effect. Finally, the active and refer-
ence sensors are exposed to the test sample and are thus sub-
jected to the same nonspecific biomolecule binding. By
simply subtracting lasing wavelength shifts of the reference
sensor from the lasing wavelength shift of the active sensor,
the system can accurately separate the biochemical binding
signal from common mode noise signals.

The optical feedback in the dual-mode ECL cavity is
provided by the narrowband PC resonant reflectors, as shown
in Figure 1(a). The PC slabs were fabricated using the nano-
replica molding process described in our previous publica-
tions.'>?® In brief, a subwavelength grating structure was
replicated from a silicon master wafer to a low refractive index
ultra-violet curable polymer with a period of A =550nm and
depth of t=170nm. To form a resonant reflectance near
A=2856nm, a 100 nm thin film of TiO, (refractive index =2.4)
was subsequently coated on top of the replicated grating on
one PC surface. The reference PC sensor was coated with a
slightly thicker 104 nm TiO, layer to shift the resonant
wavelength to 859 nm when immersed in deionized (DI)
water. The resonant peak wavelength values (PWV) of the
PC are modified by small changes of surface dielectric per-
mittivity that result from attachment of biomolecules within
the evanescent field region on the surface. We incorporate
these two PC surfaces face-to-face as top and bottom surfa-
ces of a flow chamber with a channel height of 3 mm, as
shown in Figure 1(b). The flow chamber was fabricated by
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FIG. 1. (a) SEM image of the PC structure. (b) Photograph of the flow cell
where sensing and referencing photonic crystal sensors are incorporated as
the upper and lower surfaces. (c) Schematic drawing of the dual-mode exter-
nal cavity laser biosensor system.
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cutting poly(methyl methacrylate) (PMMA) into the desired
dimensions. Two cylindrical openings at the ends of the flow
cell were tapped for screw-in attachment of 1/16 in. hose
barb connectors, which served as an inlet/outlet ports for
flexible polymer tubing.

The active medium of the dual-mode ECL biosensor
system is a commercially available optical fiber-coupled
semiconductor optical amplifier SOA (SAL-372-850,
Superlum Inc.) with a center wavelength of 2=850nm and
a 3-dB bandwidth of AA=40nm and with antireflection
coating on both surfaces. The output from one end of the
SOA is reflected back by a near-infrared reflection mirror,
while the output light from another end of the polarization-
maintaining (PM) fiber was directed towards the flow cell at
normal incidence. The linear PC gratings are oriented for
transverse magnetic (TM) mode incidence, with the electric
field vector of the incident laser oriented perpendicular to the
grating lines. The sensing and reference PCs reflect their
own narrow resonant band of wavelengths, respectively,
focused back into the SOA by the same path. An active opti-
cal resonator with two resonant modes was established with
high quality factor through the stimulated emission process.
A schematic drawing of the dual-mode external cavity laser
setup is shown in Figure 1(c). A small portion of the emitting
laser light is delivered to a spectrometer with 0.02 nm resolu-
tion (HR4000, Ocean Optics). The lasing spectrum, gathered
kinetically by the spectrometer at a sampling rate of 2 Hz,
was fitted with Lorentzian functions to accurately determine
the peak lasing wavelength, termed the LWV.

Since the two lasing modes share all optical components
of the cavity in our configuration, thermal drift of the gain pro-
file of the SOA will induce wavelength shifts on both the lasing
modes thus can be effectively compensated in the dual-mode
ECL biosensor system. In addition, the stream of test sample
through the flow cell is introduced to both sensor surfaces
simultaneously. The detection target will be selectively cap-
tured by the immobilized capture agent on the active sensor sur-
face, generating a specific-binding signal. Inevitable thermal
drift noise, non-specific binding of the analyte to the sensor
surface, along with the slight variations of the bulk refractive
index due to the mixing of the analyte solution, will generate
equivalent noise signals to the sensing and reference devices.
By performing lasing wavelength shift subtraction, the system
can accurately eliminated common-mode error sources and
extract the signal attributable to actual biochemical-binding on
the active sensor.

First, we demonstrate dual-mode lasing in this system.
The reflection spectrum of the PC filters and the emission
spectrum of the dual-mode ECL are shown together in
Fig. 2. Both measurements were taken with sensing and ref-
erence PC surfaces immersed in DI water, and the mode sep-
aration is 3.07nm. In order to characterize the stability of
dual-mode lasing operation and the feasibility of the self-
referencing technique, three experiments were performed to
assess the effects of environmental fluctuation, bulk refrac-
tive index variability, and the ability to measure specific
adsorption of a protein to the sensing PC. In the first test to
demonstrate the compensation of environmental fluctuations,
laser emission wavelengths for both modes were simultane-
ously monitored over time, with the measurement results
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FIG. 2. PC resonant reflection spectrum and dual-mode ECL laser emission
spectrum when both PC sensor surfaces were immersed in DI water, show-
ing a wavelength separation of 3.07 nm.

represented in Figs. 3(a) and 3(b). Both of the signals gradu-
ally drifted downward, showing the impact of the room envi-
ronment upon the sensors, for which no thermal control was
applied. For a 3-min measurement, the standard deviations
for these two signals are 1.4 pm and 1.3 pm, respectively. By
subtracting these two signals, a self-referenced signal was
obtained exhibiting reduced drift, as shown in Fig. 3(c).
Furthermore, the standard deviation of the baseline signal
fluctuations was reduced to 0.8 pm.

In order to demonstrate the effect of a large common-
mode shift, we induced bulk refractive index LWV shifts by
the introduction of the solvent dimethyl sulfoxide (DMSO)
to DI water with 1% concentration through the inlet into the
flow cell. DMSO was selected because it is a commonly
used solved in pharmaceutical high throughput screening
assays that helps eliminate aggregation of potential drug
compounds. Variation of DMSO concentration in optical
biosensor assays used for measuring the binding of small
molecules to immobilized proteins can easily result in a
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FIG. 3. Dual-mode emission wavelengths as a function of time demonstrat-
ing the stability of the dual-mode ECL system and the ability to correct for
the effects of small environmental fluctuations. Temporal variation of lasing
wavelength values from (a) top PC and (b) bottom PC mode with DI water.
(c) Relative laser wavelength shift shows a short-term standard deviation of
0.8 pm for this 3-min measurement.
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biosensor signal due to bulk refractive index effects that is
greater than the wavelength shift due to small molecule
detection, and thus represents an important noise source.'*?!
Utilizing rigorous coupled wave analysis (RSoft), we simu-
lated the spectral response for the active and reference pho-
tonic crystal sensors. An identical linear dependence of the
resonant wavelength shift on the bulk refractive index
change is obtained, revealing a linear bulk refractive index
shift coefficient of S, =AA/An=170nm/RIU, not affected
by the slightly different thickness of the TiO, layer. To mea-
sure the effect of DMSO concentration on the dual-mode
ECL biosensor, LWV was initially measured with DI water
in the flow cell, establishing two baseline signals for the
sensing and reference sensors. At t =3.4 min, pure DI water
was replaced by a 1% DMSO solution, and time sequence
lasing wavelength data were measured after signal stabiliza-
tion. We observed a 49 pm upward shifts on both lasing
modes, indicating the higher refractive index of the DMSO
solution. However, the self-referenced signal, Figure 4(c)
demonstrates that both sensors undergo identical wavelength
shifts, and that simple signal subtraction of the reference sen-
sor from the sensing sensor results in no measurable shift, as
desired, and had a standard deviation of 2.1 pm. This experi-
ment also demonstrates that the bulk refractive index sensi-
tivity was not dependent on the initial lasing wavelength of
the sensor. This self-referencing system corrected the
common-mode shift caused by the change of bulk refractive
index of test sample.

To demonstrate the self-referencing technique for detec-
tion of biomolecules, a simple assay for detection of pig
immunoglobulin G (IgG) by immobilized Protein A was per-
formed. In the sensor preparation phase, Protein A (Pierce
Biotechnology) with a concentration of 0.5mg/ml in
phosphate-buffered saline (PBS) buffer (Sigma-Aldrich) was
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FIG. 4. Response plots of laser emission wavelengths during a bulk fluid re-
fractive index experiment demonstrating the ability of the reference sensor to
undergo an identical wavelength shift as the active sensor, and thus to com-
pensate for errors induced by bulk refractive index variation of the analyte.
Temporal variation of lasing wavelength values of (a) top PC mode and (b)
bottom PC mode with DI water as test sample (before 3.4 min) and with 1%
DMSO solution (3.4 to 5min). The introduction of DMSO solution induced
49 pm shifts simultaneously in both the lasing modes. (c) Subtraction of the
bottom PC lasing wavelength shift from the top one results in effective elimi-
nation of bulk refractive index induced shift and shows a short-term standard

deviation of 2.1 pm.
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FIG. 5. Kinetic response plots of laser emission wavelengths of the Protein
A and pig IgG binding experiment. Temporal variation of lasing wavelength
values of (a) sensing PC mode and (b) reference PC mode with PBS (before
7.5 min), followed by introduction of Pig IgG solution (7.5 to 22.5 min) and
a wash step. (c) The self-referenced signal was generated by subtracting the
binding signal from the non-binding reference signal, indicating only the
effect of protein A and pig IgG binding.

introduced to the surface of the active sensor, and allowed to
incubate for 15 min. After rinsing the sensor surface three
times with PBS to remove loosely bound Protein A, a PWV
shift of 0.533 nm for the active PC was obtained, resulting
in a PWV =85534nm. The reference sensor PC with
PWV =859.45 nm was not functionalized with a biomolecu-
lar recognition layer, creating a reference to the Protein
A/IgG binding signal. In the binding experiment, PBS solu-
tion was first injected into the flow cell to establish the base-
line signals. Pig IgG (Sigma-Aldrich) diluted with 0.01 M
PBS to a concentration of 0.5 mg/ml was introduced into the
flow cell and allowed to incubate for 30 min, followed by a
wash step to remove any unbounded IgG. This high concen-
tration of IgG is meant to saturate all available Protein A
binding sites on the active sensor, and to present a high con-
centration of protein to the untreated reference sensor.
Kinetic LWV responses of two differential binding signals
were obtained for the detection and reference sensors, as
shown in Figs. 5(a) and 5(b). The self-referenced signal was
obtained by subtracting the non-binding signal from the
binding signal, showing a ALWV =2.15nm. Because pig
IgG will specifically bind to Protein A, this self-referenced
binding signal indicates only the effect of the pig IgG bind-
ing, referencing out environmental fluctuations, bulk refrac-
tive index changes, as well as non-specific binding signals.
In summary, a self-referencing ECL biosensor with
dual-mode operation has been demonstrated and character-
ized. With two PCs assembled in a flow cell format serving
as lasing wavelengths selection mirrors and with the semi-
conductor amplifier providing optical gain, this system
achieves high Q-factor resonance and high-sensitivity label-
free detection simultaneously. The ECL system simultane-
ously emits two distinct wavelengths selected by the sensing
and reference PCs. Due to the close proximity and simulta-
neous exposure to test analytes of both sensors, the reference
signal and binding signal share nearly all the common-mode
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error sources and their subtraction effectively eliminates
these sources of noise. We have demonstrated stable dual-
mode operation and have explored the feasibility of correct-
ing common mode shifts caused by environmental fluctua-
tions, variation in bulk refractive index of test sample by
introducing DMSO solution. A simple biomolecular attach-
ment assay was performed to further demonstrate the self-
referencing technique. Future work on this self-referencing
method will involve detection small molecules-protein inter-
actions, where the detected signal is of similar magnitude to
thermally induced noise, for applications in pharmaceutical
development and life science research.
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