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We report a silicon-on-insulator ring resonator biosensor array with one output port, using wavelength division
multiplexing as the addressing scheme. With the use of on-chip referencing for environmental drift cancellation,
simultaneous monitoring of multiplexed molecular bindings is demonstrated, with a resolution of 0.3 pg/mm? (40 ag
of total mass) for protein concentrations over 4 orders of magnitude down to 20 pM. Reactions are measured over

time periods as long as 3 h with high stability.
OCIS codes: 130.3120, 230.5750, 130.6010, 120.0120.

Monitoring of molecular interactions provides critical
information for medical diagnosis, drug development, en-
vironmental protection, and security. The presence and
concentration of target molecules, as well as receptor-
target binding affinity and kinetics, can be measured
by monitoring the binding between molecules of interest,
e.g., proteins, biomarkers, and complementary DNA seg-
ments. Because of the complex nature of most biological
interactions, sensor arrays capable of multiplexed mea-
surements are often required. Miniaturization, low cost,
and portability are desirable attributes for such sensing
systems.

Label-free evanescent field sensors made of silicon-
on-insulator (SOI) photonic waveguides with submicrom-
eter dimensions have seen rapid development in recent
years [1-5]. Because of the high refractive index of silicon,
the optical modal field is strongly localized near the
waveguide surface, resulting in a high response to surface
perturbations, particularly when operating in the TM
mode [2]. Highly compact SOI sensor arrays are readily
manufacturable using standard complementary metal-
oxide semiconductor processing. The use of ring resona-
tors further amplifies the sensor response, because the
light circulating in the ring effectively interacts with the
same molecules many times [2,6,7]. These properties
make Si wire resonators one of the most promising sensor
platforms.

Several groups have investigated sensor arrays with
the sensing elements addressed using power splitting,
where multiple outputs are captured with an imaging sys-
tem [1,3,5]. Imaging systems are comparatively costly
and have limited data acquisition speed [5] unless sophis-
ticated instrumentation is employed [3]. Here we report a
sensor array with ring resonators arranged in a series and
coupled to a common access waveguide. Each resonator
has a distinct set of resonances correlated with its ring
size, and the resonance wavelength is used as the address
for each ring using wavelength division multiplexing
(WDM). The sensing signals for all the rings are captured
using a single detector, allowing simple instrumentation.
We demonstrate high uniformity between the sensing ele-
ments and present results of simultaneous monitoring of

multiple antigen-antibody binding reactions in subnano-
molar concentrations.

The sensor array configuration is shown in Fig. 1. A
reference ring is used to cancel temperature-induced
drift, and it is protected with a 2-um-thick SU8 polymer
cladding layer. Four sensing rings are exposed to the sen-
sing medium by opening windows through the cladding
[dotted lines in Fig. 1(a)]. A simple all-pass configuration
is used, leading to a single output port. The add—drop sen-
sor configuration has been explored previously [5]; how-
ever, that requires multiple output ports and an imaging
setup for interrogation, similar to the power-splitting con-
figuration. To separate the resonances from each sensor
by ~1 nm, we choose the ring radii R as 20 (reference
ring), 22, 24, 26, and 28 um, respectively. The resonances
used in the sensing experiments are not necessarily from
the same resonance order, but the origin of the reso-
nances can easily be identified by referring to their re-
spective free spectral range (FSR = Az? /2nRn;), where
Jg is the resonance wavelength and n, (~4.5) is the
waveguide group index. Molecule adsorption induced ef-
fective index change An.g is related to the resonance
wavelength shift as Alp = AgAney/n,, independent of
the ring size.
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Fig. 1. (Color online) (a) Schematic of the WDM addressed
ring sensor array, (b) corresponding cross section, (c) fabri-
cated sensor array, and (d) sensor array with microfluidic
channel.
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The fabricated ring and access waveguides are
450 nm x 260 nm in cross section, designed to operate
in the quasi-TM fundamental mode. A coupler of 3 ym
long with a gap of 0.5 ym is employed in all the resona-
tors, yielding a through-coupling strength of ~0.99 in the
reference ring. The fabrication processes, inverse taper
mode size converters used, microfluidics, and surface
preparation procedures are identical to that reported pre-
viously [2]. The sensing windows in the 2-ym-thick SU8
cladding are 170 ym in diameter and placed on a
400 pym x 400 ym grid. A microfluidic channel was inte-
grated on-chip using a second SUS layer 50 ym in thick-
ness [1]. The sensor surface was silanized in vapor phase
by suspending the chip above liquid 3-aminopropyl-
methyldiethoxysilane in a sealed container for 20 min.

The transmission spectrum of the array under the sen-
sing condition is shown in Fig. 2(a), where the labels in-
dicate the resonators that the resonances originate from,
based on their respective F'SR. The assignments are also
further verified during sensing. The reference ring shows
a typical quality factor of @ ~ 38, 000, while the sensing
rings show a lower @ ~ 25,000. Analysis indicates that
the decrease in @ is mainly due to the attenuation caused
by the water absorption, while the change in the resona-
tor coupling strength is small [8]. All sensing experiments
were performed in a room environment without active
temperature control, while the stage temperature was
monitored. Solutions were delivered by drawing with a
syringe pump at a rate of 2 mL/h. The laser was continu-
ously scanned over a 10 nm wavelength range at 2 pm/
step, and the light was coupled to the input waveguide via
a lensed polarization maintaining fiber. A full spectrum
takes ~6 s to acquire. The resonance positions were de-
termined using a three-point parabolic fit to the intensity
minima.

Sensor response was first calibrated using sucrose so-
lutions of varying concentrations, and the as-measured
data are shown in Fig. 2(b). Analyte solutions were de-
livered to all the sensors through a single fluidics channel
[see Fig. 1(d)], in which the reference ring also resides
(but covered with 2 ym thick SUS8). The measured fluid
index sensitivity is 135 nm/RIU (the fluid index change is
1.4 x 1073 for 1% sucrose), independent of the ring size as
predicted by theory. The resonance resolution is
<0.3 pm, corresponding to a fluid index variation of
<2 %107, and the response variation between the four
sensorsis 1 pm for an Alg of 95 pm. This excellent sen-
sing uniformity indicates good dimensional and fluidic
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Fig. 2. (Color online) (a) Transmission spectrum of the ring
sensor array. The labels indicate the resonators that the reso-
nances originate from, as marked in Figs. 1(c) and 1(b). (b) As-
measured wavelength shift of the sensors in 0.5%, 1%, and 2%
sucrose solutions relative to DI water.

uniformities of the sensors. The reference ring 1p blue-
shifted ~17 pm over the duration of the experiment
(25 min). We found that this shift includes contributions
from the temperature fluctuations and a slow drift, which
we believe is related to the gradual water permeation into
the SUS8 cladding. The later contribution is a monotonic
function of the fluid exposure time, and we have cali-
brated it separately with experiments under a stabilized
temperature. Details of these procedures will be reported
in a separate publication. Using the reference ring to can-
cel the temperature-induced fluctuations [9], the baseline
[in deionized (DI) water] for all four sensors are main-
tained to < + 2 pm during the entire experiment.

To demonstrate multiplexed molecular binding, we
use the interaction between antigen-antibody pairs,
namely goat and antigoat immunoglobulin G (IgG) and
rabbit and antirabbit IgG. After the initial silanization, re-
ceptor molecules goat and rabbit IgG were deposited on
sensors 1-3 individually, and bovine serum albumin
(BSA) was deposited on sensor 4 as a control, as labeled
in Fig. 1(c), using a noncontact spotter. The spotting was
performed at room temperature in 50% humidity [10],
using solutions of 1 mg/mL in phosphate buffered saline
(PBS). The samples were then left to incubate for 1 h in
the spotter and removed for storage at 4 °C in a dry en-
vironment. In testing molecular binding, BSA solution
(1 mg/mL) was first flowed for 25 min to block unoccu-
pied silane molecules, followed by a PBS rinse for
~15 min prior to introducing the antirabbit and antigoat
IgG analyte. The response of sensor 3 (spotted with rab-
bit IgG) to antirabbit IgG of 0.02, 2, 20, and 200 nM con-
centrations is shown in Fig. 3. The initial response shows
the characteristic linear behavior. The apparent binding
rate is shown in Fig. 3(b) as a function of the concentra-
tion over a dynamic range extending 4 orders of magni-
tude, for both the antirabbit-rabbit and antigoat—goat IgG
bindings. The error bars are based on data from the dif-
ferent sensor elements and repeated experiments. By
taking into account the effects of mass transport [2,11],
molecular binding kinetic information can be obtained
for even very dilute solutions.

Binding reactions to consecutive analyte injections are
shown in Fig. 4, after background drift corrections using
the reference ring. After the initial BSA and PBS flow,
antirabbit and antigoat IgG solutions (2 nM) were in-
jected, separated by PBS rinsing steps. Sensor 3 showed
a strong binding of the rabbit IgG receptor to the antirab-
bit IgG in solution, with Alp ~ 150 pm. As expected,

200

. LT —_ i "
/
150 I 05 G paeand 5 °©_Antigoat - goat .
e 7 00 {:. E 4]
L1001 o s
2 Fa000M 05 2 .
k-3 s 0 5 o] s ]
Tol e M
] ittt 2nM %
2 9 t S 014 |
o 4
@ 0.02nM ()]
-80 0.01
4 01 3 5 7 8 M B 1B oot 04 1 10 1o
Time (min) Concentration of IgG (nM)
Fig. 3. (Color online) (a) Wavelength shift of sensor 3 (spotted

with rabbit IgG) upon exposure to varying concentrations of
antirabbit IgG. Inset, a close up of the response to 0.02 nM
IgG. (b) Response rate between complementary protein pairs
at varying IgG concentrations.
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Fig. 4. (Color online) (a) Corrected wavelength shift of the
sensor array in response to consecutively injected 2 nM IgG so-
lutions. (a) and (b) sensor 1 and 2—goat IgG spotted, (c) sensor
3—rabbit IgG spotted, and (d) sensor 4—BSA spotted.

sensors 1 and 2 functionalized with goat IgG demon-
strated a much smaller response to the antirabbit IgG
(Alg ~ 10 pm over 80 min), corresponding to a 15:1
binding selectivity. When antigoat IgG solution was intro-
duced at 110 min, sensors 1 and 2 showed a large re-
sponse, reaching 77 pm and 94 pm, respectively, while
the response of sensor 3 was minimal. Because the intrin-
sic sensing response is highly uniform as demonstrated
with sucrose solutions, the difference in protein response
is most likely caused by receptor coverage nonuniformity
due to variable drying. The response of the BSA spotted
sensor 4 showed a continuous decrease in Ap, and this
behavior was consistently observed in these experiments
with different IgG concentrations. We speculate that this
drift is caused by the removal of loosely bound BSA mo-
lecules deposited by spotting.

Based on the experiment using 200 nM IgG solutions, a
saturated Ay of 1200 pm corresponds to the binding of a
full monolayer. Separate calibration using ellipsometry
estimates a surface mass coverage of 1.2 ng/mm? [1,12].
The measured wavelength resolution of 0.3 pm therefore
corresponds to a resolvable surface coverage of
0.3 pg/mm?, which is approximately 0.03% of a saturated
molecular monolayer, or a total mass of 40 ag for a ring
sensor with R ~ 20 ym. These values represent a signifi-
cant advance over existing commercial systems.

In summary, we have presented an SOI ring resonator
serial array for label-free biosensing applications. The ar-
ray consists of one reference ring and four sensing rings
of different radii, with one output and addressed using
WDM for multiplexed measurements. This configuration
may be extended to include more sensors, provided the
adsorption induced resonance shifts are considerably
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smaller than the ring FSRs. The array is integrated with
an on-chip fluidic channel, and receptor molecules are
deposited in individual sensors using a noncontact spot-
ter. The sensing response exhibits high sensitivity and ex-
cellent uniformity. Using the reference ring to remove
spurious environmental drifts, highly stable sensing
signals are obtained. Multiplexed binding between com-
plementary and mismatched IgG protein pairs are mon-
itored simultaneously, down to a concentration of 20 pM,
demonstrating a resolvable mass of 40 ag and a selectiv-
ity of >15:1. The simplicity of this array configuration
makes it particularly suitable for small sensing systems
with a low channel count. This design may also be com-
bined with power splitting to generate large arrays.
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