IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 3, NO. 6, DECEMBER 2009

415

A Cantilever Sensor With an Integrated Optical
Readout for Detection of Enzymatically
Produced Homocysteine
Stephan T. Koev, Rohan Fernandes, William E. Bentley, and Reza Ghodssi, Member, IEEE

Abstract—Microcantilever sensors have been recognized as a
promising sensor platform for various chemical and biological applications. One of their major limitations is that the measurement
of cantilever displacement typically involves elaborate off-chip
setups with free-space optics. An improved device, known as the
optical cantilever, has been proposed recently to eliminate the
external optics. The response of the optical cantilever is measured
on-chip through integrated waveguides. However, this method
has been previously demonstrated only for devices operating in
air, whereas most chemical and biological samples are in solution
state. We present the first optical cantilever capable of operation
in liquid. We test it with the detection of homocysteine with
a minimal concentration of 10 M. The minimal measurable
cantilever displacement and surface stress are 5 nm and 1 mN/m,
respectively. The presented device will be used in studies of a
homocysteine-producing bacterial pathway for the purpose of
drug discovery. It can also be extended to various other chemicalor biological-sensing applications by selecting an appropriate
surface coating.
Index Terms—Cantilever sensor, enzyme, homocysteine, integrated waveguides.

M

I. INTRODUCTION

ICROCANTILEVERS have become popular in the
field of miniaturized biological and chemical sensing
[1]–[3]. They are compatible with microelectromechanical
system (MEMS) batch processing, allowing dense arrays of
devices to be fabricated in parallel at low cost. They detect
samples in a label-free state and can be adapted for a wide range
of applications. Microcantilevers have two sensing modes: 1)
static and 2) dynamic. In the static mode, the target analyte
causes beam bending due to increased surface stress. In the
dynamic mode, the analyte causes a shift in the beam’s resonant
frequency due to the increased mass loading. For both modes
of operation, it is necessary to measure the displacement of the
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cantilever as a function of time. The measurement typically
employs an elaborate free-space optical setup using either a
position-sensitive detector [4]–[7] or an interferometer [8], [9].
This off-chip setup is many orders of magnitude larger and
more costly than the actual cantilever chip, and it can only
measure one device at a time. Therefore, the advantages of the
cantilever sensor are severely limited by the characteristics of
the external readout setup.
Recently, a new cantilever design has been demonstrated that
uses integrated optical waveguides for displacement measurement instead of external optics [10]–[12]. This device, known as
the optical cantilever, is based on the principle of variable light
coupling. The cantilever is part of an input waveguide which
is butt-coupled to a fixed output waveguide. As the cantilever
moves up or down, the amount of light coupled from the input
to the output waveguide changes. This change serves as an indirect measure of the cantilever displacement. The optical cantilever method still requires an external laser to launch light into
the on-chip waveguides and an external photodiode to collect it.
However, these components are much smaller in size and cost
than the free-space optical setup discussed before. As a result,
the integrated waveguide readout can lead to low-cost, portable
cantilever sensors with minimal off-chip complexity.
Previous work on the optical cantilever method was at the
proof-of-concept stage, and there was no detection of an actual sample [10]–[12]. The reported devices were tested only
in air and were not shown to be compatible with liquids. The
majority of chemical and biological samples are in the solution
state; therefore, the capability of the sensor to operate in liquid
is crucial. In this paper, we report for the first time an optical
cantilever sensor working in liquid in the static mode. To enable
the operation in liquid, we embedded the cantilever inside a microfluidic channel. We also devised a method to overcome the
stiction of the cantilever to the substrate, which normally occurs
when microstructures are dried after wetting.
Previous demonstrations of the optical cantilever did not have
a surface coating responsive to a particular sample [10]–[12].
Plain cantilevers (measured with external optics) are typically
coated with a gold layer, which is functionalized with thiol-labeled probe biomolecules [1], [3], [13]. However, the previously
reported optical cantilevers did not have a gold coating, possibly
due to the issues of residual stress and optical loss. A metal layer
on top of the cantilever can potentially bend it and misalign it
from the output waveguide, preventing light from being coupled. In this paper, we add a gold layer on top of the optical
cantilever that is very thin and does not significantly affect the
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Fig. 1. (a) Schematic of optical cantilever. (b) Cross section of fluidic channel along the waveguide. (c) Top-down view of the SU-8 layer (dashed lines indicate
channel location). (d) Cross section of assembled package along the fluidic channel.

cantilever bending or optical loss. This improvement enables the
optical cantilever to be functionalized with probe biomolecules
by the conventional thiol-labeling methods.
The optical cantilever reported here is used for the detection of homocysteine. The homocysteine molecule has a free
thiol group at one end, which binds to the gold coating and
causes surface stress and beam bending. This work is part of
a broader project aimed at studying bacterial quorum sensing
in a lab-on-a-chip format [14]–[16]. It has been shown that infectious bacteria communicate with each other using signaling
molecules called auto-inducers [17]. Understanding and controlling these signals could lead to greatly improved antimicrobial drugs based on inhibiting bacterial communication [18],
[19]. Auto-inducers are difficult to detect, but homocysteine is
a byproduct of the synthesis of one type of auto-inducer that
is recognized as “universal” [20]. Homocysteine, therefore, can
be used as an indicator of its presence in the synthesis process.
The homocysteine sensor will be a part of a microfluidic system
used to test the effect of candidate drugs on bacterial communications.
II. CANTILEVER DESIGN
The optical cantilever in this paper was designed to sense in
the static mode in order to facilitate operation in liquid. The
dynamic mode cantilever detection in liquid has been demonstrated with free-space optics, but it is more challenging than
the static mode due to the high viscous damping forces [5]. The
wavelength of light used in the optical cantilever was chosen to
be 635 nm due to the availability of low-cost red laser diodes.
Most biological samples are dissolved in aqueous solutions, and
water has very low absorbance at that wavelength [21].

2 m. The effect of this offset on the light coupling and sensitivity to displacement is discussed later. The horizontal gap
between the cantilever and the output waveguide is 4 m. Cantilevers with varying lengths were fabricated (70 m, 110 m,
and 140 m), whereas the width was fixed at 23 m. The input
and output waveguides are 1 cm long each. The light is coupled
to and from the on-chip waveguides via optical fibers mounted
on XYZ positioning stages.
The microfluidic channel is formed by placing a molded polydimethylsiloxane (PDMS) polymer layer on top of the cantilever
chip. Fig. 1(b) shows a cross section of the device along the
waveguide, and Fig. 1(c) shows a top-down schematic of the
SU-8 layer. The waveguide tethers are added to form a continuous seal between the SU-8 and PDMS surfaces around the
channel. The channel width, height, and length are 500 m, 100
m, and 1 cm, respectively. The channel is connected to external
tubing via steel capillaries. The PDMS layer and the cantilever
chip are held together between two glass slides by custom-made
clamps. Fig. 1(d) illustrates the fluidic package excluding the
clamps.
The waveguide has different cladding materials along
, PDMS
, and water
its length:
. In all cases, the refractive index of the SU-8
is higher than that of the cladding, and the
core
waveguiding condition is satisfied. However, there is an increased propagation loss in the tethers due to lateral light
leakage from the waveguide and in the gold layer due to its
imaginary refractive index. Each tether is 25 m wide, and the
gold-coated region is 200 m wide. Due to the shortness of
these lossy waveguide regions, the total optical loss through
them is acceptable.
B. Optical Sensitivity

A. Device Structure
A schematic of the optical cantilever with the relevant layer
thicknesses is shown in Fig. 1(a). It consists of SU-8 polymer
bottom cladding on a Si substrate. The
waveguides with
cantilever is a section of the input waveguide that is released
surface and is coated with an Au layer. It bends
from the
up slightly due to residual stress gradient in the SU-8 and is
vertically offset from the output waveguide by approximately

The theoretical change in output optical power as a function
of cantilever displacement can be found by calculating the
overlap integral of the waveguide modes. The electric-field
distributions of the modes in a rectangular waveguide are of
[22]. The mode exiting the
the form
cantilever is shifted vertically due to the cantilever vertical
offset , and it diverges during propagation in the unguided
medium. The divergence in the horizontal direction
is
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negligible compared to that in the vertical direction
due to
the large width to thickness ratio of the waveguide. Therefore,
the propagated mode that arrives at the output waveguide has
.
the form
We define the coupling coefficient to be the fraction of the
power exiting the cantilever that is captured by the output waveguide. It is a function of offset and can be found by the overlap
integral
(1)
Using the planar waveguide approximation [23], we estimated that there are six different vertical mode profiles (3 TE
and 3 TM) in the SU-8 waveguide. Each mode has a different
coupling coefficient. The distribution of power among the
modes is random since it depends on scattering from waveguide
defects. We assume that most of the power is in the fundamental
mode and, therefore, the contributions of the other modes to
the coupling coefficient are negligible. This assumption is
partly justified by the fact that higher order modes have higher
propagation and coupling losses.
The waveguide was modeled in finite element software
(COMSOL Multiphysics) to find the vertical profile of the
fundamental mode. It was determined that the mode shape is
m is a beam
closely approximated by (2), where
waist parameter. Due to divergence in the medium between
the cantilever and output waveguide, the mode broadens and
adopts the shape given by (3). The broadening factor can be
found from the Gaussian beam propagation model [23]; here,
. Using the described mode profiles, the coupling
coefficient from (1) is simplified to

Fig. 2. Theoretical coupling function and optical sensitivity of cantilever for
the fundamental mode.

In this paper, the optical cantilever operates in the static mode
and the detector has a low bandwidth (1 Hz); consequently, the
detector noise is very low. The main source of noise is the mechanical drift of the XYZ positioning stages that hold the fibers
facing the input and output waveguides. This causes power fluctuations on the order of 2%. The power at the detector can
be expressed by (5), where is a fiber-to-waveguide coupling
coefficient combined for both input and output, and the coefficient accounts for the on-chip propagation loss. Changes
in output power are caused either by the cantilever motion or
and are fixed (6). This
by fiber-to-waveguide drift since
also deshows that decreasing the coupling coefficient
creases the drift noise. The signal-to-noise ratio (SNR) is approximated by (7), assuming that the fiber drift is the dominant
source of noise. In that case, SNR is proportional to
(5)

(2)

(6)

(3)
(7)

(4)
Note that the coupling coefficient is an even function of the
offset . Therefore, the position of an optical cantilever cannot
be uniquely determined from the optical power. The same
could result from a positive or negative offset. For this reason,
the cantilever in our design is constrained to be above the output
waveguide, making always positive. This eliminates the sign
ambiguity; an increase in output power can be interpreted as
downward cantilever displacement (decrease in ) and viceversa.
The expected coupling coefficient as a function of cantilever
vertical offset (4) is plotted in Fig. 2 (solid line). We define the
optical sensitivity of the cantilever as the change in output power
per unit cantilever displacement. This quantity is given by the
and is plotted in
first derivative of the coupling function
Fig. 2 (dashed line). The sensitivity peaks near an offset of 0.7
m, while it vanishes near 0 and above 2.5 m. Since the fabrication of the cantilever allows some control of the initial offset,
the device can be tuned for maximum sensitivity. However, the
noise sources also need to be taken into account in choosing the
optimal fabrication offset.

Fig. 2 shows that
increases monotonically with the cantilever offset. Therefore, SNR can be improved by increasing
the cantilever offset until drift noise becomes comparable to detector noise. The optimal offset depends on the contributions
of each noise source and has not been determined exactly. We
chose a target cantilever offset of 2.2 m. We found that increasing the offset beyond 2.5 m decreases the displacement
signal too much, and the effects of stray light coupling and detector noise become significant.
C. Mechanical Sensitivity
We define the mechanical sensitivity of the cantilever as disper unit surface stress
. This quantity is given
placement
by the Stoney equation [24]
(8)
Here, and are the cantilever length and thickness, respectively; is the Young’s modulus and is Poisson’s ratio. Equation (8) shows that the mechanical sensitivity is improved by
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TABLE I
CONTRIBUTIONS TO CURVATURE IN METAL- COATED SU-8 CANTILEVERS

reducing the thickness and increasing the length. The minimum
thickness of SU-8 available at our fabrication facility is approximately 2 m. The maximum length is limited to 150 m due to
the upward curvature of the cantilever, which will be discussed
is two orders
later. The Young’s modulus of SU-8
of magnitude lower than that of traditional cantilever materials,
,
. Therefore, the use of SU-8 significantly
such as Si,
improves the mechanical sensitivity for a given thickness.
III. FABRICATION
The fabrication of fixed optical waveguides requires materials with low loss and high refractive index of the core relative to the cladding. In addition, the fabrication of the cantilever
waveguide requires a material with low residual stress gradient.
The stress gradient causes the cantilever to curve and may prevent any power from being coupled to the output waveguide. It
was shown above that a slight cantilever misalignment improves
sensitivity, but it must be less than 2.5 m and must be in the
upward direction. We chose the cantilever material to be SU-8
since its residual stress is low and can be adjusted with the processing parameters.
A. Characterization of Curvature
Test structures were initially fabricated to evaluate the curvature of SU-8 beams for different processing conditions. These
devices were similar to the reported optical cantilever but had
layer under the cana wide range of lengths, and the
tilever was removed. This allowed us to measure both downward and upward curvatures. The cantilever vertical offset was
estimated either by depth measuring microscopy or by counting
the number of interference fringes in the cantilever image (the
second method will be explained later).
The residual stress in SU-8 is caused mainly by the thermal
coefficient of expansion (CTE) mismatch between the substrate
and the film [25], [26]. The cantilever offset depends on the
in the SU-8 and is given by
residual stress gradient
(9) [27]. The variables , , , and were defined previously;
is the curvature of the cantilever (the reciprocal of radius of
curvature)
(9)
It has been suggested that the residual stress gradient in SU-8
results from a cross-linking gradient, which, in turn, is caused
by exposure dose gradient and temperature gradient during processing [28]. The dose gradient and the temperature gradient
create downward and upward cantilever bending, respectively.
The former can be reduced by increasing the exposure dose sufficiently, and the latter can be minimized by baking in an oven
instead of on a hotplate. For this application, cantilevers with a

slight upward curvature are required; therefore, we chose hotplate baking and tested different doses. Uncoated cantilevers
with an upward curvature of approximately 0.1 mm were obtained by using a dose of 200 mJ/cm . However, devices coated
with gold had significantly increased curvature.
The deposition of 15-nm Au with a 15-nm Cr adhesion layer
by e-beam evaporation resulted in a downward curvature exceeding 2 mm . Etching the deposited metals did not eliminate the curvature, which suggests that the SU-8 acquires a
residual stress gradient during the e-beam evaporation. We believe that heating or exposure to X-rays in the e-beam chamber
creates a cross-linking gradient in the SU-8. Performing the
metal deposition by sputtering or thermal evaporation eliminated this problem but resulted in large upward curvature of
about 1.2 mm .
Etching the deposited metals removed the upward curvature.
This suggests that thermal evaporation and sputtering processes
do not alter the SU-8 layer, but the metal films have residual
stress. It was found that most of this residual stress is caused by
the Cr adhesion layer. The deposition of 15 nm of Au directly
on the SU-8 surface eliminated the upward curvature in dried
cantilevers. The adhesion of Au to the SU-8 was excellent, and
no delamination was observed throughout the testing. This may
be due to the small thickness of the Au film.
An increased upward curvature was observed in Au-coated
cantilevers immersed in water. We attributed this effect to
swelling of the SU-8, which has also been noted elsewhere
[29]. The top cantilever surface is blocked by metal and does
not swell much, while the bottom surface is permeable to water
and swells more. This creates a swelling gradient and beam
bending. The swelling can be somewhat reduced by prolonged
hard baking of the SU-8 at 190 C, but that was found to increase the optical loss in the waveguide. The minimal curvature
achieved for Au-coated cantilevers in water was approximately
0.23 mm . Table I summarizes the different contributions to
curvature that were discussed, and the next section describes
the optimized fabrication process.
B. Fabrication Process
The fabrication of the optical cantilever begins with a
orientation. Thermal oxide
100-mm silicon wafer with
. Next, a 30-nm-thick Cr film
is grown to a thickness of 1
is deposited and patterned to serve as a sacrificial release
layer for the cantilever. A 2.2- m-thick layer of SU-8 5 epoxy
(MicroChem Corp, USA) is spin-cast at 5200 r/min for 30 s. It
for 16 min; exposed in a contact aligner
is prebaked at 95
with a dose of 200 mJ/cm at 365 nm; and post-baked at 95
for 16 min. The SU-8 is developed for 2 min and then hard
for 45 min. All baking steps are performed on
baked at 190
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, OD 2.3 mm), which is conTygon flexible tubing (ID 380
nected to a syringe pump for sample injection. Fig. 3(b) shows
the fully assembled fluidic package.
C. Control of Stiction

Fig. 3. (a) Microscope image (top-down view) of fabricated cantilever inside
the fluidic channel. (b) Photograph of the assembled fluidic package.

a hotplate, and the temperature is ramped to the target value at 5
. Next, a 15-nm-thick Au layer is deposited by thermal
evaporation and patterned by liftoff. Finally, the cantilevers
are released by immersing the wafer in Cr etchant-type TFD
(Transene Inc, USA) for approximately 1 hr. This etchant is
highly selective and does not attack the Au layer on top of the
cantilever. The finished wafer is cleaved into chips with dimensions of approximately 2 cm 1.5 cm, each containing eight
cantilevers. The cleaved SU-8 waveguide facets are sufficiently
smooth for optical coupling, provided that the waveguide
pattern is closely aligned to the silicon cleaving plane during
lithography.
Fig. 3(a) is a top-down image of a fabricated cantilever immersed in DI water. An interference pattern can be seen along
the cantilever. This pattern is formed by light reflecting off the
substrate and light reflecting off the cantilever surface. The thin
Au layer is transparent, allowing light to pass through the cantilever. The number of interference fringes (minima or maxima)
can be used as an estimate of the cantilever offset. Each fringe
corresponds to half a wavelength. The image in Fig. 3(a) was obtained by using laser illumination with a free-space wavelength
of 660 nm, which in water becomes 500 nm (assuming
1.33). There are seven interference fringes, resulting in an estimated offset of 1.7 m. This method is used during testing to
correlate the output optical power with cantilever displacement.
The PDMS capping layer is formed by using an SU-8 mold
wafer. To fabricate the mold, a 100- m-thick layer of SU-8 50
epoxy (MicroChem Corp, USA) is spin-cast onto a blank Si
wafer and is patterned with the channel layout. The standard parameters provided by the manufacturer are used for the SU-8 50
processing. A PDMS mixture is prepared with 10:1 ratio of resin
to curing agent (Sylgard 184, Dow Corning, USA). The SU-8
mold is placed in a 5-mm-deep dish, which is then completely
for
filled with the PDMS mixture. The PDMS is cured at 80
1 h. It is peeled off the mold and cut to a size slightly smaller
than the cantilever chip. Vertical holes are made in the PDMS
at the ends of the channel with a 1-mm drill bit. Then, steel capillaries (ID 200 m, OD 400 m) are inserted into the PDMS
horizontally to meet these holes. Next, the PDMS layer with the
capillaries is aligned on top of the cantilever chip while still wet,
observing the alignment under a microscope. The chip and the
PDMS are placed between two vertically stacked glass slides,
which are compressed with clamps. The resulting spacing between the glass slides is approximately 5 mm, which allows external optical fibers to be inserted near the waveguide facets on
the edge of the cantilever chip. The capillaries are connected to

Microstructures that are wetted and dried tend to adhere to
the substrate. Cantilevers operating in air can be supercritically
dried during the last fabrication step and never wetted again
[11]. However, a cantilever for detecting liquid samples continues to be wetted and dried after fabrication and experiences
stiction. We devised a method to release stuck cantilevers postpackaging by using the swelling behavior of SU-8. As previously discussed, metal-coated cantilevers have an upward curvature due to the swelling gradient of the SU-8 in water. This
effect is greatly enhanced in solvents, such as methanol or IPA.
Our method for releasing stuck cantilevers is to briefly flow
methanol in the fluidic channel. The cantilever bends up and
breaks away from the substrate. The methanol is followed by
DI water, which relaxes the cantilever to a lower curvature and
keeps it released.
IV. OPTICAL CHARACTERIZATION
The packaged device is mounted on a fixed stage under an optical microscope with a digital camera. A lensed 9- m core fiber
is used to couple light from a 635-nm pigtailed laser diode to the
input waveguide. Light from the output waveguide is collected
by a 62.5- m core fiber and guided to a computer-controlled optical power meter. Both the input and output fibers are mounted
on XYZ precision positioning stages.
The propagation loss in the waveguide was estimated by the
scattered light intensity method [30]. The scattered light intensity along the waveguide was acquired from a digital image and
fit to an exponential decay curve, giving a propagation loss of
approximately 7 dB/cm.
The total loss in the system depends on the cantilever offset.
The loss with the cantilever stuck to the substrate (i.e., zero
offset) is on the order of 25 dB. This was measured by comparing the output fiber power (300 nW) to that in the input fiber
(90 W). Approximately 11 dB of the total loss is accounted
for by propagation loss (total waveguide length is 1.5 cm), and
the rest is attributed to a combination of fiber-to-waveguide coupling loss and cantilever coupling loss. The losses vary considerably from device to device, and the values listed here are representative but not exact.
We measured the output optical power for varying cantilever
offsets in air. This was performed by drying an unpackaged cantilever and moving its tip vertically with a microprobe needle.
The resulting cantilever offset was estimated by counting
the number of interference fringes in the microscope image
as described previously. Fig. 4 shows the measured power
at each offset. The theoretical power based on the coupling
function is plotted for comparison (the coupling function is
scaled, making its peak equal to the maximum measured output
power). Overall, the data points agree reasonably well with
the theoretical curve. The discrepancies are most likely due to
cantilever torsion. The microprobe needle used to move the
cantilever vertically also twists it slightly; this should make the
measured output power lower than the theoretical value.
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Fig. 4. Measured and theoretical optical output power versus offset for a
140- m-long cantilever. The device is tested in an unpackaged, dried state.

Fig. 5. Response of an optical cantilever to 5-mM solution of homocysteine in
DI water. The cantilever is 110 m long and has a 2.2- m initial offset.

V. HOMOCYSTEINE DETECTION
The packaged optical cantilever was tested by detection of homocysteine solutions. As discussed previously, homocysteine is
a byproduct of the bacterial signaling pathway, and the capability to detect it in a microfluidic device will be useful for antibacterial drug discovery. Two types of homocysteine detection
experiments were carried out to verify the sensor response. For
the first experiment, we prepared homocysteine samples externally and introduced them into the device. For the second type
of experiment, we functionalized the Tygon microfluidic tubing
with bacterial enzymes; the homocysteine was synthesized in
situ by these enzymes and detected by the cantilever downstream. All liquids were injected in the device by the external
to 10
.
syringe pump at rates ranging from 2
Before each experiment, the device was cleaned by flowing dilute HCl (1% v/v) for 5 min, followed by a DI water rinse for
5 min. The optical fibers were initially aligned to the input and
output waveguides by adjusting the XYZ stages and were left in
the same position for the whole experiment. The output of the
optical power meter was continuously logged by a computer at
a sampling frequency of 1 Hz.
The externally prepared samples were obtained by dissolving
homocysteine powder (Sigma Aldrich, USA) in DI water. They
were introduced in the device after flowing pure DI water to establish a baseline signal. Fig. 5 shows the response of the optical
cantilever to a 5-mM externally prepared homocysteine solution. The coupled power increases by a factor of 9 over a period
of 500 s after sample introduction due to gradual binding of homocysteine to the gold surface. The sample is followed by DI
water, which does not appreciably change the output power. Ideally, no change in power is expected here since the thiol group
of homocysteine should be covalently bound to the gold surface
and should not be removed by water rinsing. The small decrease
in power may be the result of some physically adsorbed homocysteine molecules being removed.
The DI water flowing before and after the homocysteine
sample introduction has exactly the same optical properties.
This verifies that the change in output power is caused by
cantilever bending and not by a change in the optical properties
of the medium. The shape of the coupling function (Fig. 2)
suggests that the increase in output power in Fig. 5 was caused
by downward cantilever displacement. This was confirmed by
counting the number of interference fringes in the microscope
image of the cantilever before and after the sample introduction. Downward displacement means that the homocysteine

Fig. 6. Response of an optical cantilever to increasing concentrations of homocysteine. The cantilever is 70 m long and has a 750-nm initial offset.

creates compressive stress on the gold surface. This conclusion
is consistent with reports of the stress generated by other thiol
compounds [6], [7].
Fig. 6 shows the response of an optical cantilever to increasing concentrations of homocysteine. Solutions with
concentration from 1 M to 10 mM were introduced sequentially. The lowest concentration does not produce a measurable
change in optical power, but the second lowest (10 M) causes
a clear response. The optical power changes further by introducing 100- M and 1-mM solutions, although the relative
changes become smaller. Finally, the transition to 10 mM does
not produce any measurable response.
These results are consistent with the first-order kinetics model
of thiol assembly to gold surfaces [31]. According to the model,
the final surface density of thiols is independent of the solution
concentration, and the binding rate is proportional to the solution concentration and the vacant surface area. In the 1 M region in Fig. 6, the solution concentration is the limiting factor to
the binding rate. In the 10-mM region, the surface is already covered with thiols by the previous samples, and the vacant surface
area becomes the limiting factor. This explains why the binding
rate in both of these regions is low and the change of optical
power is unmeasurable. However, the first-order thiol assembly
model is a crude approximation. After the initial binding, the
thiol layers undergo several phase transitions that are not completely understood [32]. For this reason, we were not able to
perform a more quantitative analysis of the cantilever response
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Fig. 7. Measured and theoretical displacement of a cantilever versus relative
increase in optical power. The cantilever is 140 m long and has 2.2- m initial
offset. It is tested in 5-mM homocysteine solution.

as a function of homocysteine concentration. Importantly, the
study of bacterial quorum sensing that this device will be used
for does not require concentration measurements. For this application, it is sufficient to detect the presence of homocysteine.
The cantilever displacement during homocysteine binding
can be estimated by counting the number of interference fringes
in the microscope image. Fig. 7 shows three estimated displacements versus the measured relative power increase (increase in
power divided by initial power) for a 140- m-long cantilever
in response to 5-mM homocysteine. The three data points
were obtained at different times after the sample introduction.
The vertical error bars are due to the resolution limit of the
fringe-counting measurement 120 nm).
Fig. 7 also shows the theoretical relative power increase based
on the coupling function. The curve was obtained by dividing
the theoretical increase in coupling coefficient at varying displacements by the coupling coefficient at the initial offset. The
initial offset used in this calculation was estimated by the fringe
counting method. The measured data in Fig. 7 agree reasonably
well with the model. This suggests that the model can be used to
translate changes of output power into cantilever displacement.
The model can be extended to cantilevers with different lengths
and initial offsets.
The second type of homocysteine experiment was performed
by using bacterial enzymes in the microfluidics tubing to synthesize homocysteine in situ. The synthetic pathway of the bacterial signaling molecule AI-2 consists of the enzymes Pfs and
LuxS [19], [20]. Pfs converts the compound S-adenosyl homocysteine (SAH) into S-ribosyl homocysteine (SRH), and LuxS
converts SRH into AI-2 and homocysteine. The homocysteine
can serve as an indicator of AI-2 in studies of bacterial quorum
sensing.
Fernandes et al. synthesized the enzymes Pfs and LuxS and
used them to convert SAH into AI-2 and homocysteine in vitro
[15], [16]. The enzymes were assembled on chitosan-coated
magnetic nanoparticles for controlled delivery to bacterial cells.
In the present work, we use the same enzymatic nanoparticles
and immobilize them in the microfluidic tubing at the input of
the optical cantilever package. SAH solutions entering the device are converted into homocysteine, which is detected downstream by the cantilever.
Enzyme-coated magnetic nanoparticles were prepared as described in [16]. The nanoparticle solution was injected into a
10-cm-long Tygon tube. A magnetic field was applied perpendicular to the tube with a permanent magnet for 5 min, forming a

Fig. 8. (a) Response of an optical cantilever to SAH introduction; the input
tubing is functionalized with Pfs and LuxS enzymes. (b) Response of an optical
cantilever to SAH introduction; there are no enzymes in the tubing. Both cantilevers are 110 m long and have 2.2- m initial offset.

visible film of particles adsorbed on the inner walls. The magnet
was removed, and the tube was rinsed with DI water to remove
any loosely bound particles form the walls. A visible film of
adsorbed particles remained even after extensive rinsing. The
functionalized tube was attached to the input capillary of the
optical cantilever package.
An SAH solution was prepared by dissolving SAH powder
in 10–mM sodium phosphate buffer (PB) with a pH of 5.9. The
solution was introduced into the device after flowing PB for 10
min to establish a baseline signal. Fig. 8(a) shows the optical
response of the cantilever to the SAH for two different concentration and flow–rate conditions. The concentration of homocysteine near the cantilever depends on the SAH concentration and
the residence time of SAH at the enzymes, which is inversely
proportional to the flow rate. In Fig. 8(a), the cantilever response
is undetectable. Howto 100 M SAH flowing at 10 L
ever, increasing the concentration to 1 mM and reducing the flow
causes a measurable change in power.
rate to 2 L
We also performed an SAH experiment using a device whose
microfluidic input tubing was not functionalized with enzymatic
particles. Fig. 8(b) shows the optical response of this cantilever
. There is a slight downto 1 mM SAH flowing at 2
ward trend in the power, probably caused by XYZ stage drift;
however, there are no major changes upon the injection of SAH.
Therefore, the cantilever in Fig. 8(a) does not respond to the
SAH itself but to the homocysteine produced by the enzymes.
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This result is expected since SAH does not have free thiol groups
that could bind to the cantilever surface.
VI. DISCUSSION
The cantilever displacement in each experiment can be estimated from the measured power change based on the theoretical coupling function and the measured initial cantilever offset.
The results in Fig. 7 show that the displacement obtained by
this method is in good agreement with the displacement measured by fringe counting. Further, the displacement can be used
to calculate homocysteine-induced surface stress based on the
mechanical sensitivity of the cantilever.
The maximum relative increases in optical power in Figs. 5–8
are 8, 0.3, 24, and 3.6, respectively. Using the theoretical coupling function and measured initial offset of each cantilever, we
found that these power changes correspond to displacements of
440 nm, 150 nm, 750 nm, and 300 nm. Using the mechanical
sensitivity for each cantilever, we calculated the surface stress
to be 0.17 N/m, 0.14 N/m, 0.17 N/m, and 0.11 N/m, respectively. These stress values are in reasonable agreement. Some
variation between devices is to be expected since the thiol layer
density depends on gold surface properties [32]. Interestingly,
stresses in the range of 0.08 N/m to 0.25 N/m have been reported for several thiol compounds with varying chain lengths
[7]. The measured values for homocysteine here are on the same
order of magnitude.
The minimal detectable displacement of the cantilever depends on the noise power. The variation of the baseline signal
before sample injection is on the order of 2% of the coupled
power. Therefore, the minimal measurable relative change in
power caused by a sample is approximately 0.02. According to
the model described in Fig. 7, this power change corresponds
to a minimal detectable displacement of 5 nm. Considering the
mechanical sensitivity (8), the minimal surface stress that can be
detected with the cantilever is 1 mN/m. This is a considerable
improvement over previous work, where the minimal detectable
stress was 200 mN/m [10].
We believe that the main source of variations in the baseline
signal is the drift of the XYZ fiber positioning stages. The minimal detectable cantilever displacement can be lowered by improving the method of coupling light to and from the on-chip
waveguides.
A technology for bonding lasers and photodiodes to Si substrates (known as hybrid integration) has been developed previously for optical-communications applications [33], [34]. The
same approach can be used here to couple light to and from
the on-chip waveguides permanently without the need for XYZ
stages. This would decrease the power drift and improve the
minimal detectable cantilever displacement. Moreover, it would
reduce the size of the measurement setup and result in a more
compact, low-cost sensor that can be used in an array format.
VII. CONCLUSION
We present the first optical cantilever sensor capable of detecting liquid samples. The optical cantilever is a beam whose
displacement is measured through integrated optical waveguides. This method improves on the traditional techniques for
beam displacement measurements since it does not require
elaborate free-space optics. In addition, it does not require

top-down optical access to the cantilever, allowing for greater
flexibility in the selection of packaging materials.
The device presented here has several advantages over
the previous demonstrations of optical cantilevers. First, it is
embedded inside a microfluidic channel for transporting the
liquid sample. In case of stiction with the substrate, it can
be released by exploiting the swelling behavior of SU-8 in
methanol. Second, the cantilever has a gold surface layer that
can be functionalized with thiol-labeled biomolecules. Third,
the cantilever forms an interference pattern, which can be used
for independent measurement of displacement. Fourth, the cantilever is constrained to be always above the output waveguide.
This eliminates the ambiguity which occurs if the cantilever is
free to move on both sides of the output.
A theoretical model for cantilever optical coupling as a
function of offset was developed and used to predict the impact
of misalignment on sensitivity. The fabrication process was
tuned to minimize the cantilever curvature while allowing a
slight offset from the output waveguide. The coupling model
was found to be in reasonable agreement with the experimental
results.
The completed optical cantilever was tested by detecting homocysteine, which is a thiol-containing compound found in bacterial signaling pathways. The device will be used in microfludics-based studies of bacterial quorum sensing. However, it can
be readily extended to other more traditional cantilever applications, such as DNA hybridization assays and immunoassays.
We believe that the combination of a cantilever sensor with integrated optics and a microfluidic channel presented here is a
significant addition to the lab-on-a-chip toolbox.
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