
GAO ET AL. VOL. 5 ’ NO. 12 ’ 9836–9844 ’ 2011

www.acsnano.org

9836

November 08, 2011

C 2011 American Chemical Society

Plasmonic Mach�Zehnder
Interferometer for Ultrasensitive
On-Chip Biosensing
Yongkang Gao,† Qiaoqiang Gan,‡ Zheming Xin,† Xuanhong Cheng,§ and Filbert J. Bartoli†,*

†Center for Optical Technologies, Electrical and Computer Engineering Department, Lehigh University, Bethlehem, Pennsylvania 18015, United States, ‡Electrical
Engineering Department, University at Buffalo, The State University of New York, Buffalo, New York 14150, United States, and §Materials Science and Engineering
Department, Bioengineering Program, Lehigh University, Bethlehem, Pennsylvania 18015, United States

S
urface plasmons (SPs) are electromag-
netically excited coherent charge oscil-
lations at a metal�dielectric interface.1

Their optical fields are strongly confined at
the metal surface, making them extremely
sensitive to changes in the local refractive
index, such as those induced by surface
biomolecular binding events.2 This attrac-
tive property of SPs is the basis for surface
plasmon resonance (SPR) biosensing, which
has become the gold standard for high-
sensitivity, label-free, real-time monitoring
of biomolecular interactions,3 and has been
widely used for biomedical diagnostics, food
safety monitoring, and environmental sen-
sing. Most commercial SPR systems employ
a prism to couple light into SPs on a flat,
continuous metal film in the Kretschmann
configuration.2 While this approach has ad-
vantages, the intrinsic size and alignment
requirements of prism-based SPR sensors are
a significant limitation when compact, low-
cost devices are required for high-through-
put bioanalytical measurements.4�7

Nanoplasmonic sensors, employing nano-
particles or nanostructured metallic films to
couple incident light directly into SPs, are an
emerging sensing platform that can help
overcome the above limitations.5�8 They
permit low-cost, miniaturized, on-chip bio-
sensing in a simple collinear transmission or
reflection geometry, raising the potential
for high-multiplexing detection without re-
quiring a bulky and complex prism-coupling
configuration. Various plasmonic nano-
structures have been successfully employed
in novel biosensing applications, including
catalytic reaction probes,9 molecular vibra-
tional spectroscopy,10 enhanced detection
of chiral molecules,11 and live viruses dete-
ction.12 However, the sensitivities and de-
tection limits of nanoplasmonic sensors
reported to date are not comparable with

commercial prism-based SPR sensors.5�16

For example, the reported refractive index
sensitivities of 300 nm/RIU (λ ∼ 800 nm) for
nanoparticles,13 560 nm/RIU (λ ∼ 900 nm) for
nanoslit arrays,14 and313nm/RIU (λ∼700nm)
for nanohole arrays15 are 1�2 orders of mag-
nitude lower than those for prism-based SPR
systems (13800 nm/RIU at λ∼ 850 nm).16 As a
result, increasing the sensitivities of nanoplas-
monic biosensors is important for their inte-
gration into practical devices and impact on
future biosensing markets.
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ABSTRACT

We experimentally demonstrate a plasmonic Mach�Zehnder interferometer (MZI) integrated

with a microfluidic chip for ultrasensitive optical biosensing. The MZI is formed by patterning two

parallel nanoslits in a thin metal film, and the sensor monitors the phase difference, induced by

surface biomolecular adsorptions, between surface plasmon waves propagating on top and

bottom surfaces of themetal film. The combination of a nanoplasmonic architecture and sensitive

interferometric techniques in this compact sensing platform yields enhanced refractive index

sensitivities greater than 3500 nm/RIU and record high sensing figures of merit exceeding 200 in

the visible region, greatly surpassing those of previous plasmonic sensors and still hold potential

for further improvement through optimization of the device structure. We demonstrate real-time,

label-free, quantitative monitoring of streptavidin�biotin specific binding with high signal-to-

noise ratio in this simple, ultrasensitive, and miniaturized plasmonic biosensor.

KEYWORDS: biosensing . plasmonics . Mach�Zehnder interferometry .
sensitivity . figure of merit
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Optical interferometry is a highly sensitive method
for interrogating molecular binding interactions on
functional surfaces. It has been applied, for example,
to fluorescence interferometry for high-resolution mi-
croscopy or nanoscopy,17,18 as well as label-free sen-
sing based on the Mach�Zehnder interferometer
(MZI),19,20 Young interferometer,21 dual polarization
interferometer,22 backscattering interferometer,23 and
spectral reflectance interferometer.24 Surface plasmon
interferometry has also been proposed recently25�28

and suggested as a promising technique for sensitive
refractive index sensing.29,30 In the present work, we
demonstrate a compact plasmonic MZI integrated on a
microfluidic platform for highly sensitive, label-free,
on-chip biosensing. The simple plasmonic MZI archi-
tecture, consisting of two parallel nanoslits in a metal
film, does not require challenging fabrication methods
and is amenable to large-area nanofabrication techni-
ques. Sensing performance of the plasmonic MZI in an
aqueous environment was systematically investigated
and shows good agreement with theoretical predic-
tions. We experimentally achieved greatly enhanced
refractive index sensitivities and record high sensing
figures of merit, significantly surpassing that of other
non-prism-based plasmonic sensing platforms re-
ported in the visible and near-infrared domain. Theo-
retical calculations show that further improvement in
sensor performance is still possible through rational
design and optimization of the device structure. To
demonstrate the feasibility of this plasmonic MZI for

biosensing, real-time label-free monitoring of protein
binding events was successfully performed using sim-
ple transmission far-field microscopy. Quantitative in-
formation on the effective thickness of the adsorbed
protein layer was also extracted from the sensor
response based on a simple analytical formalism.

RESULTS AND DISCUSSION

Detection Principle. A schematic illustration of the
plasmonic MZI is shown in Figure 1a. The device
consists of a 350 nm thick silver film evaporated onto
a flat fused silica microscope slide. Focused ion beam
milling was used to fabricate a series of double-slit
patterns, with slit separation distances of 22.7, 34.2,
45.6, and 57.6 μm. Each slit is 35 μm long and 0.1 μm
wide. An SEM image of a slit pair with a slit separation
distance of 22.7 μm is shown in Figure 1b, and a
photograph of the fabricated plasmonic MZI on a
microfludic platform is shown in Figure 1c. Optical
measurements were performed using an Olympus
IX81 inverted microscope. A white light beam from a
100 W halogen lamp was focused onto the left slit A
from the metalized side of the sample (see the lower
inset of Figure 1b). Slit A scatters part of the incident
radiation into SP modes in both sensing and reference
arms, located at the top metal surface and buried
bottom metal/substrate interface, respectively (see
Figure 1a). The SP waves launched in these two arms
propagate toward the right slit B, where they interfere
with each other and modulate the far-field scattering.

Figure 1. (a) Schematic of the plasmonicMZI. (b) SEM imageof a two-nanoslit structure (each slit being 35μm longand 0.1μm
wide) with a slit separation of 22.7 μm. The top inset shows a detailed SEM image of one nanoslit. The bottom inset shows the
transmission image of a two-nanoslit structure with slit A being illuminated. (c) Photograph of the plasmonic MZI integrated
with a microfluidic chip.
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The SP-mediated radiation from slit B was collected in
transmission mode by an X40 microscope objective to
measure the spectral interference patterns. For a spe-
cific wavelength, the intensity of the far-field transmis-
sion depends on the phase difference between the two
SP waves at the top sensing surface and bottom
reference surface, which is modulated when biomole-
cules are adsorbed on the sensing metal surface. For
broad-band illumination, a spectral shift of the inter-
ference pattern would be observed. Note that the
sensing and reference arms of this plasmonic MZI are
vertically aligned and separated by a 350 nm thick thin
silver film, enabling a compact footprint and dense
array packing. The silver film also serves as a protection
layer for the buried reference arm, eliminating the
need for additional cladding layer deposition and
etching procedures as required for planar waveguide
MZI.19 The simplicity, compactness, and ease-of-fabri-
cation of this plasmonic sensing platform make it
attractive for integration into practical, cost-effective
sensing devices with potential high-multiplexing
capability.

The solid curves in Figure 2 show the experimental
spectra for a series of plasmonic MZIs in an air envi-
ronment, with different slit separation distances L.
The experiment was configured in a way that only
SP-mediated far-field scattering contributes to the

resulting spectral oscillations (see Methods). Obvious
interference patterns are observed as a function of
wavelength under TM polarized illumination (with
the electric field perpendicular to the long axis of
the slit). For samples with larger L, the amplitudes of
the interference oscillations are smaller, indicating
increased SP propagation loss at the metal surfaces.
The decreased visibility of the interference is related to
the increasing intensity imbalance between the
signals in two arms, as SPs experience greater propa-
gation loss at the silver/glass interface. In this work,
we focus on the spectral positions of the interference
peaks and valleys and their usefulness for biosensing.
To better interpret the measurements, theoretical
interference patterns were calculated using the
equation

I� cos
2πL
λ

(nsp1(λ) � nsp2(λ))þj0

� �
(1)

Here nspi(λ) = Re(((εm(λ)ni
2)/(εm(λ)þni

2))1/2) is the effec-
tive refractive index of SP at the metal/dielectric inter-
face, εm is the metal permittivity, ni is the refractive
index of the dielectric, and the subscript i=1, 2 denotes
the upper dielectric and lower glass substrate, respec-
tively. j0 is an additional constant phase shift.27 Using
n1 = 1.00 for air, the calculated interference patterns
show a higher oscillation frequency than the experi-
mental data, consistent with the results reported pre-
viously in refs 25, 26, and 28. This discrepancy is
attributed to formation of a contamination layer of
Ag2S (or a mixture of Ag2O/AgO) on top of the silver
surface.25,28 Here we assume a contamination film
thickness of 4 nm (consistent with exposure in air for
several weeks)31 and a film refractive index of 2.8,32,33

which yields an effective refractive index of the top
dielectric n1 = 1.03. One can see from Figure 2 that the
resulting calculated oscillation frequencies and spec-
tral positions of the peaks and valleys (dotted curves)
agree very well with the measured data for plasmonic
MZIs with four different L.

Sensitivity Calibration. The spectral interrogation sen-
sitivity of the plasmonic MZI can be derived from eq 1
by setting the term [nsp1(λ)� nsp2(λ)]/λ to be constant,
yielding

S ¼
�����
Δλ

Δn

����� � λ
nsp1(λ)
n1

� �3�
Δnsp21(λ) � λ

dΔnsp21
dλ

� �
(2)

where Δnsp21(λ) = nsp2(λ) � nsp1(λ). The bulk refractive
index sensitivity, S, depends directly on the opera-
tional wavelength, the dielectric properties of the
metal, and the refractive indices of the dielectrics at
the upper and lower interfaces. For a liquid environ-
ment (n1 = 1.330, n2 = 1.516), this equation predicts S is
greater than 3000 nm/RIU in the visible region. This
sensitivity level is significantly higher than those of
previously reported nanoplasmonic sensors.5�8 To
confirm this theoretical prediction experimentally, a

Figure 2. Experimental SP-mediated interference patterns
for two-nanoslit structures in an air environment with slit
separation distances, L, of 22.7, 34.2, 45.6, and 57.6 μm
(from top to bottom). The top spectra (solid curves) are
experimental spectra, and the lower dotted curves are
theoretical predictions. No smoothing algorithm was ap-
plied to the experimental spectra.
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double-slit structure with L = 34.2 μm was fabricated
and integrated with a PDMS microfludic channel (see
Figure 1c). Glycerol�water solutions of varying glycer-
ol concentration were injected to tune the refractive
indices of the liquid. As shown in Figure 3a, the
interference pattern blue shifts as the liquid refractive
index increases, in good agreement with the theore-
tical predictions (lower dotted curves). The peak and
valley positions of the interference patterns around
700 and 730 nm (indicated by the top and bottom
arrows, respectively) were measured as a function of
the liquid refractive index and are plotted in Figure 3b.
One can see that the positions of the peaks and the
valleys vary approximately linearly with the refractive
index of the liquid. The sensitivities are estimated to be
3524 nm/RIU (peak) and 3600 nm/RIU (valley) from the
linear fits to the experimental data, in agreement with
the theoretical predictions obtained using eq 2 (3448
and 3545 nm/RIU at 700 and 730 nm, respectively).
These measured refractive index sensitivities are 1
order of magnitude larger than those reported
previously for nanoplasmonic sensors based on
nanoparticles,5�8 metamaterials,34 and extraordinary
optical transmission (EOT) through nanoaperture
arrays14,15 in this visible spectral region. In addition,
the unique plasmonic interferometry scheme allows
broad-band coupling of light into SPs for biosensing.
The availability of multiple interference maxima and
minima enables this plasmonic MZI sensor to operate
at different wavelengths where the SP penetration
depth into the liquid environment may vary, permit-
ting the detection of species with different size or/and
absorption properties in a single device. With SP fields
extending different distances into the liquid, surface
and solution refractive index changes may also be
distinguished in a single measurement and at a single
sensing spot, well-suited for applications in which
solution index and compositions are poorly known.

The shift of multiple peaks and valleys potentially
provides sensor performance superior to that of com-
mon single peak monitoring since the sensor response
may be integrated over the entire spectrum.35 This
multispectral analysis method is under investigation
for the plasmonic MZI and will be reported elsewhere.

The Figure of Merit of Plasmonic MZIs. Equation 2 pre-
dicts that the sensor sensitivity can be increased
further if nsp1 and nsp2 are closer in value. This can be
realized by matching the refractive indices of the
substrate and the top dielectric material. By setting
the substrate refractive index n2 = 1.38 (e.g., using
magnesium fluoride as the substrate), a sensitivity of
more than 10 000 nm/RIU is potentially achievable at a
wavelength of 700 nm in a water environment (n1 =
1.33). This would greatly surpass the performance of
previous nanoplasmonic sensors and compare favor-
ably with prism-based SPR sensors. However, it should
be noted that when the two terms are closer in value
the oscillation period of the interference pattern also
increases, as described by the following expression:

P � λ2=L Δnsp21(λ) � λ
dΔnsp21

dλ

� �
(3)

When nsp1 ≈ nsp2, broadening in the interference
pattern makes it difficult to resolve very small wave-
length shifts of the peak or valley. To evaluate the
performance of plasmonic sensors more precisely,
researchers introduced the figure of merit FOM =
(Δλ/Δn)/δλ that simultaneously considers the refrac-
tive index sensitivity and the sharpness of the SP
resonance.13,36 Here Δλ/Δn is the refractive index
sensitivity and δλ is the full width at half-maximum
(fwhm) of the sensing peak. The FOM of our plasmonic
MZI (for L = 34.2 μm) is found experimentally to be
122 (3524 nm/RIU/29 nm) for the interference peak
(indicated by the top arrow in Figure 3a). This FOM
value is among the highest reported for plasmonic

Figure 3. (a) Measured spectra (top curves) and calculated interference patterns (bottom dotted curves) of plasmonic MZI
with L = 34.2 μm for water and glycerol�water solutions with six different glycerol volume concentrations (from 0.5 to 3%).
The directions of the top and bottom arrows indicate the blue shifts of the peak and the valley. No smoothing algorithmwas
applied. (b) Spectral positions of the interference peak (squares) and valley (dots) versus refractive index of the solutions. The
solid lines are linear fits to the data.
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sensors in the visible region.37 Moreover, the FOM for
this plasmonic MZI can be increased further by prop-
erly choosing the operational wavelength and slit
separation distance L. By letting the interference fringe
width δλbe equal to half of the oscillation period P, one
can easily derive the FOMof plasmonicMZIs fromeqs 2
and 3

FOM ¼ S

δλ
¼ 2S

P
� 2L

λ

nsp1(λ)
n1

� �3

(4)

Using eq 4, one can estimate the sensor FOM for our
plasmonic MZI at L = 34.2 μm to be 113, which is in
reasonable agreement with the experimentally de-
rived value. Figure 4a shows the calculated FOM as a
function of wavelength for different L. The results
suggest that the value of FOM would increase further
for shorter λ or larger L.

To demonstrate this theoretical prediction, plasmo-
nic MZIs with L = 45.6 and 57.6 μmwere fabricated and
integrated with microfluidic channels. As shown in
Figure 4b, the line width of the interference peak
decreases with increasing L for the plasmonic MZI in
a water environment, consistent with predictions
based on eq 3. Liquids with varying refractive index
were then injected into the channel, and the peak
positions were extracted and plotted in Figure 4c as a
function of the liquid refractive index. For plasmonic MZIs
with L = 45.6 and 57.6 μm, the measured refractive index

sensitivities are 3470 and 3695 nm/RIU, respectively,
and the resulting FOMs are 150 and 193, respectively,
all in good agreement with the theoretical calculations
(see Table 1). The achieved FOMs of 193 exceeds all
reported FOMs of previous non-prism-based plasmo-
nic sensors in the visible region: the FOM is 23 for
sensors based on EOT in nanohole arrays,15 14.5 for
silver nanowell array based sensors,38 typically <10 for
localized SPR sensors based on nanoparticles,5�8 3.8
for metamaterial-based sensor,34 and 162 for high
optical quality nanohole array sensors using subradi-
ant dark modes.37 Our experimental FOM also sur-
passes the theoretically estimated FOM value of ≈108

Figure 4. (a) Calculated FOM of the plasmonic MZI as a function of wavelength for values of L ranging from 10 to
90 μm. (b) Measured spectra for glycerol�water solutions with varying glycerol volume concentrations. For clarity, only
the spectra of water and 1, 2, and 3% glycerol�water solutions were shown. The black curves imposed on the experimental
spectra are guides to the eye, obtained using a fast Fourier transform technique to filter out the high-frequency noise of the
raw data. Results are shown for L = 45.6 and 57.6 μm. (c) Spectral positions of the interference peak versus refractive index of
the solution. Sensitivities are obtained using a linear fit to the experimental data.

TABLE 1. Experimental and Calculated Sensor Sensi-

tivities, Peak Line Widths, and FOMs for Plasmonic MZIs

with Different L (Numbers in Italics Are the Theoretically

Calculated Values)

L (μm) peak λ (nm) sensitivity (nm/RIU) line width (nm) FOM

34.2 698 3524 29.0 122
3442 30.4 113

45.6 722 3470 23.1 150
3520 24.4 144

57.6 730 3695 19.1 193
3545 19.7 180

69.0 734 3688 16.5 224
3558 16.7 213
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for prism-based SPR sensors.37,39 While further FOM
improvements are still possible for plasmonic MZIs
with larger L (for example, a FOM of 224 has also been
achieved as shown in Figure S1 in the Supporting
Information), the higher propagation loss of SPs results
in a decreased spectral modulation depth and lower
signal-to-noise ratio, limiting the further enhancement
of the overall sensor performance for practical applica-
tions. This limitation could potentially be alleviated
through several methods. First, the use of ultrasmooth
metal films reported recently could decrease the scat-
tering loss of propagating SPs and enhance the sensor
signal-to-noise ratio.40�42 Second, slit dimensions can
be optimized28 to enhance the coupling from light to
SPs at the nanoslit. Further optimization of the plas-
monic MZI performance is still under investigation.
With demonstrated enhanced sensor performance
and the potential for further improvements, this simple
plasmonic MZI platform is promising for practical
ultrasensitive integrated biosensing systems.

Biosensing Experiments. To examine the feasibility of
this plasmonic MZI platform for real-time label-free
biosensing, we employ the streptavidin�biotin affinity
binding model. Measurements were performed using
the same plasmonic MZI (L = 34.2 μm) discussed above
in the bulk sensitivity calibration experiments. The
sensor surface was first functionalized with a mono-
layer of biotinylated bovine serum albumin (bBSA).
HEPES buffer was then injected into the channel at a
flow rate of 20 μL/min and run for 20 min to define the
baseline of the experiment. We then focused on the
interference peak around 690 nm (data not shown
here) and recorded its spectral position in real-time
using a Lorentzian peak fitting method. As shown by
the lower data points in Figure 5, the injection of a 300
nM (16 μg/mL) streptavidin (SA) solution generated a
large peak shift of 15.7 nm. A subsequent buffer rinsing
had little effect on the peak wavelength. To rule out

nonspecific binding of the analyte, a control experi-
ment was also performed, in which a 300 nM SA
solution was injected into a reference channel, whose
sensor surface was covered by a monolayer of BSA
without biotin conjugation. This was followed by a
buffer rinse. A very small blue shift of the peak (0.7 nm)
is observed (see the upper data points in Figure 5),
possibly due to nonspecific binding events. The net
peak shift of 15 nm is therefore associated with the
specific binding of biotin and SA. This value is con-
siderably larger than previously reported results (e.g.,
3.8 nm for 370 nMSA in gold nanodot arrays,43 6 nm for
370 nM SA in nanoparticle arrays,44 3.5�4 nm for 5 μM
SA in gold nanohole arrays,45 and 2�4 nm for 2 μM SA
in a single gold nanoparticle platform).46

Next, we quantitatively extract the effective protein
layer thickness de for streptavidin from the peak wa-
velength shift Δλ using the simple expression47

Δλ ¼ S(nl � nb)(1 � e�2de=ld ) (5)

where S is the bulk sensitivity determined from the
calibration experiment (S = 3524 nm/RIU), and nl and
nb are the refractive indices of the adsorbed protein
layer and buffer solution, respectively; ld is the decay
length of SPs into the solution, which is calculated to be
310 nm at 690 nm. If one assumes the effective
refractive index of protein is n = 1.5, the wavelength
shift of 15 nm upon adsorption of SA protein layer
corresponds to a calculated effective thickness of
3.9 nm for the SA layer, which agrees with the literature
values for a SA monolayer.35,48

The fluctuations in the sensor response determine
the noise level of our biosensor system. As shown in the
lower inset of Figure 5, an inherent noise of 0.052 nm
was obtained, which represents twice the standard
deviation (2σ) of the monitored peak wavelength. This
system noise corresponds to a sensor detection limit of
1.5 � 10�5 RIU [0.052 nm/(3524 nm/RIU)] and a high
signal-to-noise ratio of 288 for monolayer SA binding.
It is worth mentioning that no temperature control
was employed in these experiments. Temperature
fluctuations of around 0.1 K in water would be ex-
pected to cause a refractive index change of ∼1 �
10�5 RIU.49 Further improvement in sensor detection
limit and signal-to-noise ratio would be expected
by optimizing the device structure, developing ad-
vanced data analysis methods, and using temper-
ature control and lower-noise light source and detec-
tion systems.

CONCLUSIONS

In conclusion, we experimentally demonstrate a
plasmonic MZI for miniaturized and ultrasensitive
optical biosensing. The combination of sensitive inter-
ferometric techniques with nanoplasmonic architec-
tures yields greatly enhanced sensitivities and record
high figures of merit in a simple and compact sensor

Figure 5. Real-time sensor response upon the adsorption
of molecules for biotin-SA sensing experiment (sensing
channel) and BSA-SA experiment (reference channel). The
inset shows the peak wavelength fluctuations in biotin-SA
sensing experiment, which correspond to an inherent noise
level of 0.052 nm of the sensing system.
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platform. The feasibility of this plasmonic interferom-
eter for real-time, label-free, quantitative biosensing
was also demonstrated by monitoring of protein bind-
ing events using simple transmission spectroscopy,
significantly decreasing the sensing system complexity

compared to conventional SPR measurements. The
demonstrated enhanced sensor performance makes
this miniaturized device promising for practical inte-
grated biosensing platforms and subwavelength op-
tics on-a-chip.

METHODS
Fabrication of Plasmonic MZI. Silver films of 350 nm thickness

were deposited by e-beam evaporation (Indel system) onto flat
fused silica microscope slides (Fisherbrand). Prior to the eva-
poration, the glass slides were cleaned thoroughly with acetone
in an ultrasonic cleaner for 20 min, followed by extensive DI
water rinsing. Focused ion beam (FEI Dual-Beam system 235)
milling (30 kV, 30pA) was used to fabricate the double-slit
plasmonic MZI structures.

Optical Measurements. A 100 W halogen lamp was used to
illuminate the double-slit patterns through the microscope
condenser of an Olympus IX81 inverted microscope. The con-
denser centering screws were tuned to move the image of the
field diaphragm off the center of the viewing area, illuminating
only the left slit A (with the right slit B located at the center of the
viewing area). The transmitted light emanating from the slits
was collected by a X40 microscope objective (NA = 0.6) and
passed through an iris diaphragm that ensures only the SP-
mediated radiation from slit B in the center was transmitted.
This signal was coupled into a multimode fiber bundle inter-
faced to a fiber-based compact spectrometer (Ocean Optics
USB 4000). When slit A is illuminated and scattered light
collected from slit B, the SP-mediated far-field scattering is
directly observed. However, the measured data also contain a
weak radiation leakage emanating directly from two open slits.
Consequently, we designed another control experiment to
remove the light leakage and to emphasize the SP contribution.
A CCD camera (Cooke sensicamqe) was employed to record the
positions of the double slits. Under identical experimental
conditions, a reference single slit was moved to the recorded
positions of the left and then the right slit of the interferometer.
The collected transmission spectra were then both subtracted
from the experimental raw data to yield the SP-mediated far-
field scattering spectra shown in Figure 2. Each spectrum shown
in this work represents an average of 100 acquisitions with an
integration time of 100 ms for each acquisition.

Theoretical Calculations. Equation 1 was used to plot the theo-
retical interference patterns shown in Figures 2 and 3, using
values for the permittivity of silver obtained from ref 50. Silver is
known to corrode in air due to its reaction with oxygen and
sulfur. Here we assume a contamination layer thickness of 4 nm
with a refractive index of 2.8. This corresponds to an effective
refractive index for the upper dielectric material of neff = n1 =
1.03 in air and 1.37 in water. This assumption provides a good
agreement between experimental data and theoretical predic-
tions for plasmonic MZI in both air and aqueous environments;
neff = n1 = 1.37 was also used with eq 2, 3, and 4 to calculate the
sensitivity, line width, and the FOM of the plasmonic MZI, all in
good agreement with the experimental results. The additional
phase shift in eq 1 can be written asj0 =j1�j2, wherej1 and
j2 are the phase shifts associated with the scattering and
transmission of the two SP waves at the slits. The values of j0

used in calculations were obtained by fitting the experimental
spectra using eq 1. The values ofj0 used are 0.78π, 0.64π, 0.25π,
and 0.80π (for L = 22.7, 34.2, 45.6, and 57.6 μm, respectively) in
air environment (Figure 2) and 0.96π for L = 34.2 μm in water
(Figure 3). Note that the key focus in the comparison between
experimental and theoretical results in this work is the spectral
positions of the peaks and valleys and their spectral shifts upon
changes in n1 since this plasmonic sensing scheme is based on
spectral interrogation. It is difficult to predict the amplitudes of
the interference patterns accurately, which requires detailed
information about the SP propagation loss and coupling

efficiencies between SPs and free space light. This near-field in-
formation is difficult to determine from the experiments per-
formed in this work.

Fabrication of PDMS Microfluidic Channels. Microfluidic channels
were fabricated by conventional soft lithography. A SU-8 (SU8�
50, Microchem) master mold of the channel (50 μm deep and
4mmwide) was patterned on a 3 in. wafer by photolithography.
A 10:1 ratio of PDMS (Sylgard 184, Dow corning) and curing
agent was used to cast themold, which was then baked at 70 �C
for 3 h. The PDMS channel was cut and peeled from the master,
and inlet and outlet holes were punched for tubing. The
surfaces of the microfluidic channel and the nanopatterned
sample were then activated by oxygen plasma treatment (PX-
250, March Instruments) and bonded to each other.

Bulk Sensitivity Calibration and Biosensing Experiments. To cali-
brate the sensitivity of plasmonic MZI, glycerol�water solutions
were prepared with glycerol volume concentrations varying
from 0.5 to 3%. An ellipsometer (J.A. Woollam, V-VASE) was used
tomeasure their refractive indices, which range from n = 1.3302
to n = 1.3344. A 10 mM HEPES buffer (Sigma-Aldrich) was
prepared and adjusted to pH 7.4. Solutions were injected into
the microfluidic channel using a syringe pump (Harvard
Apparatus) at a flow rate of 20 μL/min. For biotin-SA sensing
experiments, 500 μg/mL biotinylated BSA (Thermal Scientific)
was first injected and run for 20 min to functionalize the sensor
surface with a monolayer of bBSA. In the control experiment,
500 μg/mL BSA (Thermal Scientific) was injected into the
reference channel and run for 20 min to form a BSA monolayer.
Streptavidin (Piece, USA) was prepared at a concentration of
300 nM (16 μg/mL) and run for 27 min in both sensing and
control experiments. Interference patterns were continuously
recorded with a temporal resolution of 10 s as solutions were
flowed over the sensor surface.
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