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To elucidate the secretary function of immune cells, we develop a nanoplasmonic circular interferometric

biosensor based on intensity interrogation for label-free and dynamic sensing of molecular secretion. Ex-

ceptional sensitivity has been demonstrated through coupling free light and surface plasmon polariton

(SPPs) waves, which generates a constructive and deconstructive interference pattern with high contrast

and narrow linewidth when illuminated by white light. Alternatively, by adopting a narrow-band LED source

and a CCD camera in this work, the transmission intensity of multiple sensing units is monitored simulta-

neously with a simple collinear optical setup. This intensity-modulated sensing platform yields a resolution

of 4.1 × 10−5 refractive index unit (RIU) with a high temporal resolution of 1 s and a miniaturized footprint as

small as 9.8 × 9.8 μm2 for a single sensing unit. By integrating the signals from multiple sensor units, the

resolution of a 12 × 12 sensor array was found to reach 7.3 × 10−6 RIU. We apply this sensor array to detect

matrix metalloproteinase 9 (MMP-9) secretion from human monocytic cells, THP-1, at different time points

after lipopolysaccharide (LPS) simulation and the results are in good agreement with enzyme-linked immu-

nosorbent assay (ELISA) tests, but without the need for labeling. The spatial, temporal and mass resolutions

of the sensor array are found to exceed other label-free technologies. These biomolecular arrays, incorpo-

rated in a microfluidic sensor platform, hold great potential for the study the dynamics and interplay of cell

secretion signals and achieving a better understanding of single cell functions.

Introduction

Biosensors based on the surface plasmon resonance (SPR)
principle have been widely adopted for quantifying biomole-
cule interactions in real-time and in a label-free fashion.1 Sur-
face plasmons (SPs) are electromagnetically excited coherent
charge oscillations highly confined at a metal-dielectric inter-
face.2 The tightly confined optical field is very sensitive to the
local surface refractive index change, making SPR suitable for
detecting biomolecule binding on a substrate.3 Among the
various approaches reported, conventional SPR sensors based
on the Kretschmann configuration4 are the most popular and
can achieve a limit of detection of 10−6–10−7 refractive index
units (RIU).5 However, the prism-based setup and oblique an-
gle of incidence make it difficult to align and miniaturize. An-

other significant limitation of SPR spectroscopy is the chal-
lenge of multiplexing6,7 due to the poor time and spatial
resolution of spectrometers used to detect the reflected light
at different wavelengths.5 To achieve high-throughput and
label-free biosensing, SPR imaging/microscopy (SPRi/SPRM)
has been proposed8 and has drawn increasing attention in
the past two decades in drug discovery, diagnostics, biomolec-
ular detection and food safety applications.9 In a typical SPRi/
SPRM setup, the spectrometer used in the Kretschmann con-
figuration is replaced by a CCD camera to detect the intensity
of reflected light from different regions on the sensor surface.
While SPRi/SPRM typically has a high detection resolution of
∼2 × 10−5–5 × 10−6 RIU,10,11 the prism configuration is bulky
and difficult to miniaturize or scale up, since the oblique re-
flection angle and tilted image plane result in optical aberra-
tion and difficulty in focusing.12,13 Moreover, the prism-based
setup prevents usage of optics with high numerical apertures
(NA), limiting spatial resolution and the corresponding den-
sity of the sensing spots.12,14,15 Typically, SPRi systems use
sensing spots of 200–300 μm in diameter or larger10,11,16,17 in
order to obtain a desirable signal-to-noise ratio.

Nanoplasmonic sensors employing nanoparticles,18 nano-
patterned gratings,19 or hole arrays20 on metallic films over-
come the aforementioned shortcomings of conventional SPR
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systems and have attracted increasing interest in recent years.21

In these sensors, incident light is directly coupled through the
localized surface plasmon resonance (LSPR) or SPPs and the
resonance frequency is very sensitive to local refractive index.
These nanoplasmonic sensors can have a footprint as small as
a few micrometers,22,23 permitting high density sensor arrays
for massive multiplexing.24 Among nanostructured plasmonic
sensors, nanohole arrays exhibiting extraordinary optical trans-
mission (EOT)25 have emerged in recent years as a popular op-
tion for biomarker diagnostic applications.26 Similar to conven-
tional SPRi, a typical nanoplasmonic imager combines a CCD
camera and narrow-bandwidth light source, but with an up-
right microscope instead of slanted light source and detector.
Consequently, the CCD camera detects collinear light transmis-
sion instead of reflected light, facilitating alignment and
allowing the use of high-NA optics to improve the signal-to-
noise ratio in intensity-based detection. However, the sensing
performance of most reported platforms suffers from broad
linewidth due to strong radiative damping and dissipation
losses of LSPRs.27

In this work, we develop a new nanoplasmonic interferom-
eter imaging system for sensitive and label-free detection of
biomolecules. The sensor contains an array of hole-ring inter-
ferometers28 and each unit has a footprint as small as 9.8 ×
9.8 μm2. The intensity-modulated imaging platform uses an
LED-filter combination as the illumination source and a CCD
camera as the detector. The intensity of transmitted light
through multiple sensing units is recorded simultaneously
on the CCD camera. The performance of the sensor array was
first calibrated and the refractive index resolution determined
by varying the bulk refractive index. The optimal signal inte-
gration scheme was then used to study dynamic MMP-9 sec-
retion from THP-1 cells in the cell culture supernatant and
results were compared against conventional biochemical as-
says. The potential of this biosensor for multiplexed biomole-
cule sensing is discussed at the end of the paper.

Cell secretion of chemokines, cytokines and proteases plays
a significant role in various physiological and pathological pro-
cesses, and understanding the secretion behaviour is critical in
many biomedical fields.29 In particular, the secretion of MMPs
has been studied due to the important roles it plays in organo-
genesis, normal tissue turnover, inflammation, tumor develop-
ment and infection.30–33 Biochemical assays of MMP concentra-
tion by ELISA, although sensitive, are tedious and time
consuming.34 The label-free approach presented here improves
the analysis speed and could potentially be integrated with live
cell/tissue culture for in situ MMP-9 detection. The imaging ca-
pability of the reported sensor array also offers the opportunity
for multiplexed sensing of different secretory molecules to un-
derstand their interplay in cell function.

Materials and methods
Chemicals and biomolecules

Glycerol was purchased from Alfa Aesar. 11-
Mercaptoundecanoic acid (MUA) was purchased from Santa

Cruz Biotechnology. N-(3-Dimethylaminopropyl)-N′-ethyl-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), 2-(N-
morpholino)ethanesulfonic acid (MES), phosphate buffered
saline 10× (PBS 10×), glutaraldehyde (G6257), casein (C7078)
and lipopolysaccharides (LPS) (L4391) were purchased from
Sigma-Aldrich. Anti-MMP-9 (Clone M2108F07, Lot P23711),
MMP-9 (Cat 550504, Lot B198085) and human MMP-9 ELISA
kit (Lot B232170) were purchased from BioLegend. THP-1
(TIB-202) cells were purchased from ATCC. RPMI-1640 me-
dium (Lot 1868989) and 2-mercaptoethanol (Cat 21985023)
were purchased from Gibco. Fetal bovine serum was pur-
chased from Invitrogen. Penicillin and streptomycin were
purchased from Gibco.

Fabrication of nanoplasmonic interferometer sensors

Films of 5 nm thick titanium and 250 nm thick gold were de-
posited consecutively onto a precleaned glass microscope
slide (Fisher Scientific) via E-beam evaporation (Indel sys-
tem). The deposition rate was 0.1 nm s−1. The root mean
square roughness is 2.1 nm (Fig. S1†), measured by NT-MDT
Solver NEXT AFM. Afterwards, a focused ion beam of 30 kV
and 50 pA (FIB, FEI Scios DualBeam) was used to mill a 12 ×
12 array of circular ring-hole interferometers. The center-to-
center distance between neighboring sensors is 12.5 μm in
both in x- and y-directions. Oxygen plasma treatment (March
Instruments PX250) was used to clean the sensor surface af-
ter milling of the structure by FIB.

Microfluidic channel fabrication and device assembly

Microfluidic channels were fabricated by standard soft lithog-
raphy. Briefly, SU-8 (MicroChem) was patterned on a 3 inch
silicon wafer with designed structures. Afterwards, a 10 : 1 ra-
tio of polydimethylsiloxane (PDMS, Dow Corning) and curing
agent (Dow Corning) was mixed and poured onto the silicon
mold. After baking for 5 hours at 70 °C, PDMS was peeled off
and inlet and outlet holes were created. The microfluidic
channel chamber has a cross-sectional area of 14 × 4 mm2

and a height of 50 μm. Finally, the microfluidic channel was
integrated with the sensor chip using a custom designed
manifold.

Optical measurements

An inverted microscope (Olympus IX81) was used to detect
transmitted light through the sensor chip. For spectral mea-
surements, a halogen lamp was used as the light source.
Transmitted light was collected by a 40× objective lens (NA =
0.6) and coupled to a portable fiber-optic spectrometer
(Ocean Optics, QE65Pro). For intensity modulation, a red
LED (Thorlabs, M660L4), controlled by an LED driver
(Thorlabs, DC2200), was combined with a filter (Semrock)
with peak wavelength of ∼661 nm and full width of half max-
imum (FWHM) of 15.9 nm. A CCD camera (Cooke SensiCam
QE) was used for intensity acquisition.
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Bulk sensing experiments

To calibrate the sensitivity of the nanoplasmonic interferome-
ter array, glycerol–water mixtures, with concentrations rang-
ing from 0% to 10%, were injected into the channel at 15 μL
min−1 using a syringe pump (Chemyx, fusion 200). The sen-
sor array was illuminated by the LED in pulse mode with a
20% duty cycle. The transmitted intensity was imaged by the
CCD camera with an exposure time of 250 ms. Every four im-
ages were averaged by the microscope controlling software
(Slidebook) before storage.

Biosensor surface modification

To immobilize antibodies on the sensor surface, the bare
sensor chips were incubated with 11-mercaptoundecanoic
acid (MUA) at a concentration of 10 mM in 200 proof ethanol
for 10 hours to form a self-assembled monolayer. After rins-
ing the surfaces three times in ethanol, the devices were in-
cubated with a mixture of 400 mM of EDC and 100 mM of
NHS in MES buffer for 30 minutes to activate the carboxyl
groups in MUA. Then the sensor chip was integrated with the
microfluidic channel using a custom designed manifold. A
solution of 20 μg mL−1 anti-MMP-9 was passed through the
channels at 15 μL min−1 for 30 minutes. Afterwards, 0.05%
glutaraldehyde and 1 mg mL−1 casein were introduced at a
flow rate of 5 μL min−1 for 1 hour and 2 hours, respectively,
to fix the antibody and reduce non-specific binding.

Cell culture and stimulation

The THP-1 cells were cultured in RPMI-1640 medium
supplemented with 0.05 mM 2-mercaptoethanol, 10% fetal
bovine serum, 100 units per mL penicillin and 100 μg mL−1

streptomycin at 37 °C and 5% CO2. The cells were sub-
cultured by adding fresh medium twice a week. To study the
time evolution of MMP-9 secretion, THP-1 cells were cultured
in 12-well low adhesion plates (Corning) until the cell num-
ber in each 1 mL well reached 0.8 million, which is the sub-
culture concentration recommended by ATCC. Next, lipopoly-
saccharide (LPS) was added to each well at a final
concentration of 10 μg mL−1 to stimulate MMP-9 secretion.
The supernatant was collected hourly from separate wells up
to 12 hours, centrifuged to remove the cell debris and stored
frozen at −80 °C until testing.

Calibration and detection of MMP-9 binding

The calibration curve for MMP-9 detection was obtained by
injecting various concentrations (0, 50, 100, 150, 200 ng
mL−1) of MMP-9 in THP-1 culture medium into freshly func-
tionalized microfluidic channels at a flow rate of 5 μL min−1

for 1.5 hour. For the detection of MMP-9 from cell culture
samples, the collected supernatant samples at selected time
points were continuously passed across the sensor surface at
5 μL min−1 for 1.5 hour. Intensity images were acquired as
described above. To confirm these label-free sensing mea-
surements, the MMP-9 concentration in the supernatant was

further analyzed using an ELISA kit following a protocol
suggested by the manufacturer.

Data analysis

A linear regression was applied in data fitting for bulk sens-
ing and the MMP-9 calibration. In all tests, at least three
samples were measured and mean and standard deviations
are shown in the figures unless otherwise noted.

Principle of operation of the circular
interferometer

As shown in Fig. 1a and b, a single plasmonic interferom-
eter sensor consists of three concentric nanogrooves
milled in a 250 nm thick gold film along with a single
nanoaperture in the center of the structure. When the
normally incident light impinges on the nanostructured
surface, SPPs are generated in the grooves and propagate
along the radial direction to the central nanohole,35 where
they interfere with light directly transmitted through the
central hole. The theoretical transmission intensity can be
expressed as:

I I I I I k R    free spp free spp sp2 0cos  (1)

where Ifree and Ispp denote the light intensity transmitted
directly through the central hole and that mediated by

SPPs, respectively; ksp m d

m d

 





 

2


 
 

represents the propa-

gation constant of SPPs, in which λ is the incident wave-
length, and εm and εd are the permittivity of gold and the
dielectric medium covering the sensor surface, respectively;
R is the radius of the middle groove and φ0 is an intrinsic
phase shift associated with SPP excitation at the grooves.36

The term (kspR + φ0) denotes the phase difference between
the two interfering components. Under broadband illumina-
tion, the transmission spectrum is modulated sinusoidally,
exhibiting constructive and destructive interference as ksp(λ,
εd) varies. Fig. 1c shows typical transmission interference
spectra under white light illumination, for the cases when
the surface is exposed to water (black curve) and to a 10%
water–glycerol mixture (black dashed curve). With increasing
εd, the interference pattern exhibits an obvious red-shift (see
black dashed curve), which has been monitored in our prior
work for spectral biosensing.28 At the same time, the shift
of the interference pattern leads to changes of transmitted
intensity at a fixed wavelength. Grey/blue shaded areas in
Fig. 1c denote the wavelength ranges within which the
transmitted intensity changes either positively or negatively
corresponding to increasing refractive index change on the
sensor surface.

Since spectral interrogation is not suitable for imaging
purposes, we employ intensity interrogation, where a red LED
light is employed for illumination and a CCD camera is used
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to simultaneously detect the intensity variation of transmit-
ted light from an array of nanoplasmonic interferometers. A
band-pass filter is used to further narrow the spectral line
shape of the illumination light, illustrated by the red shaded
area in Fig. 1c.

In our design, several parameters were tuned to optimize
the sensor performance in intensity-interrogation mode. The
groove periodicity (P = 470 nm), groove width (w = 220 nm)
and groove depth (d = 50 nm) were varied carefully to maxi-
mize Ispp at the peak illumination wavelength (λ ≈ 661 nm)
in a water environment. The radius of the central nanohole
(r) was set to 300 nm to balance Ifree with Ispp in order to
achieve the highest interference contrast. R was selected as
∼4.3 μm considering the tradeoffs in sensor sensitivity,
noise, footprint and dynamical range of detection. Larger R
leads to a narrower interference linewidth37 and hence en-
hances the sensor sensitivity. However, interference linewidth
has to be broad enough to ensure that the illumination spec-
trum is positioned between the interference peak at λp ≈ 677
nm and its neighboring interference valley at λv ≈ 643 nm
over the whole dynamic range of detection. In this way, the
variation of the transmitted intensity is similar for all illumi-
nation wavelengths (decreasing in response to increasing sur-
face refractive index), and also varies monotonically within
the defined dynamic range of surface refractive index change.
In addition, if R is too large, the SP propagation loss in-
creases and degrades the signal-to-noise ratio. The increased
sensor footprint would also limit the packing density and
spatial resolution.

From eqn (1), we derived a relation between R and inter-
ference peak wavelength λp, assuming εm, εd and φ0 to be
constant,28




 
 p p constant
R R

(2)

Eqn (2) is a theoretical guideline for us to further adjust
the interference peak wavelength λp relative to the position of
LED illumination spectrum. Our strategy was to tune the ini-
tial λp to be slightly larger than the incidental peak wave-
length to achieve optimal overlap between the sensor interfer-
ence spectrum and illumination spectrum, i.e. the light
intensity of sensor output achieved a maximum in a baseline
environment and decreases as the refractive index of the sen-
sor surface increases over the whole dynamic range of detec-
tion. The detector exposure time was also adjusted in the
baseline environment to nearly saturate the CCD pixels in or-
der to obtain the best signal-to-noise ratio. The sensor re-
sponse is defined as the relative change of light intensity,

I I
I


0
0

100%, where I0 and I represent the transmitted inten-

sity in the baseline and test environment, respectively.

Results and discussion
Interferometer array fabrication and refractometric
characterization

Following the design of the circular interferometer, FIB mill-
ing was applied to fabricate the plasmonic sensor. A 250 nm
thick gold film was deposited following a 5 nm titanium ad-
hesion layer by electron-beam evaporation onto a glass sub-
strate. A 12 × 12 array of ring-hole interferometers was milled
by FIB in the deposited gold film, and the resulting scanning
electron microscope (SEM) image is shown in Fig. 1a. The

Fig. 1 The principle of operation of a single circular plasmonic interferometer. (a) A SEM image of the 12 × 12 interferometer array. Scale bar =
12.5 μm. Inset is a magnified SEM image of a single interferometer showing the ring-hole structure. (b) Side view of the nanoplasmonic device and
propagation of two interfering components. (c) Transmission interference spectra under white light illumination when the surface is exposed to
water (black line) and 10% water–glycerol (black dashed line) mixture. The grey/blue shaded areas denote the range of wavelength within which
the intensity change is positive (+) or negative (−) with exposure to 10% glycerol compared to water. The red shaded area denotes the spectral line
shape of a red LED used as the illumination source.
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pitch of 12.5 μm in both x- and y-directions was selected to
avoid crosstalk15 between neighboring sensors. A magnified
SEM image of a single sensor element is shown as the inset
in Fig. 1a.

The sensor was then integrated with a polydimethylsilox-
ane (PDMS) microfluidic channel and exposed to glycerol–wa-
ter mixtures of various concentrations ranging from 0–10%
glycerol, corresponding to bulk refractive indices of 1.3328 to
1.3444. This range covers that of THP1 culture medium,
which is essential for sensing of cell secretion as the target
biomolecule MMP-9 is secreted by stimulating THP-1 cells in
the culture medium.34 The device was placed on an inverted
microscope and illuminated by narrow-band LED light,
whose center wavelength is ∼661 nm with a FWHM of 15.9
nm. Light transmitted through 12 × 12 sensing spots was si-
multaneously collected by a 40× object (NA = 0.6) and
coupled by a lens into a CCD camera as illustrated in Fig. 2a,
permitting real-time imaging of the entire sensor array. The
sensor was imaged with an exposure time of 250 ms and ev-
ery 4 images were averaged to improve the signal to noise ra-
tio, resulting in a temporal resolution of one image per sec-
ond. The intensity signals of individual sensors reveal the
local refractive index changes and the array generates an
intensity map. Unlike wavelength modulation where intensity
changes are integrated over a broad range of wavelengths,
the intensity-interrogation mode monitors changes within a
narrowband wavelength range using an LED as the illumina-
tion source. The dynamic response of individual sensors is
defined as the relative intensity change normalized to the ini-

tial transmission: IR 










I I
I

0

0

100%, where I and I0 are the

transmitted intensity at time t and t0 respectively. The trans-
mitted intensity I is obtained by integrating intensity from 11
× 11 pixels around the central pixel in each sensing unit. A
zoomed-in optical image of a single senor is shown as the in-
set in Fig. 2b. The center of the sensor is identified as the
pixel with the highest intensity (marked as the red dashed
square). The relative intensity of the neighboring 7 pixels on
each side in the horizontal direction is shown in Fig. 2c. The
intensity decreases gradually and down to below 10% 5–6
pixels away from the center. To increase the signal-to-noise
ratio, only 11 × 11 pixels (shaded areas) with appreciable
intensity are integrated as the intensity of a single sensor. A
background image without light illumination is collected and
intensity integrated over the same area is subtracted from the
signal images. Fig. 3a shows the integrated response of the
12 × 12 interferometer array in response to bulk refractive in-
dex changes. As shown in the inset, the noise level of the sen-
sor array is found to be 0.015%, calculated over a 2 minute
span (120 points). Fig. 3b shows the interferometer response
as a function of refractive index change. The linear fit reveals

a sensitivity S 











IR
RI

of 2.05 × 103% per RIU and the inter-

cept was forced to be zero to match the definition of inte-
grated response. The corresponding bulk refractive index res-
olution of the 12 × 12 array is thus 7.3 × 10−6 RIU, i.e.,
0.015%/(2.05 × 103% per RIU). The peak wavelength shift un-
der white light illumination corresponding to different bulk
refractive indices is shown in Fig. S2.†

While integrating responses from all sensing elements
promotes refractive index resolution, the spatial resolution is
compromised. To determine the optimal balance between

Fig. 2 Intensity-modulated detection scheme and optical images of the interferometer array. (a) Detection scheme of the nanoplasmonic interferometer.
The biosensor is integrated with a microfluidic channel and is illuminated by collimated LED light through a condenser. The transmitted light is collected
by a 40× microscope objective (NA = 0.6) and is coupled to a CCD camera via a focusing lens. (b) An optical transmission image of 12 × 6 array from the
12 × 12 sensor array. The inset is the zoomed-in optical image for a single sensing unit and the red dashed square labels the highest intensity pixel which
represents the center of the sensor. Scale bar = 12.5 μm. (c) Relative intensity of neighbouring pixels relative to the center along the horizontal direction.
The X-axis denotes the pixel distance from the center. Grey shaded areas denote the region over which the intensity integration is performed.
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both resolution requirements, we varied the number of sens-
ing elements from which the signals were integrated. Re-
sponses from neighboring sensors were integrated as square
matrices from 1 × 1 up to 12 × 12 elements. For comparison,
the resolution of a single sensor response was also deter-
mined. It is found that the resolution improves by an order
of magnitude from 4.1 × 10−5 to 7.3 × 10−6 RIU when the ob-
servation area increases from a single unit to the 12 × 12 ar-

ray (Fig. 3c) and the corresponding footprint changes from
9.8 × 9.8 μm2 to 150 × 150 μm2. While the enhanced signal-
to-noise ratio results from the larger number of sensors inte-
grated, the footprint of the imaging pixel also increases, illus-
trating the tradeoff between the footprint and resolution.
Depending on the application, the integration strategy could
be selected to satisfy the specific need for spatial resolution
and/or detection limit. It should be noted that, even with a
single sensing unit, the measured resolution of 4.1 × 10−5

RIU is comparable to the performance of reported typical
nanohole arrays,38,39 but with a much smaller sensor foot-
print of only 9.8 × 9.8 μm2. Thus, the nanoplasmonic sensor
presented here exceeds previously reported systems in com-
bined performance, considering both spatial resolution and
detection limit.

Detection of MMP-9 secreted from THP-1 cells

Following the characterization of the integrated response as a
function of bulk refractive index by the intensity-interrogation
mode, we applied the sensor to study biomolecular binding.
Specific interactions between an antibody and antigen pair on
the sensor surface increases the local refractive index. The cor-
responding sensor response can be used to monitor the
amount of biomolecules in real-time without labeling. MMP-9
was selected as the target molecule in this study due to its im-
portant role in multiple physiological and pathological pro-
cesses as mentioned before. It should be noted that although a
single protein marker is detected in this work, the sensor array
can be functionalized with different antibodies for multiplex
sensing, since individual sensing elements are responsive to
the local change of refractive index. The detection of cell cul-
ture supernatant, containing serum and other cell secretory
molecules, represents a complex matrix that could potentially
generates strong non-specific signals. To immobilize an anti-
body on the sensor, we established a surface modification pro-
tocol. As shown in Fig. 4a, the sensor was first soaked in MUA
to form a self-assembled monolayer (SAM) containing a car-
boxyl tail (–COOH). Then the –COOH group was activated by
soaking the sensor in EDC and NHS. The sensor was then as-
sembled with a microfluidic channel and anti-MMP-9 was
flowed in, resulting in immobilization of the antibody on the
sensor surface. Glutaraldehyde was flowed in to lightly
crosslink the antibody and prevent delamination,40 followed by
casein to block non-specific binding. The quality of surface
modification was monitored by real-time tracking of the peak
wavelength position in the wavelength-modulation mode
(Fig. 4b). The modification was highly repeatable as shown in
Fig. 4c, which is important for reproducible biomarker detec-
tion. In addition to demonstrating quality control, wavelength
modulation was employed here to determine the optimal loca-
tion of the red LED wavelength relative to the interference spec-
tra, ensuring a unidirectional intensity shift upon subsequent
MMP-9 binding.

To image the binding of antigen to the antibody-
functionalized surface, the white light source was replaced by

Fig. 3 Refractometric characterization of the interferometer. (a) Real-
time response of the integrated 12 × 12 interferometer array in different
glycerol–water concentrations. The inset shows a noise level of 0.015%
over 2 minutes. (b) Relative intensity change in response to refractive
index integrated over 12 × 12 interferometers. The dots are measured
data and the line is a linear fitting. (c) Resolution as a function of inte-
grated sensor number. The error bars represent standard errors.
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a monochromatic LED and the intensities transmitted by in-
dividual sensors were monitored. THP-1 culture medium was
flowed in first to establish a stable baseline. Then various
concentrations of MMP-9 in the culture medium (0, 50, 100,
150, 200 ng mL−1) were flowed into the microfluidic chamber.
The interaction time was fixed at 1.5 hour for each concentra-
tion. MMP-9 binding caused an increase in the refractive in-
dex above the sensor surface, resulting in a red shift of the
interference spectra which decreases the transmitted inten-
sity under ∼661 nm single-wavelength illumination. The rela-
tive intensity change was normalized to the baseline (culture
medium) for each sensing element. As shown in Fig. 5a, the
12 × 12 sensor array appears to respond immediately to
MMP-9 binding upon exposure to a concentration of 50 ng
mL−1. The interaction during the first ∼20 minutes interac-
tion is relatively slow, as indicated by the gradual slope of
the intensity response versus time in Fig. 5a between 30 and
50 minutes. This is due to MMP-9 capture and depletion up-
stream of the sensing area, resulting in a lower MMP-9 con-
centration above the sensors than the input concentration.
As the upstream depletion gradually reduces with time, the
sensor area is exposed to greater MMP-9 concentrations than
during the first 20 minutes, leading to steeper intensity re-
sponses over time. As the culture medium contains 10% se-
rum, the concentration of total proteins exceeds that of the
target molecules by several orders of magnitude. Hence, the

sensor response to addition of MMP-9 to the culture medium
is not due to bulk refractive index change. Instead, it reflects
specific surface binding, as culture medium alone generates
a flat and stable response. Fig. 5b shows real-time integrated
responses for various known MMP-9 concentrations, where
stronger responses are observed for higher MMP-9 concentra-
tions. Considering the surface area of 14 × 4 mm2 and a
monolayer of protein is a few ng mm−2, the microfluidic
channel must absorb at least 100 ng of MMP-9 to form a
monolayer. This amount is comparable to the total MMP-9
injected into the microfluidic channel at the highest concen-
tration of 200 ng mL−1, and 100% protein capture may not be
realistic especially considering continuous sample flow. Thus,
the binding curves don't exhibit saturation due to the large
capture area and insufficient MMP-9 injected into the device.
Achieving saturation will require much longer sample injec-
tion especially at low MMP-9 concentrations. Although it
would be ideal to flow the MMP-9 for longer periods to
achieve surface saturation, the 1.5 hour sample flow is al-
ready a long assay and the sample concentration cannot be
increased to accelerate surface saturation due to the intrinsic
low concentration of MMP-9 in the supernatant. Fig. 5c dem-
onstrates intensity responses recorded 90 minutes after
MMP-9 injection which is where the greatest signal difference
occurs for each of the known MMP-9 concentrations. The
dots denote the average response from 144 sensing elements

Fig. 4 Surface modification of the biosensor. (a) For MMP-9 detection, a self-assembled monolayer of MUA is formed on the gold surface,
followed by activation of the carboxyl groups by EDC/NHS to crosslink anti-MMP-9. (b) Using the wavelength-modulation mode, the peak wave-
length position was monitored for each surface modification step. (c) The peak wavelength shift in response to each surface modification step.
The error bars denote the standard deviation from three independent experiments.
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and the error bars denote the standard deviation from three
independent measurements. A linear relationship is observed
between the intensity change and MMP-9 concentration. The
linear regression model fitting for the MMP-9 calibration
curve gives R2 > 0.98. The signals are observed to be highly
repeatable, and intensity change at a fixed hour correlates
very well with concentration, even though saturation is not
reached. The linear regression gives a response of 4.09%
intensity change for every 100 ng mL−1 MMP-9 concentration
and this calibration is applied for later MMP-9 detection in
cell culture supernatant. The limit of detection (LOD), i.e.,
the lowest concentration that the sensor can detect, is de-
fined as three times the noise in the response of culture me-
dium alone,41 and it is calculated to be ≈17.8 ng mL−1. Al-
though not as sensitive as ELISA,42 the nanoplasmonic
sensor does not require labeling and is suitable for real-time
analysis of cell response, which we will explore in our future
work. It should be noted that, the affinity between antibody
and antigen pair from different manufacturers may differ.

Several products were tested and the pair with the best affin-
ity, as determined by biosensing measurements, was chosen
(Fig. S3†).

We next employed the calibration curve (Fig. 5c) to deter-
mine the amount of MMP-9 secreted from THP-1 cells as a
function of time. To stimulate MMP-9 secretion, LPS was
added to the culture medium containing the THP-1 cells,
achieving a final concentration of 10 μg mL−1.43 Supernatant
from the cells was extracted at selected time intervals and
centrifuged before flowing into functionalized micro-
channels. The sensor response was measured using superna-
tant from cells stimulated up to twelve hours by LPS and the
MMP-9 concentration was determined as a function of time
as shown in Fig. 5d. The solid black dots denote the concen-
tration detected from LPS stimulated cells and the open
black circles are the response obtained from control samples
where the supernatant was extracted in the same way except
that the cells did not experience LPS stimulation. To test the
device variability, three functionalized plasmonic

Fig. 5 MMP-9 detection results. (a) Real-time binding response of 50 ng mL−1 MMP-9 dissolved in culture medium (purple curve). The black
dashed line is the baseline. The curve is integrated response of 144 sensing units. 50 ng mL−1 MMP-9 was flowed in after a stable baseline had
been established with culture medium for ∼30 minutes. (b) Real-time integrated responses from 144 sensing units for MMP-9 binding in different
known concentrations. The arrow denotes the starting time point of MMP-9 injection. (c) The calibration curve obtained from solutions of known
concentrations of MMP-9 (n ≥ 3). (d) MMP-9 concentration detected in cell culture supernatant. The solid dots represent MMP-9 concentration
from LPS stimulated cells detected by the plasmonic interferometric sensor (black) and ELISA (red), respectively; the open circles represent con-
trols without LPS stimulation. The error bars denote the standard deviation among 144 individual sensing units for the plasmonic biosensor. The
error bars in the ELISA results denote standard deviation from three independent repeats. Three independent repeats at 2nd, 4th and 8th hour
timepoints have been performed with the plasmonic interferometer sensor and are shown in Fig. S4.†
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interferometer sensor arrays were used to test the same
supernatant collected at 2nd, 4th and 8th hour time points
each. Response from 144 sensing units in each array were
integrated to represent the response from a single device,
and the average and standard deviation from three indepen-
dent devices were shown in Fig. S4.† The measurement was
found to be highly repeatable among independent devices,
and the device-to-device variability was less than the variabil-
ity among sensing units in the same array. Encouraged by
this high repeatability, supernatant from other time points
was tested using a single array only. Fig. 5d captures the sec-
retion dynamics of MMP-9 measured by the plasmonic sen-
sor array up to twelve hours after LPS stimulation, and the er-
ror bars represent standard deviation of the 144 sensor
responses from one array. Compared to bulk measurements
in Fig. 3c, the variation of surface binding is relatively large.
This could be a result of non-uniform MMP-9 binding on in-
dividual sensors in the array, due at least partially to antigen
depletion from the bulk. It can be seen that the secreted
MMP-9 concentration in the supernatant increases steadily
with time, slowing around 8 hours and reaching a plateau
around 9 hours. The total amount of MMP-9 secretion over
an ∼8 hour period is calculated to be ∼10−4 ng per cell based
on the amount detected in the supernatant and known cell
number. This value is comparable to findings in the litera-
ture.34,44 In contrast, the supernatant from the control group
without LPS stimulation generates minimal signals (open cir-
cles in Fig. 5d), demonstrating that the detected signal in the
stimulation group represents specific binding of MMP-9.

To further validate the results from the nanoplasmonic
biosensor, MMP-9 concentration in the supernatant was also
assayed using a commercial ELISA kit (Fig. 5d). The concen-
tration of MMP-9 versus stimulation time agrees well with
that obtained from the plasmonic interferometer. As shown
in Fig. S4,† the concentration also matched well with that
detected from three independent measurements from the
biosensor. This comparison demonstrates the reliability of
our biosensor for quantitative biomarker analysis and under-
scores other notable advantages, including the capability for
multiplex sensing in real-time, a small footprint, and lower
assay time required.

While we demonstrate the detection of a single biomarker
in this study, the measured temporal and spatial resolution
via intensity modulation is suitable for multiplexed analysis.
By creating different receptor arrays at different locations on
the biosensor surface and integrating the cell culture with
the microfluidic device, this interferometer platform will al-
low label-free, real-time detection of various analytes in com-
plex biological fluids from small number of cells, an ongoing
effort in our group.

Conclusions

In summary, we demonstrated that our nanoplasmonic inter-
ferometer, operated through intensity modulation, could pro-
vide both superior mass and spatial resolution for the study

of immune-cell secretion in a label-free fashion. A high reso-
lution of 4.1 × 10−5 RIU was demonstrated for single sensors
with a footprint as small as 9.8 × 9.8 μm2. By integrating re-
sponses from multiple sensing units, the resolution could be
further improved to 7.3 × 10−6 RIU with a footprint of 150 ×
150 μm2. The biosensor reliably detected the concentration
of biomarkers from a cell culture supernatant. The measured
spatial and temporal resolutions are promising for
multiplexed sensing in complex biological fluids.
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