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All-thermoplastic nanoplasmonic microfluidic device for
transmission SPR biosensingt

Lidija Malic,® Keith Morton,? Liviu Clime® and Teodor Veres*a®

Early and accurate disease diagnosis still remains a major challenge in clinical settings. Biomarkers could
potentially provide useful tools for the detection and monitoring of disease progression, treatment safety
and efficacy. Recent years have witnessed prodigious advancement in biosensor development with
research directed towards rapid, real-time, label-free and sensitive biomarker detection. Among emerging
techniques, nanoplasmonic biosensors pose tremendous potential to accelerate clinical diagnosis with
real-time multiplexed analysis, rapid and miniaturized assays, low sample consumption and high sensitivity.
In order to translate these technologies from the proof-of-principle concept level to point of care clinical
diagnosis, integrated, portable devices having small footprint cartridges that house low-cost disposable
consumables are sought. Towards this goal, we developed an all-polymeric nanoplasmonic microfluidic
(NMF) transmission surface plasmon resonance (SPR) biosensor. The device was fabricated in
thermoplastics using a simple, single step and cost-effective hot embossing technique amenable to mass
production. The novel 3D hierarchical mold fabrication process enabled monolithic integration of blazed
nanogratings within the detection chambers of a multichannel microfluidic system. Consequently, a single
hard thermoplastic bottom substrate comprising plasmonic and fluidic features allowed integration of
active fluidic elements, such as pneumatic valves, in the top soft thermoplastic cover, increasing device
functionality. A simple and compact transmission-based optical setup was employed with multiplexed end-
point or dual-channel kinetic detection capability which did not require stringent angular accuracy. The
sensitivity, specificity and reproducibility of the transmission SPR biosensor was demonstrated through
label-free immunodetection of soluble cell-surface glycoprotein sCD44 at clinically relevant picomolar to
nanomolar concentrations.

systems with various optical, electrical or magnetic detection
principles. In order to move biosensors to point-of-care (POC)

Advances in genomic and proteomic investigations continues
to generate new dimensions of possible disease-related
targets." For instance, CD44, a transmembrane glycoprotein
expressed in many cell types, was recently demonstrated to
play a significant role in tumor malignancy.” However,
identification and characterization of targets, and in particu-
lar, different proteins, is often difficult and time consuming.
Most of the available tools for early molecular detection, such
as mass-spectrometers or antibody arrays,® are relatively
expensive, require considerable expertise, and are not widely
available. Therefore, a major challenge in medical diagnosis is
the development of robust, portable and affordable assays.*
Recently, biosensors have attracted a great deal of attention in
this field which has led to many experimental and commercial
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diagnosis, important milestones need to be reached, includ-
ing, among others, advances in sample preparation and
integration with microfluidics, development of multi-channel
biosensors, development of more sensitive and label-free
transducers, compatibility with mass-manufacturing techni-
ques and cost reduction.’

Plasmonic transducers have long been recognized for their
potential to satisfy some of the above-mentioned require-
ments. As such, surface plasmon resonance (SPR)-based
instruments are today one of the most popular class of
biosensors due to their label-free, real-time detection, and
high degree of automation and throughput. Conventional SPR
sensors are constructed using the Kretschmann configuration
where a gold-coated prism is used to resonantly couple
incident light to collective electron oscillations, termed surface
plasmons, propagating on the planar thin gold film. Most of
these conventional prism-based SPR sensors require bulky and
expensive optical equipment and, hence, are primarily used in
a laboratory environment. It is noteworthy that significant
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research efforts have been directed towards miniaturization
and integration of SPR instrumentation.®

In concert with these developments, recent years have seen
an increasing interest in plasmonic nanosensors which
operate with small detection volumes and in the normal
incidence condition, thus allowing simple, miniaturized
instrumentation.” These exploit the localized surface plasmon
resonances (LSPR) of noble metallic nanoparticles and surface-
bound nanostructures having dimensions smaller than the
wavelength of the interacting light.® Similarly to the SPR, the
electric field of incident light collectively excites conduction
band electrons to produce coherent localized plasmon oscilla-
tions. The ensuing strong electromagnetic field near the
nanoparticle surface can be employed for surface-enhanced
spectroscopic methods such as surface-enhanced Raman
spectroscopy (SERS)°™** and enhanced SPR."*™>' More impor-
tantly, the consequent strong extinction band (absorption and
scattering) can be used as a chemical or biological molecular
sensing platform.>””*> In LSPR spectroscopy, the light extinc-
tion is heavily dependent on the nanoparticle’s dielectric
constant, size, geometry and interparticle spacing, and also on
the dielectric constant of the surrounding medium. The latter
allows the transduction of biomolecular binding events into a
measurable wavelength shift of the extinction peak. Although
the sensitivity of LSPR biosensors, with the added advantages
of simple, portable and low-cost instrumentation,*>® has
been shown to be comparable to traditional (propagating) SPR,
the practical implementation of LSPR sensors could still
benefit from improvements in reproducibility and monodis-
persity of the size and shape of the nanoparticles.*

A similar plasmonic response that is more stable and highly
reproducible has been obtained with arrayed surface-bound
metallic/dielectric nanostructures surrounded by planar gold
film using SPR enhanced optical transmission (transmission
SPR or T-SPR). Using visible light, such surface-bound
nanostructures can be resonantly excited to produce surface
plasmon oscillations consisting of either propagating or
localized surface plasmons (SPPs or LSPs, respectively). In
most cases, however, both SPP and LSP resonances are present
and contribute to the optical characteristics of the nanos-
tructure.®® Nanostructures based on regular arrays of sub-
wavelength nanoholes,?**'*” nanocavities,*® nanoslits®*** or
nanogratings**™*® have been demonstrated in the T-SPR
configuration. In comparison with other structures, nanograt-
ings are particularly interesting as they represent an inherently
information-rich substrate due to the ability to resonantly
couple various diffracted orders to SPPs*® under the momen-
tum matching condition, as shown in eqn (1):
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where kg, is the real part of the propagation constant of SP, kg,
is the component of the wave vector of the diffracted wave
parallel to the grating surface, 4, and 0, are the wavelength
and angle of the incident p-polarized light (perpendicular to
the grating grooves, TM), A is the grating period, ¢, is the
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metal’s dielectric constant, and ¢4 is the dielectric constant of
the surrounding medium. Similar to other nanoplasmonic
sensors, nanogratings also allow tuning of the plasmonic
response by tailoring the shape, the amplitude, or the period
of the grating profile.*® Furthermore, their compatibility with
mass fabrication makes nanogratings particularly attractive
for fabrication of low-cost SPR sensing structures®® and this is
the approach taken in this paper. Moreover, emerging
nanofabrication techniques provide the opportunity to inte-
grate them with microfluidics for potential applications in
POC medical diagnosis.

In addition to the low sample consumption allowed by
miniaturization, microfluidic systems offer many benefits to
nanoplasmonic sensors, such as excellent baseline stability, a
high degree of control and automation and increased
throughput. Also, microfluidic devices can significantly
enhance mass transport to regions of the sensor surface, as
diffusion lengths are minimized and convective transport
replenishes the sample across the surface.’* Though still in its
infancy, microfluidic coupling with LSPR and T-SPR biosen-
sors is an active area of research. Several groups have
implemented single or multiple parallel microfluidic channels
to precisely deliver low sample volumes to the nanostructured
32753 For instance, simple flow cells sandwiched
between a nanohole-based sensor substrate and a glass cover
plate were reported,”®>’ as well as single***® or multi-
channel® PDMS or glass®® microfluidic devices. More
advanced multilayer PDMS devices with embedded nanohole
perforated membranes as flow-through channels were also
developed®"®*"®* in order to enhance the detection sensitivity.
A multilayer device containing an array of flow channels
controlled by a set of PDMS valves was recently demonstrated
for early detection of a cancer biomarker using gold
dimmers.* Finally, an elegant system integrating a nanohole
T-SPR sensor with a 50-channel microfluidic network was
developed for high throughput quantitative biomolecular
binding studies.>® Most of the reported microfluidic devices,
however, were fabricated using PDMS soft lithography which is
well adapted for small scale production required for proof-of-
concept, but is not viable for commercial applications.

Currently, there is a need for new materials to be used for
microfluidic nanoplasmonic biosensors that are mechanically
robust, chemically inert, optically transparent and suitable for
industrial-level production. Thermoplastics such as Cyclo
Olefin Copolymer (COC) meet these requirements. While
COC was previously demonstrated for the microfluidic part
of an LSPR device,**®® the sensor chip comprised gold
nanoparticles coated on a glass slide which increased the
overall cost of the device and was difficult to bond and
assemble against the hard COC microfluidic substrate.

In this paper we demonstrate the possibility to fabricate
and monolithically integrate microfluidic channels with
nanoplasmonic structures into COC substrates by nanoim-
printing with a single 3D hierarchically structured mold. The
fabricated nanoplasmonic microfluidic (NMF) biosensor has
blazed nanograting structures embedded at the bottom of the

sensor surface.
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detection chambers, allowing easy integration with a control
layer network of valves in the thermoplastic elastomer (TPE)
cover for multiplexing. T-SPR was employed to characterize the
biosensor response to bulk refractive index change and surface
binding interactions. Experimental results were compared
with numerical simulations to validate the observed asymme-
tries in the plasmonic response of the gratings. Lastly, we
demonstrated the functionality of our system by specific and
sensitive label-free immunodetection of soluble CD44 (sCD44)
at clinically relevant concentrations.

Experimental section

Chemicals and reagents

Streptavidin (BioChemika), bovine serum albumin (BSA, >
98%), phosphate buffer saline (PBS, pH 7.4),
trichloro(1H,1H,2H,2H-perfluorooctyl)silane, dimethyl sulfox-
ide (DMSO) and ethanol were all purchased from Sigma-
Aldrich (St. Louis, Mo, USA). HBS buffer (0.01 M HEPES, pH
7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% Surfactant P20) was
purchased from GE Healthcare. PEG-OH (hydroxy-terminated
hexa(ethylene glycol) undecane thiol (OH)), PEG-COOH (car-
boxyl-terminated hexa(ethylene glycol) undecane thiol
(COOH)) and PEG-Biotin (biotinylated tri(ethylene glycol)
hexadecane thiol (Biotin)) were purchased from Nanoscience
Instruments, USA. CD44 monoclonal antibodies (capture
antibody cAb and detection antibody dAb) were purchased
from Prospecbio, USA. Recombinant human CD44 antigen
(MW ~ 90 kDa) was purchased from R&D Systems, USA. All
chemicals and reagents were used as received.

NMF biosensor device

The hybrid hard-soft polymeric NMF biosensor device (Fig. 1)
employed for T-SPR measurements (Fig. 1c) is a multilayer
structure consisting of a flow layer in a hard cyclo-olefin-
copolymer (COC) thermoplastic substrate, a control layer in a
soft styrenic ((styrene)-(ethylene/butylene)—(styrene) (SEBS)
block copolymer) thermoplastic elastomer (TPE) and a thin
TPE membrane sandwiched between the two (Fig. 1a). The
flow layer comprised an 8 x 8 array of microfluidic detection
chambers with monolithically integrated nanostructures cov-
ered by a 50 nm thick gold film (Fig. 1d). The nanostructures
shown in Fig. 1d were composed of a polymeric nanograting
array with sawtooth profile grooves (‘blazed grating”, blaze
angle 0y ~ 27°). The 50 nm thick conformal gold layer
exhibited a 4 nm wide groove (slit) at the grating apex (inset of
Fig. 1e). Surface functionalization and sample loading into the
detection chamber was achieved using a network of micro-
channels (the flow layer) controlled by an array of microvalves
(the control layer). The device was operated using a pressure
driven flow supplied by a multichannel syringe pump
equipped with switching valves for buffer/sample loading
(JKEM, USA). A custom built apparatus controlled by the Lab
View program was used to supply pressure to the thin TPE
membrane in order to close the valves and control fluid flow.

The device was used for both on-chip gold surface
modification and sample delivery to the detection chambers.

This journal is © The Royal Society of Chemistry 2012
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The reagents for surface functionalization were loaded into the
reservoirs of eight functionalization channels and transported
to the detection chambers by closing the valves of the sample
loading channels. For proof of concept, a single surface
chemistry was applied identically to all chambers; however,
the device layout allows immobilization of eight different
ligands using eight different reservoirs, as illustrated by the
different channel colors in Fig. 1a. Following the gold surface
functionalization, the valves on the functionalization channels
were closed, and the sample was injected in each of the eight
sample loading channels. This method allows potential
investigation of up to 64 different surface binding interactions.

Fabrication

Polymer blazed nanograting fabrication

Grating structures were patterned by direct nanoimprint
lithography of all-polymer substrates using UV-cured, soft-
polymer working stamps as molds.®” Rectangular profile
silicon grating masters were made by electron beam litho-
graphy (NIL Technologies, Denmark) or deep UV lithography
(LightSmyth Technologies, USA). Master gratings were then
replicated by standard nanoimprint lithography (EVG520, EV
Group) with spin-on resists (Nanonex 1020r, USA) and
anisotropic RIE pattern transfer (Oxford Instruments, USA)
in order to increase the grating aspect ratio of ~2 : 1. These
rectangular profile silicon gratings were then cleaned and
treated with a fluorosilane mold release agent.

Polymer working stamp molds (Solvay MD700 with 1%
Darocur 1173 photoinitiator) were then replica cast from the
deeper silicon grating copies by UV-curing the liquid pre-
polymer solution in contact with a supporting rigid glass
backplane. Overall, the mold itself is rigid, supported by the
glass backplane, but locally the replica-cast polymer grating
ridges are flexible and can bend when imprinted. Pressed into
a nanoimprint resist (Nanonex 1020r) spin coated onto silicon
wafers, the intrinsic lateral shear forces in the parallel plate
imprint press partially collapse the flexible grating structures
to form a blazed grating profile in the imprint resist, as seen in
the cross-sectional SEM image in Fig. le. The shorter blazed
length corresponds to the top of the grating ridge, while the
longer length corresponds to one side of the flexible grating
ridge. The as-imprinted blazed polymer gratings form a new,
quasi-3D nanostructured master for replica casting. This
replica mold of the blazed grating, made using the UV-cured
polymer working stamp material, was then repeatedly used to
emboss (EVG520, EV Group) the sharp-cornered, blazed
grating profile directly into COC (Zeonor™) wafers.

Microfluidic device fabrication

Flow layer. The NMF biosensor was fabricated using the
procedure illustrated in Fig. S1a, ESI,t which for clarity shows
a single chamber and none of the channels or other
microfluidic features. A soft TPE membrane was hot-embossed
to form microscale features (microchannels and chambers),
including through-holes at the chamber location, using a
procedure similar to the one previously developed by our
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Fig. 1 Nanoplasmonic microfluidic (NMF) transmission-based SPR biosensor (a) Schematic illustrating multilayer device consisting of a top control layer in TPE, a
middle membrane layer in TPE and a nanostructured flow layer in COC; (b) image of a NMF device with monolithically integrated nanogratings; (c) schematic
illustrating the experimental setup used for measuring the transmission spectra through the detection chamber of the device; (d) 3D optical image and SEM
micrographs showing the detection chamber and the monolithically integrated blazed nanograting structures on the bottom of the chambers; (e) SEM micrographs
of 700 nm period blazed nanogratings covered with 50 nm gold. The inset shows a 4 nm wide groove residing on the tip of the triangular grating structure as a result

of the gold deposition process on the COC grating.

group.®® Briefly, a multilayer SU-8 mold, used to emboss a thin
TPE membrane, was patterned using standard photolithogra-
phy to form microchannels (5 um and 25 pm deep) and
detection chambers (100 pm deep). Subsequently, the emboss-
ing of the TPE membrane was performed at an applied
pressure of 15 kN for 15 min at 140 °C (EVG520, EV Group).
Separately, a hard Zeonor™ substrate was patterned by hot-
embossing at an applied pressure of 20 kN for 5 min at 160 °C
to form a regular array of nanograting elements (see Section
2.3.1).

Lab Chip

Next, with the microchannel features facing up, the TPE
membrane was placed on the Zeonor™ substrate such that
the through-holes exposed the grating elements. In order to
form the master mold, the soft flexible membrane was then
reversibly bonded to the Zeonor™ substrate at room tem-
perature by applying a pressure to seal the membrane around
the through-holes against the Zeonor™ substrate.
Photocurable polymer (Solvay MD700 with 1% Darocur 1173
photoinitiator) was then poured into the through-hole and
onto the membrane to cover the membrane and the micro-
channels. A glass plate was placed over the top of the

This journal is © The Royal Society of Chemistry 2012
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photocurable polymer and cured for 5 min using UV radiation.
After curing, the master mold and the glass plate were
removed to provide a working stamp having reliefs comprising
a reverse image of the microchannels, chambers and the
regular array of nano-scale grating elements on the bottom of
the detection chambers (Fig. S1b, ESIY).

The working stamp was then used to hot-emboss Zeonor
substrate to provide, in one step, a monolithic nanostructured
microfluidic device (Fig. 1d). Finally, selective metallization of
the detection chamber regions was performed using a second
TPE membrane mask with through-holes aligned with the
detection chambers in order to avoid any further photolitho-
graphy/etching steps. Metallization was conformal to the
nanostructured gratings; typically 50 nm thick gold films were
deposited by RF sputtering (Kurt Lesker) at room temperature
with the substrate mounted on a rotating stage. No chromium
adhesion layer was necessary as the as-deposited films passed
tape peel-off tests. Due to the shadowing effect during
deposition stage rotation,’® a 4 nm wide groove (slit) was
created in the gold film along the apex of the blazed grating
structures.

Control layer. The control layer was fabricated using a
process similar to our group’s previously published proce-
dures.”® Briefly, an SU-8 mold containing control channels was
fabricated using standard photolithography. The mold was
subsequently treated with silane and used to emboss a TPE
substrate for 20 min at 140 °C and an applied pressure of 10
kN. The same procedure was employed to obtain a 40 pm thin
TPE membrane for pneumatically controlled valves by emboss-
ing a 100 pm thick TPE film with a mold comprising 60 pm
deep SU-8 spacers.

Device assembly. Following the fabrication of the three
layers, inlet holes were punched in the control and membrane
layers and the device was assembled by first placing a thin TPE
membrane on the Zeonor substrate. Next, the control layer was
aligned and placed on the TPE membrane and irreversible
bonding of the multilayer structure was achieved using a 3
min thermal treatment at 100 °C.

Numerical modeling

The well-established rigorous coupled-wave analysis
(RCWA)"""* was employed to corroborate the nanograting size
(6p = 27°; height = 240 nm), period (A = 700 nm), and the Au
film thickness (¢ = 50 nm) to the experimental results, using a
custom written routine implemented in Matlab (see Fig. S2,
ESI;t based on GDCalc™). The simulation was performed by
scanning the wavelength of incoming transverse magnetic
(TM) polarized monochromatic plane waves at normal
incidence with a spectral resolution of 0.08 nm. Calculations
were carried out using 55 space harmonics with 1 nm
resolution in the grating depth axis. The complex permittivity
of gold was taken from ref. 82, while the refractive index used
for the COC substrate and dielectric medium corresponded to
1.525 and 1.333, respectively.

Transmission SPR spectroscopy

A custom-built optical system shown in Fig. 1b was used to
perform all optical transmission measurements in a collinear
geometry. White light from a halogen source (model OSL1,
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Thorlabs, USA) was coupled to a 3 mm core diameter liquid
light guide (model LLG0338-6, Thorlabs, USA) and collimated
with a lens (PL FL 10x, Nikon, USA) prior to passing through a
polarizer and illuminating the sample through the 1 mm
pinhole of the same size as the detection chamber of the NMF
device. The device was placed on the sample holder which
consisted of a carrier manifold connected to a rotational stage
in order to allow for spectral transmission measurements at
specific angles of incidence. The rotational stage was further
mounted on an XYZ stage in order to allow precise alignhment
of each chamber to the illumination beam for sequential
spectral measurements. The light transmitted through the
sample was collected by a 0.6 mm diameter optical fiber and
recorded with a miniature spectrometer (model USB4000,
Ocean Optics, USA). Each spectrum consisted of the average of
100 individual spectra which were further processed in
MATLAB in order to quantify the peak/dip shift (resonant
wavelength shift, A1). This was performed using Lorentzian
curve fitting in the least square sense by minimizing the sum
of squared residual differences between the fit curves
(Lorentzian) and the experimental values. All the reported
peak/dip shifts represent the average values taken over the
eight chambers in the first row of the eight columns of the
device.

Bulk refractive index sensing

In order to assess the sensitivity of the device to the bulk
refractive index change, various index-calibrated water-gly-
cerol solutions (from n = 1.333 to 1.398) were sequentially
injected into the microfluidic device. Spectra for each solution
were recorded using the T-SPR setup and the estimated device
sensitivity was taken as the slope of the curve representing the
linear fit of a resonance peak or dip shift (A1) per refractive
index unit change (RIU). The corresponding figure of merit
(FOM) was defined as the ratio of the sensitivity to the
resonant width of the spectral peak (full width half maximum,
FWHM), where the resonant width is measured at the
midpoint of intensity corresponding to the difference between
the intensity of the first peak (dip) and the neighboring dip
(peak),>*”® as shown in Fig. S3, ESLt

Surface functionalization

On-chip gold surface functionalization was performed for all
chambers in parallel. The flow rate for all solutions was kept at
5 ul min~'. We used a slightly modified mixed monothiol
procedure which was reported previously.”* Briefly, for
streptavidin binding studies, a 1 mM solution containing a
1:9 ratio of PEG-Biotin : PEG-OH in ethanol was injected
continuously for 1 h to form a mixed SAM (self-assembled
monolayer) on the surface. The surface was then rinsed in
sequence with absolute ethanol and ultrapure water (18.2 mQ
cm). For capture antibody (cAb) immobilization, the gold-
surface was modified with a 1 mM PEG-OH : PEG-COOH
(1 : 4) mixture for 8 h, followed by an ethanol-water rinse.
Next, a NHS-EDC (50 mM-200 mM) solution was injected for
30 min in order to activate amine groups. Finally, the surface
was sequentially rinsed with ultrapure water and PBS buffer,
followed by cAb immobilization for 3 h at a concentration of
50 ug mL~"' in PBS. After immobilization, the surface was
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rinsed with PBS buffer, followed by deactivation of amine
groups by injecting 50 mM ethanolamine for 30 min.

T-SPR immunoassay kinetic measurements

T-SPRi detection of biomolecular binding interactions was
performed using the setup described in Section 2.4. In order to
determine the resonant peak/dip that exhibits the maximum
wavelength shift (A1) for surface binding reactions, the
kinetics of streptavidin-biotin binding and cAb immobiliza-
tion were recorded for each resonant peak. Subsequently,
CD44 immunoassay kinetics were obtained sequentially for
each detection chamber by monitoring the spectral shifts of
the second transmission minimum around 690 nm, which
provided the highest sensitivity at normal incidence. The
kinetic curves were traced as a function of time, showing the
kinetics of the binding events that take place at the surface of
the chip. All solutions were introduced into the channels
continuously at a flow rate of 5 ul min~" and the reported
curves were averaged over eight chambers. Sandwich immu-
noassay was performed using CD44 antigen and dAb in HBS
buffer. A 5 min baseline signal was obtained first for the HBS
buffer, followed by the antigen binding signal for which
different CD44 concentrations were injected sequentially into
each channel, allowing the antigen to bind to the immobilized
cAb for 30 min. Following the protein binding, dAb was
introduced at a concentration of 20 pg mL ™" in HBS buffer and
flowed for 30 min. Finally, the substrate was washed with
buffer for 5 min and the difference in the resonant wavelength
shift was computed by taking the difference between the initial
and final buffer signals. After measuring the immune
response, the sensor chip was regenerated by injecting 50
mM NaOH-1 M NaCl for 5 min. To investigate non-specific
binding, a control experiment was performed by injecting a 20
pg mL™' concentration of BSA instead of CD44 over the
immobilized surface. The reported limit of detection (LOD)
represents the minimum detectable target concentration for
which the signal is at least three times higher than that of the
control.

Results and discussion

We have developed an integrated nanoplasmonic microfluidic
(NMF) system in order to precisely control and detect
biomolecular binding interactions using label-free T-SPR
readings. The integrated system (Fig. 1) represents a mono-
lithic microfluidic structure in a polymer substrate with
embedded (polymer and metal) blazed nanogratings fabri-
cated using a single 3D hierarchically structured mold.

Nanoplasmonic microfluidic device fabrication

A novel process was developed to allow the fabrication of
molds for low-cost high-throughput production of monolithi-
cally integrated nanostructures within the microfluidic chan-
nels in thermoplastics. A single layer working stamp
containing microfluidic channels, chambers, and nanostruc-
tures was fabricated from a multilayer polymeric master mold.
The master mold was composed of a nanostructured hard COC
substrate reversibly bonded to a microstructured soft TPE
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membrane with the microchannels facing up and through-
holes exposing COC nanogratings (Experimental Section).
Nanoimprinting was used to define both the microchannels
in TPE and the nanostructures in the COC substrates. Direct
nanostructuring of the optical quality, monolithic, polymer
wafers eliminated the need for spin-on imprint resists,
residual layer RIE etching or other downstream pattern
transfer steps. The multilayer mold fabrication method
separated the nanofabrication from microfabrication pro-
cesses, overcoming the issues of material and reagent
compatibility common in conventional procedures involving
multiple lithography/etching steps. The resulting 3D hier-
archically structured working stamp allowed embossing of
NMF devices in a single step, thus eliminating topographical
surface variations induced by sample-to-sample fabrication
differences. As such, the integrity and reproducibility of the
nanostructured substrate’s plasmonic response between
devices was preserved. The novel fabrication method thus
allows highly reproducible device fabrication which can be
easily scaled to industry-level production.”” In addition, the
developed low-cost and rapid mold fabrication technique
allows interchangeable microfluidic device design for easy
fluidic adaptation using identical nanostructures. In order to
implement a different microchannel/reservoir layout, the soft
TPE membrane can be simply delaminated from the COC
substrate and replaced with a new design without compromis-
ing the nanoplasmonic sensor response. Finally, by integrating
the nanoplasmonic sensor within the flow layer, the control
channels can be more easily incorporated in the top cover, an
essential feature required for multiplexing.

Refractive index sensing and bulk sensitivity characterization

Efficient coupling of incoming light to SPP waves is typically
achieved using oblique incidence on a grating via phase
matching of one evanescent diffraction order to an SPP mode.
However, for integrated biosensors, normal incidence is
preferable as it alleviates the need for added complexity in
the optical system design required for angular control.
Unfortunately, the coupling efficiency for normal incidence
is typically low due to diffraction losses. To overcome this, it
has been recently shown that asymmetrical excitation of SPPs
on nanogratings at normal incidence can be achieved using
asymmetrical slanted grating profiles.”®”” When the asymme-
try effect is large, even unidirectional SPP propagation can be
achieved, an effect similar to that observed for backside
illuminated grating-slit configuration.”® However, the elabo-
rate fabrication procedures required to produce asymmetrical
grating profiles, such as direct laser-beam or ion-beam
milling, single-beam holographic lithography, a series of
photolithographic processes for staircase surface profile
approximation or inclined-angle reactive-ion beam etching
with a binary grating mask, increase the cost and the
complexity of these devices, preventing their use in biosensing
applications.”” In this paper, a simple, cost-effective fabrica-
tion procedure has been developed to create a sawtooth
grating profile in COC, uniformly coated with gold film that
exhibits a nanoslit at the grating apex. The nanoplasmonic
sensor was monolithically integrated with the microfluidic
device and employed for efficient SPP coupling under normal
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incidence. Fig. 2a and 2b show experimentally and numerically
obtained spectrograms for both s- and p- polarizations (TE and
TM, respectively) of blazed gratings at normal incidence. In
both cases, the resonances were observed only when there was
a component of the electric field of the incident radiation
normal to the local grating surface (TM polarization), indicat-
ing coupling to surface plasmons.”” The small differences
between the experimentally obtained and numerically calcu-
lated resonance positions (peaks and dips) were attributed to
the presence of the 4 nm narrow groove (nanoslit) at the
blazed grating apex, a feature that was not included in the
model. Since the electromagnetic field enhancement was
highest at the tips of the sharp blazed grating (see inset of
Fig. 2b), the presence of the nanogroove at this location caused
an additional resonance shift, as observed in the experimental
results. Optical SPP excitation on blazed gratings for incident
light was also confirmed by comparing the grating spectro-
grams with those of the flat gold surface (control). From the
inset of Fig. 2c, unlike the blazed gratings, the control
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exhibited an identical spectral profile for both polarizations
(inset of Fig. 2c). Conversely, nanogratings enabled SPR-
enhanced transmission under TM-polarization, as evidenced
by the ratio of p- and s-polarized transmitted light intensities
for values greater than 1 (Le. Tp/Ts > 1).** The grating
spectrum exhibited an asymmetric resonant profile having
transmission peaks accompanied by dips (Fano-type reso-
nance profile), such that the frequency of the SPP excitation
does not correspond with either the transmission maximum or
minimum, but rather lies somewhere in between.?®®! This is a
consequence of the incoming wave (continuum state) coupling
with the surface-bound SPP of a periodic array (a discrete
state) and the resulting interference between the narrow SPP
and broad-band LSPR associated with gap plasmons in the
nanoslit.*® Therefore, from Fig. 2c, we can attribute the strong
wavelength dependant modulations (maxima at 556, 637 and
724 nm and minima at 582 and 687 nm) to excitation and
interaction of SPP and LSP modes. The multichannel
resonance capability of the blazed gratings opens up the

A Numerical
Experimental
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Fig. 2 (a) and (b) s- and p- polarizations of experimentally and numerically obtained transmitted light spectra for blazed grating. Inset shows the near field
calculations of magnetic and electric field intensities, demonstrating the highest field enhancement at the grating apex. (c) Ratio of transmitted p-polarized to
s-polarized light (T,/Ts) for flat surface and blazed grating, showing regions where surface plasmon excitation occurs as the enhancement of this ratio over the
nominal value of 1 for the blazed grating substrate. The inset shows transmission spectra at normal incidence for a 50 nm thick gold film on a flat surface and a blazed
grating with s-polarized and p-polarized light. The curves have been normalized to 1 and offset for clarity. (d) Transmission spectra across the eight chambers of the
first row of the device, showing the uniformity of the resonance maxima/minima positions. The numerical values for the spectral dispersion of each peak are included.

This journal is © The Royal Society of Chemistry 2012

Lab Chip


http://dx.doi.org/10.1039/c2lc41123g

possibility to monitor and discriminate multiple binding
interactions in parallel. Moreover, the existence of multiple
transmission peaks and dips indicates that the blazed gratings
can be used for SPR based sensing with light sources of
different wavelengths corresponding to the maxima or minima
in the transmission spectra. The resonance positioned at
~724 nm closely corresponds to the theoretical value of the
first diffracted order coupling to SPP (as calculated by eq(1) for
m=1,A=0.7 pm, &g = 1.33, and &, = —20.61 + 1.27i for gold at
757 nm®), while the remaining two resonances seem to be a
result of SPP-LSP interaction,® although it is not clear how
much contribution comes from each. Because of this coupling
between propagating SPPs and LSPR, the positions of
transmission maxima/minima around 550 nm and 650 nm
do not coincide with the resonances provided by the grating
eqn (1).

Additionally, eqn (1) does not take into account the presence
of the nanoslits, the associated scattering losses, and thus it
neglects the interference that gives rise to additional reso-
nance shifts.®* From Fig. 2a, the Fano-type resonances at 556,
582, 637, 687, and 724 nm were characterized by fairly narrow
bandwidths, with FWHM (Fig. S3, ESIf) corresponding to 16,
22, 27, 17, and 20 nm, respectively. This can allow easier
determination of the spectral peak/dip positions in biosensor
applications. For high-throughput applications, the uniformity
of the large area nanostructure was also an important
consideration. From Fig. 2d, quite uniform spectral peak
positions were obtained across the device, as shown for the
eight chambers in the first row of the chip (1 x 18 mm area)
that were used for the interrogation of biomolecular binding
reactions.

To estimate the sensitivity, and the corresponding figure of
merit (FOM) of the nanograting structure, the resonant
wavelength shift was measured as a function of the bulk
refractive index change (Fig. 3). Different glycerin concentra-
tions in water (0% to 50%) were flowed through the
microfluidic channel network and the resonant wavelength
shift was recorded as a difference between the glycerol
solution and water taken as a control. We found a linear
red-shift of the transmission maxima/minima as a function of
the increasing effective index (see Fig. 3) which allowed us to
calculate the bulk sensitivity. The maximum sensitivity was
observed for the transmission minimum around 690 nm, with
an estimated sensitivity of 230 nm/RIU and FOM of 12.8/RIU.

The sensitivity found in our experiments agrees well with
the values predicted for grating-based SPR devices"”®* and are
similar to the sensitivities obtained from sensing schemes
based on metallic nanoparticles.?®*® The resonances occurring
at longer wavelengths close to the NIR regions of the spectrum
(lower energy) exhibited higher sensitivity, which is in
agreement with previously published results.®”*° In particu-
lar, the second minimum (D2) experienced the largest spectral
shift. A possible explanation is the nature of D2 which is
ascribed to the complex coupling, interference and spectral
superposition between the propagating surface plasmons
associated with the grating resonances related to the periodic
nanostructure arrangement and the localized resonances
confined at the individual sharp grating tips decorated with
nanoscale grooves. As such, the D2 trough is more sensitive
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Fig. 3 (a) Resonant wavelength shift for different bulk refractive indices at
normal incidence. The inset shows the sensitivity for different resonant
wavelengths with the corresponding figure of merit (FOM) for the most
sensitive resonance. (b) Transmitted intensity of p-polarized light through a 50
nm thick gold film on the blazed grating for angle of incidence 6 = —20°, —16°,
..., —4°,0° 4° ...,16° 20° The curves have been normalized to 1 and offset for
clarity.

than the neighbouring peaks because it captures the coupling
resonance between the propagating and localized fields at the
sharp corners of the gold film and as such also includes the
spectral movement in both P2 and P3.

In order to investigate the possible sensitivity enhancement,
in addition to normal incidence, we also performed transmis-
sion measurements at different incident angles (from —20° to
20° in 4° increments). The corresponding transmission spectra
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for a bulk refractive index of 1.333 are shown in Fig. 3b. By
changing the incident angle we demonstrated the ability to
tune the resonant wavelength of the sensor. This feature can
be explored to enhance the sensitivity by increasing the
asymmetry of +1 orders’ strengths, resulting in the highly
asymmetric excitation of SPPs on the blazed gratings. The
sensitivity of the device as a function of the incident angle was
obtained by varying the bulk refractive index, recording the
transmission spectra (see Fig. S3, ESIt) and extracting the
wavelength shift for each resonance (see Fig. S4, ESIf). In
Fig. 4a we show the resonance shift of the first minimum in
the spectrum for which we obtained a maximum sensitivity of
773 nm/RIU with a FOM of 55.2/RIU at a rotational angle of 12°
(Fig. 4b). This sensitivity is higher than the previously reported
data for regular arrays of nanoslits*® (427 nm/RIU), nano-
holes®® (470 nm/RIU) and grove-slit nanointerferometers®’(630
nm/RIU).

T-SPR kinetic measurements

While the maximum sensitivity for the blazed gratings
occurred at an angle of 12°, stringent angular control and
alignment is difficult in integrated optical devices suitable for
POC diagnosis which is why normal incidence was chosen for
all the kinetic binding experiments. Herein, we measured each
peak/dip wavelength shift for different surface binding
reactions, as shown in Fig. 5. Following the surface functio-
nalization with thiolated PEG-Biotin (Fig. 5a), a 1 pg mL™'
streptavidin concentration was flowed through the microflui-
dic chamber and the corresponding binding curves are shown
in Fig. 5b. From the obtained results, we determined that for
the binding interactions, the maximum resonant wavelength
shift, Admax (Maximum sensitivity) occurred for the resonance
around 690 nm (first minimum in the transmission spectrum),
which corresponds to the results obtained for the bulk
refractive index change. This was also confirmed for the anti
CD44 antibody immobilization on the grating surface, as
shown in Fig. 5c. By comparing the binding kinetics in Fig. 5,
it is interesting to note that each peak responded differently to
a specific binding event. In particular, the observed sensitivity
splitting in Fig. 5b between peaks 2 and 3 could be related to
the nonlinear target dependent sensitivity of our sensor which
was previously observed with other nanostructured SPR
systems.'”°"°% Additionally, the inhomogeneous nature of
the target binding to the surface affected each resonance
differently due to the complex interplay between SPPs, LSPs
and their interactions. In each case, however, Al,.x was
obtained for the second minimum of the transmission curve
which closely corresponded to the sum of the shifts in the
neighbouring peaks, further suggesting the spectral super-
position between the SPPs associated with the grating
resonances related to the periodic nanostructure arrangement
and the localized resonances confined at the individual sharp
grating tips with nanoscale grooves. Therefore, for the
subsequent antibody-antigen binding study, only this reso-
nance was extracted and used to obtain sandwich immunoas-
say kinetic curves.

Following antibody immobilization, we performed quanti-
tative kinetic sandwich immunoassay measurements by
sequentially introducing different concentrations of CD44

This journal is © The Royal Society of Chemistry 2012
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antigen (or control) into the eight microfluidic chambers.
Following CD44 binding, a secondary detection antibody, anti-
CD44 (dAb), was used to amplify the detection signal. CD44
was chosen as a model protein for our sensing experiments
and device characterization due to its involvement in the
progression of human malignant tumors and metastasis
formation®*°® and its potential as a clinical cancer biomarker.
In the majority of human tumors, overexpression of CD44
characterizes tumor progression and dissemination.””'% In
addition to cell surface expression, substantial amounts of
sCD44 generated either by shedding or alternative splicing can
be found in physiological fluids. The increased levels of sCD44
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Fig. 5 Average of five kinetic curves for each resonant peak representing (a)
thiolated PEG-biotin surface functionalization, (b) 1 pg mL™" streptavidin
binding to the functionalized surface and (c) capture antibody immobilization
onto the carboxyl activated surface.

during inflammation and in cancer patients, range from ~ 250
pM in saliva®'*' to ~10 nM in serum,'**'%* compared to the
lower physiological sCD44 level in healthy people (10 pM to 5
nM, respectively).>'%* % Therefore, the CD44 concentration
range used in this study corresponded to clinically relevant
concentrations from 5 pM up to 10 nM (Fig. 6). From Fig. 6a,
the minimum detectable CD44 concentration without the
secondary antibody amplification step corresponded to 5.26
nM, while the limit of detection was decreased to 10.53 pM

using a secondary dAb in a sandwich immunoassay format.
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The binding constants for the anti-CD44 dAb binding to the
captured CD44 were estimated to be k, = 7.14 + 0.32 x 10°
M ' min"% kg = 7.43 + 0.30 x 10> min~%; and the affinity
Kp=1.041 + 0.08 x 10~ ® M. Fig. 6b shows the plot of the total
resonance wavelength shift as a function of the CD44 antigen
concentration. A good linear fit of the experimentally obtained
data points was obtained for the sandwich immunoassay
format (Fig. 6b), suggesting the possibility to use the device for
a wide range of targets in bioanalytical research. It is
noteworthy that the presented optical system, used for NMF
device characterization, relied on a fiber-based spectrometer,
which limited the biosensor throughput to sequential mea-
surements. To overcome this limitation, we are developing a
setup that employs a CCD camera which would allow multi-
plexed SPR imaging spectroscopy to fully exploit the high
throughput offered by the multichannel device.
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Conclusions

We reported the design, fabrication and characterization of a
novel nanoplasmonic microfluidic (NMF) biosensor that
integrates in a single monolithic polymer substrate both a
nanostructured surface required for plasmonic response
monitoring and a network of microchannels for precise flow
control. A novel technique for rapid, low-cost fabrication of
molds containing large-area nanostructures and easily inter-
changeable microfluidic channel layouts was developed.”® The
resulting 3D hierarchical molds enabled the fabrication of
NMF devices using a low-cost mass-production compatible
process that is industrially viable. Additionally, the monolithic
integration of nanoplasmonic elements within the flow layer
allowed the use of an active top cover containing multiple
pneumatic valve elements in thermoplastics. To the best of our
knowledge, this is the first demonstration integrating thermo-
plastic valves in such a large number, opening the possibility
for individual row/column addressing in a multiplex detection
scheme. The fabricated NMF biosensor was employed for the
quantitative detection of protein binding interactions at
clinically relevant concentrations using a label-free enhanced
transmission surface plasmon resonance technique.
Compared to recently reported nanoslit or nanohole arrays,
the proposed sensor exhibited ~50% higher wavelength
sensitivity under an optimized incidence angle (773 nm/RIU),
reaching a figure of merit of up to 55/RIU. The obtained results
suggest that the system presented here is a promising
approach for the development of high-throughput, compact
biosensors amenable to large scale, on-chip integration that
are capable of satisfying the reliability, affordability, and
portability requirements for POC applications. Future work is
directed towards integrating the multichannel device with
spectral SPR imaging using a small CCD spectrometer for a
portable POC system.
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