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ABSTRACT: Plasmonic sensors provide real-time and label- Ayp .
free detection of biotargets with unprecedented sensitivity and L mmm) thickness (t)
detection limit. However, they usually lack the ability to 5 g2 =

SV Y=

LP mode

estimate the thickness of the target layer formed on top of the
sensing surface. Here, we report a sensing modality based on
reflection spectroscopy of a nanoplasmonic Fabry—Perot cavity
array, which exhibits characteristics of both surface plasmon
polaritons and localized plasmon resonances and outperforms
its conventional counterparts by providing the thickness of the
surface-adsorbed layers. Through numerical simulations, we
demonstrate that the designed plasmonic surface resembles two
entangled Fabry—Perot cavities excited from both ends. Performance of the device is evaluated by studying sensor response in
the refractive index (RI) measurement of aqueous glycerol solutions and during formation of a surface-adsorbed layer
consisting of protein (i.e., NeutrAvidin) molecules. By tracking the resonance wavelengths of the two modes of the
nanoplasmonic surface, it is therefore possible to measure the thickness of a homogeneous adsorbed layer and RI of the
background solution with precisions better than 4 nm and 0.0001 RI units. Using numerical simulations, we show that the
thickness estimation algorithm can be extended for layers consisting of nanometric analytes adsorbed on an antibody-coated
sensor surface. Furthermore, performance of the device has been evaluated to detect exosomes. By providing a thickness
estimation for adsorbed layers and differentiating binding events from background RI variations, this device can potentially
supersede conventional plasmonic sensors.
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promising solution in many research fields and

applications, especially for diagnosis and screening
technologies as well as environmental monitoring and quality
control.'~® Conventional plasmonic approaches are designed
to capture and detect biotargets on antibody-coated sensor
surfaces. These sensors cannot usually distinguish whether the
detected binding event is due to adsorption of a thin layer of
high refractive index (RI) or a thicker layer with lower RIL
Estimating thickness of a biotarget layer formed on the sensor
is beneficial in various applications. For example, functionality
of exosomes which are involved in different neurodegenerative
and cardiovascular disorders and cancers’™'* is highly size-
dependent. The size of exosomes is a determinant factor in
their possible uptake by cells and their efficiency in drug
delivery."> Recently, it was found that oral cancer will present
increased size and intervesicular aggregation of saliva

B y offering rapid and label-free detection, plasmonics is a
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exosomes.'® The same phenomenon is observed in urinary
exosomes of patients with prostate cancer.'” Hence, realization
of a plasmonic sensor which provides size estimation would be
of clinical interest especially in early cancer detection. In this
regard, a dual-wavelength prism-based plasmonic sensor was
suggested recently for sizing of biological nanoparticles.'®
However, large propagation lengths of the excited surface
plasmons decrease its lateral resolution, and the system is
based on a complex measurement setup and requires highly
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Figure 1. Detection and characterization with plasmonic Fabry—Perot cavities. (a) Illustration of the periodic nanoplasmonic surface
covered with antibodies for detection of cellular entities and a typical reflection spectrum from the structure. Periodicity of the
nanostructure is P = 1100 nm and width of corrugations is W = 650 nm. (b) Top: two-channel microfluidic chip consisting of the
nanostructured plasmonic surface, a double-sided adhesive layer which is patterned to form the fluidic channels on top of the nanostructured
surface, a poly(methyl methacrylate) layer on top, and its input and waste removal tubing. Bottom: cross-sectional scanning electron
micrograph of the fabricated sensor (scale bar, 2 um). (c) Calculated electric field distribution and field lines for localized plasmon and
surface plasmon resonances (scale bar, 200 nm). (d) Schematic showing a typical output of the platform during a multistep detection
experiment, which shows a resonance shift value specific to surface layer formation, bulk RI value at each step, and the thickness of different

layers formed on top of the sensor surface.

precise mechanical movement control. There have been other
efforts for surface layer thickness measurements. For example,
dielectric microresonators were suggested for thickness
determination with sub-nanometer precision.'” In another
research, this was achieved using localized plasmon resonances
of gold nanocrescents.”” These platforms usually require
complex optical spectroscopy at wavelengths above 1 pm
and also require advanced nanofabrication techniques, limiting
the broad applicability of these sensors. In addition, for the

ring resonator case, the area of a single sensing site is about 50

pum?,

From the detection perspective, sensing based on RI
variations is prone to both nonspecific binding and undesired
signal variations due to high changes in background RIL
Whereas prism-based plasmonic sensors are more sensitive to
RI variations compared to their nanoplasmonic counterparts,
they are also more vulnerable to undesired signal variations
originating far from the surface. Hence, several referencing
techniques have been proposed to address this challenge and
to provide real-time insight into binding dynamics.”' ™’

In this article, we introduce a dual-mode plasmonic sensor
based on entangled Fabry—Perot cavities (EFPC) that both
eliminates background RI variations and provides thickness of
the surface-adsorbed layers. Fabrication of the structure is
based on well-established large-area photolithography, which
substantially reduces the costs of producing sensing chips

compared to processes based on e-beam lithography. In
addition, measurement setup is based on a portable
spectrometer at visible wavelengths, which minimizes costs of
the measurement system. By providing the aforementioned
features, the presented device has the potential to be widely
used in both biological research laboratories and settings with
limited resources available.

RESULTS AND DISCUSSION

A plasmonic surface relief grating can be tailored in order to
exhibit two modes with characteristics of surface plasmon (SP)
polaritons and localized plasmon (LP) resonances (Figure 1a).
A well-established optical lithography procedure is used to
fabricate the nanostructured metallic surface, and the measure-
ment setup is kept uncomplicated. Figure 1b shows a two-
channel microfluidic device (top) fabricated on top of the
sensor surface and a scanning electron micrograph (bottom)
from a cross section of the nanostructure.Figure 1c shows field
profiles for its SP (top) and LP (bottom) resonances. We
performed numerical analysis to show that the structure can be
modeled as two entangled Fabry—Perot cavities in a free-space
optics configuration. We present a simple yet effective
algorithm for estimating thickness of the surface-adsorbed
layer by tracking resonance wavelengths of the dual-mode
sensor. Performance of the device is tested for estimating
thickness of homogeneous adsorbed layers. The sensor’s
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Figure 2. Theoretical modeling, numerical calculations, and experimental evaluation of the plasmonic Fabry—Perot cavities. (a) Unit cell of
the corrugated gold surface (bottom), which can be modeled as two free-space entangled Fabry—Perot cavities (top). (b) Calculated zeroth
order reflection from the plasmonic surface with a period of P = 1100 nm for different normalized frequencies P/A, (A, = A,/1.33 is the light
wavelength in water) and different strip width to periodicity ratios W/P. White horizontal dashed lines show the surface plasmon resonance
condition of different orders (n). Blue and red dashed lines, respectively, show odd and even orders (m) of the surface plasmon cavity
formed by the edges of the corrugations. Pink vertical dashed line represents the selected W/P for dual-mode plasmonic sensing. (c)
Calculated and measured reflection spectra for the corrugated metallic surface for the selected W/P (W = 650 nm).

responses to bulk RI variations, formation of a protein layer on
top of the sensor surface, and adsorption of exosomes to the
surface agree well with predictions of our numerical analysis.
We provide a detailed numerical analysis on the possibility of
extending application of the algorithm in estimating thickness
of surface-adsorbed layers with nonhomogeneous geometry. As
the schematic in Figure 1d summarizes, the device can provide
an estimate on the thickness of adsorbed layers and
differentiate variations of background RI from binding events.

Entangled Fabry—Perot Cavities. Surface plasmons
propagate on the interface of metal and dielectric media with
an effective index, which is higher than the RI of the dielectric.
A periodic metallic surface of period P exposed to a normal
TM-polarized plane wave may exhibit plasmonic resonances if
the well-known phase match condition of

kg = kongp

(1)

is met. In this equation, k, is the free-space wavenumber,

mr .
kgz% is the grating wavenumber of order n, and

Ngp = R{

on a flat metallic surface, where ¢, is the complex permittivity
of the metal and &, is that of the dielectric medium. For the
structure of Figure 2a (bottom), surface waves once excited
will propagate undisturbed until being partially reflected at
either edge of the surface reliefs. These two partial reflectors
form a Fabry—Perot (FP) cavity of length W for the excited
surface plasmons. The situation is similar to a free-space optics
problem of two EFPC (Figure 2a, top), where the outer cavity
models the surface plasmon excitation condition and the inner
cavity stands for the plasmonic FP cavity formed by the edges
of metallic corrugations. The resonance condition for the inner
cavity can be expressed as

Eméq

is the effective index of surface plasmons
[ + &g

kongpW = mn

)

In this equation, m is the resonance order for the cavity. In
Figure S1, we compared reflection from the corrugated metallic
surface with that of a free-space EFPC configuration in order
to show their similar behavior. Figure 2b shows the reflection
spectra for a gold grating calculated using the transmission-line
formulation (TLF) method,”® " with its vertical axis showing
the normalized frequency P/, and the horizontal axis
representing the ratio of its corrugations’ width to its

periodicity W/P. In our design, the grating height is set to
35 nm and periodicity is 1.1 gm to provide resonances at
wavelengths below 800 nm.

We selected a strip width of W = 650 nm (W/P = 0.59) for
our sensor, as shown with a pink vertical dashed line in Figure
2b, to achieve two resonances with those two distinct field
profiles, as was shown in Figure lc. This wavelength range
features well-established inexpensive spectroscopy devices and
enables portable point-of-care measurements. As Figure 2b
presents, the resonance at P/4, = 1.94 (4, = 755 nm) is barely
affected by the inner cavity and occurs almost exactly where
the surface plasmon resonance condition of eq 1 is satisfied
(white dashed line with n = 2 in Figure 2b). This resonance
exhibits a large evanescent tail (Figure 1c, bottom) and shares
other features with surface plasmon resonances. On the other
hand, the resonance at P/4, = 2.4 (4, = 610 nm) occurs when
the FP resonance condition of eq 2 with m = 3 is fulfilled (blue
dashed line with m = 3 in Figure 2b). Due to the strong
coupling of surface plasmons to plasmonic FP cavity at this
resonance, the resonance frequency is largely deviated from the
predictions of eq 1. The same phenomenon happens in the
free-space optics configuration of the EFPC model, as depicted
in Figure Sla. The field profile of this mode decays very rapidly
(Figure 1c, top) thanks to the strong field enhancement inside
the inner FP cavity. This resonance is similar to a LP
resonance, which is intrinsic to metallic nanoparticles. Figure
2c compares calculated zeroth order reflection from the
plasmonic surface (normalized to reflection from a gold
mirror) with measured values of reflection from a fabricated
sample. Both curves share the same behavior, and the
resonances occur exactly at the predicted wavelengths,
confirming the accuracy of our analysis and design process.

Theoretical Basis of Surface Layer Detection and
Characterization. When a biolayer adsorbs to the sensor
surface, the effective RI in the vicinity of the surface increases,
resulting in the red shifts of the resonance wavelengths. In
conventional plasmonic biosensing, the resonance shift is
attributed to binding of the surface-adsorbed layer. However,
from the value of the shift itself, it is indiscernible whether a
thick layer with low RI has been formed on the surface or the
shift is due to formation of a thin layer with higher RI. In
addition, conventional plasmonic sensors usually use an
additional measurement on a reference channel to eliminate
bulk RI variations.> In the previous section, we discussed that
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Figure 3. Theoretical basis of plasmonic thickness measurement. (a) Calculated reflection from the structure for the bare surface (square
markers), when a 15 nm thick layer of RI n = 1.38 is formed on the surface (round markers) and when the RI of the same layer is n = 1.43
(triangular marker). The calculated wavelength shift ratio (k, = AA;p/Algp) in both cases is k, = 2.2. (b) Calculated reflection from the
structure when the sensor surface is completely surrounded by an infinite layer with RI of n = 1.33 (square markers), n = 1.38 (round
markers), and n = 1.43 (triangular markers). Wavelength shift ratio in both cases remains around k; = 0.55. In (a,b), the ratio of the
resonance shift remains almost constant, but the magnitude of the shifts is proportional to RI of the surface layer. (c) Calculated wavelength
shifts of the LP and SP resonances (right axis) and their ratio (left axis) for different surface layer thicknesses (t). In this calculation, RI of
the adsorbed layer is n = 1.38 (An = 0.05), and the shift values are normalized to An.
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Figure 4. Sensor response to the bulk RI variation and surface adsorption. (a) Measured shift values for the LP and SP resonances over time,
while aqueous glycerol solutions of increasing volumetric concentrations (Cyoumewic = 0, 0.05, 0.1, 0.25, 0.5, 1, 2.5,5, 10, 25%) were
consecutively flowed inside a microfluidic channel fabricated on top of the plasmonic surface. (b) Measured value of resonance shifts for the
aqueous glycerol solutions of (a) shown as a function of RI increment. Shaded regions around the curves show the error bounds for the
measured shift values. (c) Measured values for the resonance shift and corresponding isotherm curves fitted to the data over time, while a
NeutrAvidin (50 pg/mL in phospate-buffered saline) layer binds to the surface. By passing glycerol solutions of different concentrations in
(a), the wavelength shift ratio remains at around k; = 0.57, which is in agreement with our calculations for bulk RI variations. For the
binding of neutravidin in (c), the measured value of the wavelength shift ratio is k, = 2.69, corresponding to the formation of a 6.8 nm thick

adsorbed layer.

the LP and SP modes show distinct field profiles around the
sensing surface. We here show that this feature can be utilized
to estimate the thickness of the surface-adsorbed layer and to
distinguish bulk and surface variations. In our approach, there
would be no need for a measurement from an additional
reference channel for eliminating bulk effects.

Figure 3a presents the simulation results for reflection
spectra for the bare sensor surface and when a 15 nm thick
layer with RI of either n = 1.38 (A, = 0.05) orn = 1.43 (A, =
0.1) is present on the sensor surface. Figure 3b shows
reflection spectra for layers with the same values of RI but
infinite thickness. Although the amount of the shifts for LP and
SP resonances increases with an increase in the RI of the
surface layer, the ratio of the shifts k, = Ad;p/Adgp remains
almost constant. This ratio does not vary with RI (only slight
variations of up to 2% for a large RI change of A, = 0.1 RIU),
but it varies mainly with thickness of the surface-adsorbed
layer. For the 15 nm thick layer of Figure 3a, the ratio is x, =
2.2, and for the layer of infinite thickness, it is x, = 0.5S. Figure
3c shows the magnitude of the wavelength shifts and the shift
ratio for surface layers with thicknesses of 0 < t < 400 nm and

RI n = 1.38. Using the data of Figure 3¢, it is possible to
estimate the thickness of surface-adsorbed layers by calculating
the wavelength shift ratio during an experiment. The
wavelength shift ratio is around 3 for layers with a few
nanometer thicknesses and it drops to 0.59 for the 400 nm
thick layer. In addition to surface layer characterization, the
ratio k, can be used as a reference in order to eliminate
variations in the RI of background solution when different
fluids are flowed over the sensor. For example, when a fluid
containing analytes is injected to a sensor channel that is
preoccupied by a different fluid with different RI, first there
would be sudden resonance wavelength changes with k, =
0.5S. Then, during adsorption of the analyte to the surface, the
resonances will shift more. Whereas the value of k, at the
beginning of any new injection corresponds to bulk variation,
its value during the binding step can be used to estimate the
thickness of the adsorbed layer. However, if bulk RI changes
and binding of analytes occurs concurrently with a similar rate,
for example, as a result of a temperature drift during the surface
adsorption, estimating the thickness of the adsorbed layer
using the wavelength shift ratio k; would be erroneous. Hence,
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Figure 5. Thickness estimation for spherical dome-shaped analytes. (a) Field distribution for the LP (top) and the SP modes (bottom) when
dome-shaped analytes cover an antibody-coated sensor surface. The antibody layer is modeled as a homogeneous 7 nm thick layer with RI of
n,, = 1.38. The analytes are modeled by spherical domes of height 60 nm and RI n,; = 1.35. Calculated reflection spectra near LP (b) and SP
(c) resonance wavelengths for (i) the bare surface immersed in DI water (nz = 1.33), (ii) a sensor surface covered with antibody and DI as
the background solution, (iii) a surface covered with antibody and PBS (n; = 1.333) as the background, (iv) nanodomes adsorbed to the
antibody coated sensor and PBS as the background, and (v) the same configuration but with DI as the background. (d) Shift values of
resonance wavelengths for each of the five different configurations. (e) Left axis shows the binding portion of total wavelength shift (A4, +
AAlgp) differentiated from wavelength shifts resulting from bulk RI variations. Right axis shows bulk RI at each step, which is calculated from
the remaining part of the resonance shifts. Wavelength shift ratio for the antibody layer is k;, = 2.65, and for dome-shaped analytes, it is k, =
1.09. (f) Calculated wavelength shift ratio , for adsorbed layers consisting of nanometric spherical domes of different sizes (solid black line)
and for homogeneous layers of different thicknesses (dashed red line). Inset shows a schematic of the homogeneous adsorbed layer. For the
spherical domes shown in (a), the homogeneous adsorbed layer model estimates a thickness of 68 nm, and the spherical dome model

accurately estimates its size to be 60 nm.

for the best estimate on the thickness, temperature drift during
experiments should be avoided.

Sensor Characterization. Performance of the fabricated
sensor chips was examined in a series of experiments. First,
bulk sensitivity of the sensor was investigated by applying
aqueous glycerol solutions of different concentrations to the
sensor. The collected reflection spectrum was analyzed to find
the reflection minima of LP and SP resonances. Figure 4a
shows the resonance shifts over time during the experiment. As
the results demonstrate, the more bulk sensitive SP resonance
shifts more than the LP resonance. Figure 4b represents the
values of the measured resonance shifts and its associated
readout noise in the RI range of 1.33 < An < 1.48. It is seen
that the SP resonance can be used to detect bulk RI variations
with a resolution better than 1 X 10™* RIU, and the LP
resonance can be used for RI variations larger than § X 107*
RIU. The higher performance of SP resonance in bulk RI
detection is due to its extended range of field profile well inside
the solution, as shown in Figure lc. The situation is completely
reverse when we examine the performance of the sensor in the
detection of surface adsorption during binding of NeutrAvidin
to a gold surface prefunctionalized with a DSP cross-linker (see
Materials and Methods for the details of the functionalization).
Figure 4c shows the measured values of resonance shifts over

time and the fitted Langmuir isotherm curves. Unlike bulk RI
sensing, in this experiment, the LP resonance shifts more and
shows superior performance in a single-mode sensing aimed at
detection of surface binding events. By tracking both
resonances over time in a dual-mode sensing strategy and
with the help of simulations summarized in Figure 3c, the
platform gives an estimate on the thickness of the adsorbed
layer and distinguishes bulk variations from surface events.
Based on Figure 3c, any wavelength shift ratio smaller than «, <
0.59 corresponds to formation of a layer thicker than 400 nm
and is attributed to bulk RI variation. For the resonance shifts
demonstrated in Figure 4b, this ratio is x;, = 0.57, confirming
bulk RI variation. That ratio for the NeutrAvidin experiment
shown in Figure 4c is k; = 2.69. Based on Figure 3c, this value
corresponds to formation of a layer with the thickness of about
6.8 nm. This estimation is in agreement with previous studies
based on X-ray measurements, suggesting a range from 4 to 8
nm for dimensions of avidin molecules.””**

By taking into account the magnitude of the noise in our
readout system, the resolution of our spectrometer, and the
unpredictability that happens due to the slight variations in k;
ratio for layers of the same thickness but different RI, our
calculation shows that the error in thickness determination
using the platform is less than 4 nm for layer thicknesses
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Figure 6. Exosome detection and size estimation. (a) Schematic presentation of an antibody-coated EFPC structure illuminated by incident
light beam during a vesicle detection experiment. (b) Measured shift values for the LP (A4,,) and SP resonances (AAgp) during detection of
exosomes spiked in PBS. Each step is labeled at the top of the figure. The ratio of resonance shifts due to binding of antibody is k, = 2.4 and
its value for binding of exosomes to the surface is k; = 1.12. These values correspond to the formation of 10 and 53 nm thick layers,
respectively. (c) Shift values for the LP and SP resonances during an experiment on diluted healthy human plasma (1:10). Human plasma
has exosomes in it. The experiment consists of eight binding and washing steps that are labeled at the top (AF, antifouling agent; BP, diluted
healthy human blood plasma (1:10) that includes exosomes). The ratio of resonance shifts for the antibody layer after the application of
antifouling agent is k, = 2.25 and for the human plasma step is k, = 1.11. These values correspond to formation of a 12 nm thick antibody
layer and a 47 nm thick analyte layer. In the following two plots, we portioned the resonance shifts into bulk and binding parts. (d) Portion
of the LP and SP resonance shifts attributed to the bulk refractive index variations during the experiment. The curve for SP resonance shift
(red dashed line) additionally shows RI of the background solution indicated on the right axis. (¢) Remaining portion of the resonance shifts
owing to binding events. (f) Total resonance shifts (Adgp + Al p) after binding of extracted human exosomes spiked in PBS (1 x 10
particles/mL), diluted healthy human plasma (1:10), diluted bovine serum (1:10, negative control), and application of PBS. The sensor
surface was decorated up to the Ab layer, followed by the binding of antifouling agent. The data represent mean value and standard deviation
over repeated experiments (N = 2—6).

between 10 and 100 nm. For thicker layers with thicknesses of a sensor surface. The size of 60 nm is chosen to reflect the
up to 400 nm, the error is less than 4%. Thickness average size of extracellular vesicle or a virus (see the Materials
measurement could become inaccurate for layers thinner and Methods section for the details of the simulation). Figure
than 10 nm due to limited spectral resolution of the Sa shows the configuration and the field distributions for the
spectrometer and the inaccuracy in determining the shift LP (top) and the SP resonances (bottom). Figure Sb,c,
magnitude. Hence, the platform is well-suited for character- respectively, shows calculated reflection spectra near LP and
ization of layers with their thickness between 10 and 400 nm. SP resonances for five different configurations: (i) a bare
This range covers many biotargets such as most viruses, sensor is immersed in deionized (DI) water (ny = 1.33); (ii) a
cellular secreted particles, proteins, and liposomes. homogeneous layer of antibody covers the surface and the
We further theoretically tested the limits of the sensor background solution remains as DI water; (iii) RI of
system, and our findings suggest that the sizing algorithm can background solution increases due to introduction of
be extended to estimate the thickness of layers with more phosphate-buffered saline (PBS) to the sensor (ny = 1.333);
complex geometry, with spherical targets binding to the sensor (iv) 60 nm high dome-shaped analytes cover the surface while
surfaces rather than homogeneous layers of proteins coating RI of background solution remains at ng = 1.333; and (v) same
the sensor surfaces. In this regard, we first calculated the sensor configuration as (iv) but with DI water (ny = 1.33) as the
response to formation of an antibody layer modeled as a background solution. The values of resonance shift for these
homogeneous layer with a thickness of 7 nm and RI of n,, = steps are summarized in Figure 5d. We used wavelength shift
1.38. Then, we calculated its response to adsorption of ratio K, for each step in order to distinguish bulk RI variations
nanometric domes with a height of 60 nm and RI of n = 1.35. from binding events. The left axis in Figure Se shows the
In this simulation, nanodomes are spheres cut off by a binding-related portion of total resonance shift, and its right
horizontal plane with their diameter 1.5 times their height (see axis shows the calculated RI of the background solution. The
Figure Sa). They are used to model typical cellular entities as wavelength shift ratio can be also used to estimate the
many cellular entities such as extracellular vesicles’ or many thickness of each of the layers formed on top of the surface.
viruses’* are spherical in character and do not always fully coat For the step (ii), in which the homogeneous protein layer was
F https://dx.doi.org/10.1021/acsnano.0c02797
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placed on the sensor surface, the calculated shift ratio is k, =
2.6S. Based on the data of Figure 3c, this value corresponds to
formation of a 7 nm thick layer. For estimating the thickness of
the secondary adsorbed layer of step (v), we first calculate the
relation between the wavelength shift ratio and the thickness of
a secondary adsorbed layer formed on top of the 7 nm thick
antibody layer (Figure S3). Figure Sf shows the wavelength
shift ratio calculated for homogeneous secondary adsorbed
layers of different heights (dashed line) and nonhomogeneous
secondary adsorbed layers consisting of dome-shaped analytes
(solid line). As shown in Figure Se, the calculated shift ratio for
the secondary adsorbed layer of step (v) is x, = 1.09. For this
value of k,, the homogeneous model (dashed line) estimates a
thickness of 68 nm, which is 8 nm larger than the actual
heights of the nanometric domes used in the simulation model.
On the other hand, the solid line in Figure 5f gives an accurate
size estimate for adsorption of nanodomes in step (v). This
shows that a prior knowledge on the geometry of the biotargets
in a detection experiment can be useful in improving the
accuracy of thickness estimation algorithm. For this purpose,
we first need to perform simulations to find the relation
between the wavelength shift ratio and the size of the nano-
objects of known geometry and then use its results and the
measured wavelength shift ratio to estimate the size of the
objects.

We also used biological samples to evaluate the performance
of the implemented system for the detection of human
exosomes. For this purpose, first, the sensor surface is
functionalized with mouse anti-human monoclonal CD63
antibodies (Ab), specific to one of the most abundant
tetraspanins on exosome surfaces (i.e., CD63). Then, exosomes
isolated from a human breast cancer cell line (MDA-MB-231)
were spiked into PBS (1 X 10' particle/mL) and injected to
the chip.35 Figure 6a shows a schematic of the experiment, and
Figure 6b demonstrates the measured resonance shifts during
this experiment. Accordingly, the wavelength shift ratio for
antibody binding step is x, = 2.4, which corresponds to the
formation of a layer with a thickness of t & 10 nm. The ratio
for the binding of exosomes is k, = 1.12, which corresponds to
the formation of a secondary adsorbed layer with a thickness of
t & 53 nm. This is within the range of the reported exosome
sizes in the literature and our measurements (Figure S4) using
nanoparticle tracking analysis.*®

In the next experiment, we examined the performance of the
platform in detecting extracellular vesicles from plasma of a
healthy individual. In order to minimize nonspecific binding,
an antifouling agent was applied to the sensor, followed by
passing human plasma diluted in PBS (1:10) over the surface.
The channel was then washed by injection of PBS. Figure 6¢
shows the shifts of the resonances during the experiment. For
the bulk RI variations, the SP resonance shifted more than the
LP resonance. On the other hand, for binding events, the LP
resonance usually resulted in larger shifts. Hence, the shift ratio
K, was to distinguish the surface binding events from the bulk
RI variations. It is important to note that there are situations
where bulk RI variation and binding of analytes to the surface
occur simultaneously. As shown in Figure 6c, the application of
diluted human plasma to the sensor led to an abrupt shift in
the resonance wavelengths. The measured value of wavelength
shift ratio for this abrupt resonance shift is larger than that of a
pure bulk RI variation (Figure SS), indicating that both
binding of analytes and variations in bulk RI occur
simultaneously during this period. In order to differentiate

the portion of resonance shifts due to the bulk RI variation
from that of surface binding in real time, we assumed that the
thickness of the analyte layer is similar to the thickness of the
exosome layer (i, k, = 1.12). This differentiation can be
adjusted later using the measured value of k; calculated after
washing the surface with PBS (as shown in Figure 6¢). In
Figure 6d, the portion of resonance shifts due to the variations
of background RI is shown. Here, the red dashed curve
represents both the SP resonance shift (corresponding to the
left axis) and RI of the background solution (corresponding to
the right axis). Figure 6e shows the portion of resonance shifts
owing to the binding events. The measured wavelength shift
ratio after applying antifouling agent to the sensor surface
coated with an antibody layer is kx, = 2.25. This ratio is k; =
1.11 for the formation of the analyte layer. These values
correspond to formation of a 12 nm thick antibody layer and a
47 nm thick analyte layer (Figure SS).

Fetal bovine serum (FBS) is used as a negative control. FBS
includes the exosomes with bovine CD63 surface markers that
do not specifically get captured by anti-human CD63
antibodies. FBS was diluted in PBS (1:10) and applied to
the sensor surface decorated with anti-human CD63 antibod-
ies. Figure 6f shows the average value and deviation of total
resonance shift (Ad;p + Aldgp) on repeated trials (N = 2—6)
for the isolated exosomes, human blood plasma, FBS, and PBS
after the application of antifouling agent. We observed large
resonance shifts for both the cancer-cell-derived exosomes and
healthy human plasma exosomes, but resonance shift was very
low for the FBS. This observation confirms the minimal effect
of nonspecific binding due to the presence of an antifouling
agent and successful detection of exosomes with the presented
platform.

CONCLUSIONS

Here, we show that by selecting proper values for its
periodicity, width, and height, a corrugated metallic surface
can provide surface layer sizing and differentiating background
RI variations from the binding events by the distinct field
profiles of the LP and SP modes. The accuracy of the
implemented algorithm in determining the RI of background
solutions and the thickness of a homogeneous surface-
adsorbed layer is evaluated by rigorously assessing possible
sources of error in both the measurement setup and the
algorithm. Our EFPC structure effectively enables sizing of
layers with thicknesses between 10 and 400 nm and can detect
background RI variations of less than 1 X 107* RIU.
Employing low-noise and high-dynamic-range photodiode
arrays instead of the portable spectrometer would greatly
enhance both detection limit and size detection accuracy. We
also evaluated the accuracy of the method in determining the
thickness of nonhomogeneous adsorbed layers by performing
numerical simulations, taking geometry of a typical analyte into
account. Those simulations can be used to improve accuracy of
the thickness estimation algorithm for nonhomogeneous
adsorbed layers. In addition, performance of the sensor in
estimating the thickness of a layer formed by binding of
NeutrAvidin molecules was experimentally demonstrated. Our
estimate on the thickness of the NeutrAvidin layer is in good
agreement with the previous reports on dimensions of the
molecule based on X-ray measurements. The presented results
for exosome detection experiments once again confirm that the
proposed technique can distinguish bulk RI variations and
provide insight into binding dynamics, value of background RI,
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and, most importantly, an estimate on the thickness of the
adsorbed layer. It is noteworthy that field magnitude at both
resonances of the structure decays in the direction normal to
the surface, but it is periodic in the horizontal plane. Hence,
when analytes partially cover the surface, the resulting
ensemble response can be modeled with a layer with the
same height as analytes but with an effective RI lower than the
analyte. In other words, although each resonance shift is
related to surface concentration of the analy‘ce,36 the shift ratio
varies mainly with thickness of the analyte layer. Detection and
size estimation for analytes of very low concentrations could
become inaccurate due to limited performance of the portable
spectrometer. Employing photodiode arrays would be useful
for such experiments. On the other hand, for analytes of very
high concentration, the measurement setup can be simplified
by tracking light intensity at only a few discrete wavelengths
instead of using a spectrometer. This approach decreases
accuracy of the detection and size estimation, but it reduces
the costs further and provides detection and size estimation for
a wide range of applications in nanosensing. Nonspecific
binding may lower performance of the detection and size
estimation. Bulk RI variations, if they occur slowly during a
binding step, will decrease the accuracy of the results. This can
be avoided in most cases by controlling the temperature of the
sensor. Possible variations in geometry of the structure, which
may occur due to uncertainties in fabrication process or
degradation of the nanostructure over long periods of time,
may enforce additional calibration steps upon testing. A rapid
calibration can be performed by measuring the response of the
sensor to injection of liquids with different RI. For analytes
with a RI similar to the background solution, resonance shifts
will be very small and the detection may become inaccurate.
To provide a higher RI contrast, it is possible to inject a fluid
with different RI once the analyte layer is formed. Although
well-established techniques such as dynamic light scattering
provide information about size distribution of the biotarget
particles inside a solution,”” the proposed technique in this
work provides the average size of the analytes only after their
binding to the sensing surface using the ensemble response
resulting from their adsorption. Nonetheless, the EFPC
structure can provide a complementary alternative for
determining and comparing the size of biotargets from
different samples.

Apart from the dual-mode sensing approach for surface layer
thickness measurement, the LP and SP resonances can be used
to simultaneously detect biotargets of different size on the
same surface. In this strategy, due to their different decay rate
of the evanescent electric field, the LP resonance is mostly
useful for the targets of smaller sizes (less than 100 nm) and SP
resonance will be mostly sensitive to binding of larger
biotargets (larger than SO nm). This strategy should involve
functionalizing the surface with antibodies for the different
targets of interest. The specificity of the used capture moieties
is an important parameter to capture, detect and quantify the
target structures in heterogenous solutions. Another approach
is to use the device integrated with an imaging setup. In
addition to the thickness estimation algorithm, the introduced
model based on entangled Fabry—Perot cavities would be
useful in understanding the behavior of the reflective metallic
surfaces and has the potential for application in biosensing.

MATERIALS AND METHODS

Gold Sensor Fabrication. Five nanometers of titanium and 160
nm of gold were deposited on silicon wafers using an AJA evaporator
system. Then a 0.7 pm thick layer of the Megaposit SPR 955 positive
photoresist was spin-coated on top of the wafers. A photomask for the
line array was designed with an equivalent line width of 450 nm and
periodicity of 1100 nm and fabricated on a quartz substrate using
electron beam lithography. The mask was used twice for wafer
exposure using Stanford’s ASML PAS 5500/60 i-line stepper. The
wafers were shifted for 200 nm between the exposures to produce the
desired 650 nm line width. After the photoresist was developed, 35
nm of gold was deposited on top of the wafers, and the process was
concluded by stripping the remaining unexposed resist and further
cleaning.

Microfluidic Chip Fabrication. The microfluidic chips were
made by connecting a 3.2 mm thick poly(methyl methacrylate)
(PMMA) sheet to the nanostructure sensing surfaces using a
patterned double-sided adhesive (DSA) film with S0 pm thickness
as described earlier.”® Versa LASER (Universal Laser Systems Inc.,
Scottsdale, AZ) was used to cut the PMMA layer and DSA film to
form the channel, inlets, and outlets. Proper tubing was then
performed and sealed via a liquid epoxy.*”

Surface Chemistry and Measurement Procedures. For all of
the experiments involving surface layer detection, we functionalized
gold surfaces by incubating the nanostructured sensors in a solution of
DSP (Lomant’s reagent) and DMSO overnight at room temperature.
After the gold surfaces were washed with DI water, microfluidic chips
were assembled on top of the sensing surface and the tubing was
performed. After this step, the sensor surface was decorated with
either NeutrAvidin or antibody. A protein-free blocking buffer
(Pierce) was used in human plasma and bovine serum experiments.
Injection rate for washing steps was set to S 4L/min, and for binding
steps, it was reduced to 2.5 yL/min.

Measurement Setup. The output white light of a Thorlabs OSL2
light source was delivered to the sample by means of an optical fiber.
The light was then collimated and polarized before passing through a
nonpolarizing beam splitter and illuminating the sensor. The reflected
light was passed through the beam splitter again and was collected
using a fiber coupling lens and transferred to a portable optical
spectrometer (HR2000+, Ocean Optics). A gold mirror was used to
calibrate the magnitude of the recorded spectrum.

Exosome Preparation. The MDA-MB-231 cell line was cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented with
FBS (10%) at 37 °C in 5% CO, until the culture reached confluency.
After confluency, the culture was washed with PBS three times to
remove the remaining culture media in the flask, and a fresh culture
media prepared with DMEM supplemented and exosome-depleted
FBS (5%) were used to culture cells for an additional 48 h. After this
period, culture medium was collected from the flasks and centrifuged
at 2000g at 4 °C for 20 min to separate cells, cell debris, and larger
contaminating particles. The supernatant after centrifugation was
utilized for exosome isolation. We used ExoTIC, an in-house
developed platform, to isolate exosomes. ExoTIC is a mechanical
filtration-based size-sorting technology as earlier reported in de-
tail>>*® Human plasma samples were prepared from the healthy
whole blood samples obtained from Stanford Blood Center in purple
top blood collection tubes with K,EDTA and diluted (1:10) with PBS
to use in the experiments.

Plasmonic Simulations. A MATLAB program was developed
based on the TLF method. Detailed descriptions on this method and
its implementation can be found elsewhere.”*° The TLF method
was used for all two-dimensional simulations. We modeled the gold
layer using experimental data for its complex dielectric function.*' To
account for surface functionalization with Lomant’s reagent, a 2 nm
conformal dielectric layer was used in simulations. Simulations for
dome-shaped analytes were performed using the electromagnetic
waves module of COMSOL Multiphysics. For this purpose, periodic
boundary conditions were used at the boundaries of the unit cell, and
the structure was illuminated by a plane wave through a periodic port.
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