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ABSTRACT

Biosensor technology is making strides due to its association with detection and quantification of
a wide array of physiological profile makers, biomarkers, for the early detection of diseases. The
newest technologies encompasses both qualitative as well as quantitative measurement of such
markers. Colorimetric sensing, a method that enables the detection of target analytes via ‘color
change’, lays the foundation of a user-friendly, economical and most of all, it’s accessibility to
draw inference for the detection of notorious critical conditions such as, carcinomas, and other
significant environmental monitoring. Therefore, the impact of colorimetric sensing on the clinical
detection of diseases at earlier stages can be enormous, provided the gap between the accuracy of
lab-equipment to point-of-care testing tools is approximated. This thesis discusses the design,
fabrication and characterization of a label-free plasmonic-based colorimetric sensor on a flexible
plastic substrate consisting of periodic nano cups, also referred a nano Lycurgus cups, in an array
covered with metal nanoparticles on the side walls and have sub-wavelength openings to provide
refractive index sensing. It is also anticipated that the colorimetric sensor can be applied to point-
of-care diagnostics by utilizing proper surface functionalization techniques, which is one of the

current limiting factors.

Chapter 1, is an overview on the existing biosensor technologies with the requirement of the
next generation label free biosensor based on nanohole arrays. Chapter 2, describes the recent
development of nanoscale Lycurgus cup Array (nanoLCA) with design, fabrication and
characterization of the nanoplasmonic device. Chapter 3 starts with the discussion on the influence
of adhesion layer on the optical properties of the nanoLCA device followed by layer by layer

deposition of polyelectrolyte layers to identify the decay length of the device. Furthermore, this
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chapter also describes the deposition of different polymers using micro contact printing and
compares the spectral results with the colorimetric properties of the device. Chapter 4 gives a
demonstration of detection of drug bindings with cytochrome P450-2J2 using the nanoLCA device.
Cytochrome P450-2J2 is the most common enzyme found in human heart and it is involved in
drug metabolism. All bio-molecular detections are done using nanoLCA based on the shift in
resonance peak wavelength with respect to change in the refractive index on the surrounding
medium of the device. However, there is a constraint in using nanoLCA device to detect the lower
concentration of bio-marker. Therefore, in Chapter 5, we have introduced 3D plasmonic nano
cavity structure of the device in which an optical resonant cavity is combined with the plasmonic
resonance in one device. This device is a modification of the previously studied nanoLCA device
with additional layers, referred as multilayer nanoscale Lycurgus cup array (ML-nanoLCA device).
The ML-nanoLCA device is based on a semiconductor material such as cadmium sulfide (CdS)
layer, which has a high refractive index and very low extinction coefficient, sandwiched between
two gold (Au) layers. This method allows intensity based bio-sensing with the help of a simple
bandpass filter to allow certain wavelengths to be transmitted in the visible region at normal
incidence illumination. The multilayer plasmonic substrate results in further improvement in the
refractive-index sensing, DNA hybridization detection, protein-protein interaction, and detection
of lower concentration of cancer biomarker, carcinoembryonic antigen (CEA) with higher
sensitivity, which is discussed in chapter 6. The summary of the thesis with future outlook of the

nanoplasmonic biosensor is discussed in chapter 7.
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CHAPTER 1

INTRODUCTION

1.1 Existing technologies and the next generation biosensors

The development in the field of genomics and proteomics significantly bridged the gap
between the cascades of events that alter the physiology of normal cells leading to pathological
states.[1, 2] Over the recent years, a wide array of physiological profile markers, known as
‘biomarkers’ are discovered that indicate any alteration beyond physiological cut-off limits, thus,
serving as basis for ‘early detection of diseases. It is very important to achieve the early detection
of diseases. A report from the lung cancer foundation of US states that the cancer is one of the
major cause of deaths in United states as more than half of the new patients are diagnosed with the
cancer when the cancer is already spread and less than 10 percent of them survived for five
years.[3] Another report from world health organization (WHO) predicts a significant increase in
the number of patients diagnosed with cancer, from 14 million annually to 22 million within two
decades.[4] This shows the gravity with which this problem needs to be addressed and the core to
address this problem is to detect the lower concentration of the biomarker for analytes at earlier
states. Earlier detection and treatment of the diseases improve the survival rate and maximize the

quality of life for the patients.[5]

An overview of the existing technologies for biomolecular detection include the bench top
models which has higher functionality and specificity systems such as Surface Plasmon-Resonance
based sensors from GE healthcare and DNA sequencer to point-of-care sensors with lower

sensitivity and functionality systems such as home pregnancy tester and blood glucometer. The



characteristics of the point-of-care sensors are to detect the single and relatively high concentration
of analytes with the minimal sample preparation, handling and easy to read out the results either
numerical or colorimetric. These kind of sensors are relatively inexpensive and can be operated by
the end user as there is no specialized training is required to operate. However, these sensors cannot
be used to detect the lower concentration of biomarker analytes because of lower sensitivity. On
the other hand, bench top models can be used to detect multiple analytes with high sensitivity and
high specificity, however, these systems are very expensive and can only be operated by the special
trained personnel. Furthermore, these systems require additional sample preparation with the
complex detection and analysis mechanism. Therefore, there is a high need for the next generation
biosensors with whom the functionality similar to the bench top systems can be achieved through
higher sensitivity and high specificity and at the same time it can improved the accessibility via

portability, low cost and ease of use as indicated in Figure 1.1.

1.2 Label-free biosensors

Most biochemical assay or sensing methods require labels such as fluorescent, radioactive
or enzymes (e.g. in enzyme-linked immunosorbent assays (ELISAs)) to detect biomolecules.[6]
The label molecule is attached to the target molecule and it is the label molecule that is detected
rather than the target molecule. Label-free sensing does not need any label but can directly detect
the presence of target molecules.[7] One group of label-free method for biomolecular detection
is based on the optical properties of biomolecules. Particularly, these sensors are operated how
the light is interacted with the substrate and superstrate and other electromagnetic radiations and
scatterings. These radiations and scatterings are typically in the wavelength range of visible to

infrared range (i.e. 300 nanometers to 1000 nanometers) with specific biomolecules. When the



light is incident on the molecules which are attached to the surface of the sensor, there is a transient
re-distribution of the charges occurred with the electric field component of the light. The electric
field also polarize the molecules with the separation of positive and negative charges. This
separation of charges induce secondary electric field which is opposite to the applied electric field
which hinders the propagation of light through the molecules. Plasmonics take advantage of the
coupling of light to bound charges like electrons in metals, and allow breaking the diffraction limit
for the localization of light into subwavelength dimensions enabling strong field enhancements.[8]
The shape of the nanoparticle extinction and scattering spectra, and in particular the peak
wavelength Amax, depends on the nanoparticle composition, size, shape, orientation and local
dielectric environment so it can be used for sensing applications.[9] For the surface plasmon
resonance (SPR) sensor, the peak wavelength at plasmon resonance is shifted by different
refractive index of the environment but complicated instrumentation such as Otto setup,
Kretschmann configuration, and spectrometer are required to detect the shift of the resonance
peak.[10] Early in 1983, Liedberg, Nylander, and Lundstrém proposed using the plasmon sensor
for label-free immunoassay.[11] In recent years, different types of sensors using surface plasmon
have been implemented, including the surface plasmon resonance (SPR) sensor for cell adhesion
studies [12], detection of metal ion [13] and clinical diagnosis of type I allergies [14]; localized
surface plasmon resonance (LSPR) of a single particle for detection of proteins [15], colorimetric
visualization of concentration of glucose [16] and colorimetric enzyme-linked immunosorbent
assay [17]; surface enhanced Raman scattering (SERS) sensors for detection of DNA
molecule[ 18], water contaminants[19], melamine[20] and yeast cells[21]. Compared to chemical-
based sensors, surface plasmon-based sensors have the advantages of versatility, high sensitivity,

reusability and a label-free property. Generally, surface plasmon sensors are divided into two



categories: localized surface plasmon sensor (LSPR), and propagating surface plasmon sensor
(SPR). LSPR sensors are composed of discrete nanoparticles (ordered or random) either in solution
or on solid substrates. In literature, several excellent review articles exist that deals with LSPR
biosensor design, their underlying physics and application for sensing of biomolecules.[22-29] as
shown in the Figure 1.2. Conventional prism coupled SPR sensors have already entered the realm
of commercial market and detail of working principle can be found on recent literature reviews.[30,
31] Another form of SPR sensors involving extraordinary optical transmission (EOT) which is
composed of periodic array of nanoholes, has been widely used for biosensing applications.
Recently, nanohole sensors integrated with microfluidics using spectroscopic-based measurements
has been reviewed.[32] Another recent review also deals with use of plasmonic sensors to point of

care applications.[33]

1.3 Extraordinary optical transmission (EOT)

Ebbesen et al. was the first to propose extraordinary optical transmission (EOT) of light
through subwavelength holes in silver films due to the excitation of surface plasmon resonance
(SPR) as shown in Figure 1.3 (a).[34] The incident light coming from top first couple to SPR at
the top due to the periodic hole array and then the light tunnels through the hole to couple to SPR
at the bottom surface of metallic film. Finally, the light is reemitted from the bottom surface with
multiple resonance peaks as shown in Figure 1.3 (b). The resonance peak position of the
transmission spectrum at normal incidence can be approximately calculated using the surface

plasmon dispersion relation as [35, 36]:
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where ao is the period of the nanohole array, em and &4 are the permittivity of the metal and the
dielectric material in contact with the metal respectively, and i and j are the scattering orders from
the hole array. As shown in equation (1) and (2), the resonance peak position is proportional to the
periodicity of the nanohole array. Hence, sensor resonance properties can be tuned by adjusting
the periodicity of the hole array. For example, the color transmitted by the sensor can be tuned
from blue to red by varying the periodicity of the nanoholes from 230 nm to 410 nm as shown in
Figure 1.4 (a) and 1.4 (c). Figure 1.4 (b) shows a SEM image of the sensor with lattice constant of
330 nm and the corresponding microscopic image at the inset transmitting green light. With the
increase in the distance between the holes (that is, increasing the lattice constant ao), the

transmission resonance peak are generally red shifted as shown in Figure 1.4 (d).

The theoretical research of EOT is still discussing the main mechanism to influence the
optical properties of the nanohole array such as physical parameters, maximum transmission
wavelength etc. through choice of metal, shape, size and pitch of nanohole array. There are several
literature review articles on the nanohole arrays which particularly focused on design, fabrication,
characterization and their applications.[37-41] As shown in Figure 1.3 (b), the EOT structures are
associated with appearance of multiple peaks in the visible range due to coupling of resonances
among holes and asymmetric boundary conditions (low dielectric materials like air on top, and
high dielectric materials like glass/quartz at the bottom of the metallic film). For colorimetric
sensor it is advantageous to have single peak. Generally, the diameter of the nanohole in the

plasmonic devices is large, at least 100 nanometers, in comparison with the conventional solid



state nanoholes. The hole diameter is selected based on the application, but also selected because
of the limitation in the fabrication procedure. Colloidal patterning is suitable if the desired diameter
of the nanohole is lower than 100 nanometers, however, these kind of sensors application are not
possible with plasmonic nanoholes.[42] As for the optical sensing, the nanohole diameter on the
order 100 nanometers are preferable for better coupling efficiency of the incident light with the

plasmon modes.[43]

In order to investigate the effect of dielectric constant of metal on the transmission
efficiency of nanohole array which perform extraordinary transmission phenomenon, deposition
of noble metals (such as Au, Ag and Cu) and transition metals (such as Co, Ni and W) can be
performed.[44] Refractive index consist of two parts; i.e. real and imaginary part. As the noble
metals have higher absolute value of the real part and lower value of the imaginary part of the
refractive index, they have higher transmission efficiency as compare to the transmission metals
for a given shape, size, periodicity and the thickness of metal deposition. These characteristics of
the nanohole array for different metals are confirmed with the finite-difference time-domain

(FDTD) simulation.[39]

1.4  Overview of thesis

In this thesis, I will first explain the design, fabrication and characterization of label free
plasmonic nanohole array for biomedical application. In particular, different types of plasmonic
sensors will be described in chapter 2, followed by the recent development of the nano Lycurgus
cup array (nanoLCA) sensor and its characterization. In chapter 3, the influence of the substrate
and superstrate of the physical material for the colorimetric and spectral sensing is studied. Also,

in chapter 3, several surface based characterization, in particular, layer by layer deposition of

6



polyelectrolyte layers are deposited to measure the decay length of the device and micro contact
printing of poly-L-lysine and different alkanethiols on the surface of the nanoLCA to study the
colorimetric and spectral sensing. In chapter 4, detection of different drugs binding with cytochrome
P450-2J2, which is the most common enzyme found in human heart is investigated using nanoLCA
device. In chapter 5, a new device design of 3D plasmonic nano-cavity structure is introduced which
allows to perform intensity based measurement instead the peak wavelength shift. Finally, in chapter
6, detection of the cancer biomarker, carcinoembriyonic antigen (CEA) using 3D plasmonic nano-

cavity structure.



1.5  Figures
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Figure 1.1 Existing technologies and the need for the next generation biosensor with high

functionality and high accessibility for the earlier detection of diseases.
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Figure 1.2 Schematic representation of the generation of (a) surface plasmon polaritons (SPPs) at metal

and dielectric interface and (b) localized surface plasmon. Adapted from [45].
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Figure 1.3 (a) Periodic nanohole arrays with square array of holes shows EOT.[34] (b)
Transmission spectrum of EOT sensor using Ag film of thickness 200 nm, hole diameter 150 nm,

and periodicity, ao = 900 nm.[41, 46]
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Figure 1.4 Plasmonic nanohole array transmitting different colors based on periodicity of the holes.
(a) Images of various nanohole array in transmission mode under a white light illumination. (b) A
SEM image of holes composing the letter ‘G’ with periodicity of 330 nm. The transmitted light
image of the structure is shown in the inset. (¢c) Transmission spectra of the nanohole arrays shown
in (a). (d) Dependence of transmission peak of the nanohole array on the period of the holes.

Adapted from [41, 47, 48].
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CHAPTER 2

FABRICATION AND CHARACTERIZATION OF PLASMONIC DEVICES

2.1 Fabrication of plasmonic sensors

Plasmonic structures can be referred as free-standing metal structures or metal is deposited
over nanophotonics structures, have gain interests recently because of it can able to guide the light
and manipulate it at nanoscale dimensions. Chemical Synthesis procedures have been used to
attain metal nanoparticle with different shapes and sizes such as rods, boxes, cubes, spheres, rice,
bowls, cages and pyramids.[49, 50] However, there is a limitation in order to achieve uniformity
and periodicity in the shape and sizes between different structures of nanoparticles in a pattern
while using solution-based methods.[51] This issue can be resolved by using direct writing
methods and higher resolution nanostructures (i.e. 10nanometers) for plasmonic sensing can be
achieved using equipment like focused ion beam (FIB) and electron beam lithography (EBL).[52]
As this method is a serial process which cause it very slow and expensive. Moreover, there can be
electron or ionic scattering during the ablation process of the FIB and resist polymer material can
be swelled during the development process which will further introduce constrained to achieve
consistency in nanostructures. The resolution can also be limited by additional processing steps in
the fabrication which includes patterning and deposition of the metal layer because the deposited
films, either using sputtering methods for better step coverage or by using electron beam
evaporation which create side wall nanoparticles, are intrinsically polycrystalline in nature and the
rough-grain boundaries in the surface of the metals initiate unwanted ohmic losses and scattering

in the plasmonic devices.
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Recently, Teri Odom’s lab at Northwestern University has introduced a new methadology
which is reffered as PEEL (combining PSP (phase-shifting photolithography), etching, electron-
beam deposition, and lift-off) to make well-defined patterend structures in a photoresist into free-
standing materials (Figure 2.1).[53] The key attributes of using EBL and FIB to generate
plasmonic nanostructures are high resolution, controllability in design and shape and also fewer
defects (Figure 2.2).[54, 55] However, tools like EBL, FIB or deep-UV projection lithography are
very expensive and are difficult to scale for large-scale fabrication of plasmonic structures because
of the low throughput due to the serial process.

The ablation mechanism in FIB is a complex combination of the photochemical and photo-
thermal processes. The etch rate selection of different materials for ablation is also a challenge as
the etched fragments can re-deposited on the projection lens which can damage the optics. To
overcome these problems various soft lithography techniques such as replica molding,
microtransfer printing, and nanoimprint lithography (NIL) [56-59] are used in which the master
mold is physically pressed into a ultraviolet (UV) cure polymer material, which is the target
substrate, to transfer the features from the master mold followed by curing of the polymer material
under the UV light. Furthermore, a new method called template stripping is also being used to
achieve ultrasmooth nanoplasmonic surfaces as shown in Figure 2.3.[60] In this method, first the
silicon wafer is patterned followed by the metal deposition which is attached with epoxy or other
adhesive backing layer. The noble metals have good wettability but very bad adhesion with the
clean substrate such as silicon wafer. Therefore, the deposited metal can easily be released from
the template (silicon wafer) having similar feature on the metal surface with the help of the backing

layer.
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2.2 Nanoscale Lycurgus cup arrays

A plasmonic nanostructure know as nanoscale Lycurgus cup array (nanoLCA) has
developed by Logan Liu’s group using the replica molding process. This process is very cost
effective as we need to design and fabricate the master mold and replicate as many devices as
possible from that single mold. Therefore the fabrication is started with the master mold, which
consist of periodic nanocone pattern which is done using laser interference lithography technique
followed by deep-RIE (reactive ion etching). In order to study the effect of nanocones size and
shape, a range of different heights is fabricated (i.e. # =250, 500 and 1000 nm).[61, 62] Figure 2.4
shows the SEM images with different sizes of nanocones structures in the master mold on the glass
substrate with 350nm center-to-center distance between two adjacent nanocones. Figure 2.5 shows
the schematic diagrams for the fabrication process of nanoLCA using replica molding method.
The master mold is first cleaned and silanized followed by evenly spread of UV-curable polymer
(UVcP) (NOA-61, Sigma Aldrich) on the top of it (Fig. 2.5 (a)). Then, PET sheet is carefully put
on top of the polymer, to avoid the bubble formation and to act as a substrate, and exposed to UV-
light (105 mW cm?) (Fig. 2.5 (b)). The PET substrate with nanohole arrays was peeled off
carefully from the master mold (Fig. 2.5 (c)) and then in order to make the structure surface
plasmon active, 90 nm of metal layer of gold is deposited (Fig. 2.5 (d)). Figure 2.6 shows the SEM
images of the nanoLCA plasmonic device fabricated using replica a molding process indicates that
the features from the master mold can be transferred to the UVcP with high fidelity. This process,
using replica molding, is used to make a low-cost, wafer-scale plasmonic device with a simple
methodology and high resolution and also opens up opportunity for biosensing applications.
However, due to imperfect replica molding, defects can be introduced on the plasmonic device

which can broaden the resonance.
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23 Sensitivity of plasmonic sensors

As shown in Table 2.1, the sensitivity of plasmonic sensors are limited to about 1000
nm/RIU in the visible range. High sensitivity of more than 1500 nm/RIU are shown in the IR and
nearlR region using plasmonic array sensor.[63] Recently, Gartia et al. reported a surface plasmon-
based sensors using cup shaped nanohole array (also known as nanoLCA)).[64] NanoL.CA enables
detection of reactions that induce a small change of the refractive index such as DNA hybridization
even by naked eye. Figure 2.7 presents a comparison of geometrical differences between common
EOT structures and the nanoLCA structure for enhancing the plasmonics characteristics.[64] First,
due to the tapered design of the nanohole structure, photons from the incident light are focused on
the bottom of the nanohole which induce the radiative coupling of surface plasmons cause the
enhancement in the localized electric field and EOT. Secondly the localized resonance supported
by 3D nanoLCA will enable broadband tuning of optical transmission through controlling the
shape, size, and period of holes as well as the shape, size, and period of metallic particles decorated
at the side walls. Moreover, the LSPs mediated transmissions in nanoLCA are expected to be of
higher magnitude than the SPPs mediated transmission in typical 2D hole arrays. Figure 2.8 shows
how the nanocup array sensor changes color when different liquids are dropped on its surface.

Figure 2.8 (a) shows the white light transmitted by a hole with the shape of wavefunction “y .

Figure 2.8 (b) shows the same hole with the nanocup array sensor on top of it. The image is taken
in transmission mode, when air (n = 1) is present, the surface of nanoLCA sensor appears green.
Similarly, Figure 2.8 (c) shows an array of holes and Figure 2.8 (d) shows the corresponding
transmission image of nanoLCA on top of it. The scale bars for both the images are 100 um. The
dotted area in Figure 2.8 (d) shows the color orange when sodium chloride solution partially covers

the surface of the nanoLCA. Figure 2.8 (e) shows the vibrant color produced by the nanoLCA
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when the different solutions (with refractive indices n > 1) are dropped on the surface. The
transmission spectrum will redshift and it will redshift more with larger n values. In Figure 2.8 (e),
oil with larger n values appear redder compared to that of the sodium chloride (NaCl) solution.
Due to longer decay length (200-300 nm for SPR [65], 5-10 nm for LSPR [66]) of the
evanescent surface plasmon wave, SPR-based sensors have a higher sensitivity to bulk refractive
index changes, whereas LSPR sensors are more sensitive to surface refractive index changes such
as a molecular adsorption processes.[67] However, due to longer decay length of the evanescent
wave, the results obtained from the SPR sensor is a convolution of both surface and solution-based
refractive index changes. In general, LSPR-based sensors are at least an order of magnitude less
sensitive than SPR sensors.[68] In addition, the smaller propagation lengths (or lifetimes) in typical
LSPR sensors lead to broad resonance line width. This limits the Figure of merit (FOM) achievable
by LSPR sensors. However, in the nanoLCA sensor design the mirror-like structures such as Bragg
reflectors was used to produce Fano resonances from the interference of evanescent (dark) and
propagating (bright) modes (Fig. 2.8).[64] This allowed the sensor to have higher FOM in spite of
using LSPR. True colorimetric sensing on subwavelength hole structures (also known as EOT
devices) is challenging because of the appearance of multiple transmission peaks due to multiple
interferences and diffraction of light generally known as the surface plasmon polariton-Bloch wave
(SPP-BW) and Wood’s anomaly. The so-called quasi 3D plasmonic crystals [69] utilize the change
in the transmission intensities (none or minimal shift in the resonance peak wavelength) for analyte
detection and quantification. However, the resonance of such devices has only been demonstrated
in near infrared and far infrared wavelengths [69] making it difficult to use conventional bright
field microscopes and color photography for colorimetric sensing. On the other hand, the reported

nanoLCA sensor demonstrates an improvement in the biosensing platform by combining LSPR
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and SPR. In this design LSPR scattering modes of the metal nanoparticles on the nanocup side

walls are selectively transmitted by the nanohole array to achieve higher sensitivity.

The sensitivity (S) of the SPR sensor is defined as the ratio between the resonance

wavelength shift to the variation of the refractive index of the surrounding medium,

g AA(nm)

~ An(RIU) @1)

and the FOM of the sensor is defined as the ratio between sensitivity and the line width of the

resonance ( OA):

S(nm-RIU™)
OA (nm)

FOM =

(2.2)

Research studies are primarily pursued to increase the sensitivity (increasing the
wavelength shift) and improve FOM (decreasing the linewidth) of the SPR sensor in addition to
develop various biosensing applications. Table 2.1 presents a comparison of sensitivity of different
plasmonic sensors. As shown in the table, one of the ways to increase sensitivity is by increasing
the aspect ratio as the aspect ratio is directly proportional to the dipolar polarizability. For example,
by increasing the aspect ratio from sphere to disk and to nanorods, the sensitivity generally
improves. Similarly, the sensitivity can be improved by introducing multipolar resonances, for
example using nanocrescents [70, 71], instead of dipolar resonances (for example, nanospheres).
Peter Nordlander recognized that plasmon hybridization can be utilized, such as using nanorings,
to increase the sensitivity of the SPR sensor.[72] Fano resonance, where weak coupling and
interference occurs between dark and bright plasmon modes, has emerged as another method to
improve the sensitivity. In 1998, Ebbesen showed that periodic nanohole arrays in thick metal film

can be utilized to observe extraordinary optical transmission (EOT).[73] Since then, the EOT
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structure has been extensively used for surface-based biosensing as oppose to colloidal-based
sensing. In order to improve the sensitivity of EOT structures, LSPR, colloidal particles and mirror

like structures have been incorporated.[64]

Even though the naked eye sensing is implemented with plasmon-based colorimetry, it is
for qualitative detection only. To make a biosensor which can do point-of-care detection and
accurately perform quantitative analysis, especially for lab-on-chip applications, peripheral
facilities and packaging is indispensable. The lab-on-a-chip-based sensor has the advantages of
miniaturization, portability, automation, low cost and negligible consumption of reagents. In recent
decades, the development of microfluidic-based technology has greatly advanced the progress of
micro total analysis systems.[32] The simultaneous rise of plasmonics and microfluidics has
enabled the researchers in the fields enthusiastically explore for plasmonic sub-wavelength optics
and rapid-prototyping of lab-on-a-chip devices, forging a new field named plasmo-fluidics.[74]
Among the plasmo-fluidic devices, ordered arrays of nanoholes in metal films facilitate resonance-
induced field enhancement with no need of additional optical instrumentation.[75] Using nanohole
arrays as sensing elements has the advantages of high reproducibility, small footprint, multiplexing
capabilities and the possibility for collinear optical integration.[76] These advantages make

nanoholes particularly suitable for planar integration into on-chip microfluidic environments.[74]

2.4  Microfluidic on nanoLCA sensors

NanoLCA have been integrated with microfluidics to realize simple, portable, label-free
optical sensors that have a small sample volume requirement, improved mass transport, and
simplified optical illumination and detection systems. Microfluidics have been integrated with

other types of label-free optical sensors such as surface plasmon resonance,[77] photonic
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crystal,[ 78] and ring resonator[79]. Affinity capture assays performed on a photonic-crystal sensor
demonstrated that the microfluidic format has the fastest analyte detection time, the lowest limit
of analyte detection, and the largest binding of analyte compared to the same assays performed in
a microplate format and a spot format.[80] Moreover, microfluidic format has the advantages of
enabling kinetic measurements (e.g. association and disassociation of analyte) and low analyte
consumption. In particular to nanoLCA sensors, microfluidics also allows for flow-through design,
as opposed to flow-over, when the nanohole are open through holes; in this case, the nanoLCA
acts not only as a sensing element but also as an analyte concentrator by confining the flow to the
sensing area.[81] The integration of microfluidics to plasmonic-based sensors and more
specifically, nanohole-array-based sensors has been extensively reviewed elsewhere.[32, 74]

(Poly)dimethylsiloxane (PDMS) is a common elastomer used to fabricate microfluidic devices due
to its many advantages, including solvent compatibility, optical transparency, and feature
replication (Figure 2.9 (a-c)).[82, 83] In fabrication, the precursor agents (base agent and curing
agent) of PDMS are mixed and degassed, and the PDMS solution is poured over a master with
microfluidic design, which can be fabricated by photolithography or stereolithography. The PDMS
solution is then cured thermally, and after curing, the microfluidic design is replicated on the
PDMS substrate. The PDMS can be used to replicate micro-scale features (e.g. channels and
chambers) down to hundreds of nanometers in a lateral resolution reliably and the same master can
be used to fabricate more PDMS devices repeatedly.[84] Most commonly, the PDMS devices are
integrated with a SiO2 surface, in which both surfaces are treated with Oz plasma to form hydroxyl
groups and to form chemical adhesion between the two surfaces.[85] However, nanoLCA sensors
are typically coated with coinage metals, e.g. gold (Au) or silver (Ag), and these materials are not

compatible with Oz plasma treatment to integrate with the PDMS microfluidic device.
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Other bonding techniques are available to integrate the PDMS microfluidic device with the
nanoL.CA sensors (Figure 2.9 (d-)).[86] The desirable properties of the bonding method and
materials are solvent compatibility, topographical compatibility, mechanical robustness, and
optical transparency. A thin layer of silica has been deposited on top of the coinage metal for Oo-
plasma-treatment adhesion and biological interfacing.[87] Optical adhesives, curable by photo- or
thermal activation, can act as an adhesive layer between the PDMS device and the surface of the
nanoLCA sensor.[86] For non-permanent adhesion, the PDMS device has been mechanically
compressed via sandwiching between two rigid plates and clamping.[88] Likewise, the nanoLCA
can be directly integrated into a flow cell, which can be fabricated with other materials beside
PDMS.[89] Due to the flexibility in the channel designs and the ease of fabrication methods, the
microfluidic device can be tailored to the applications ranging from simple fluid transport to fluid

mixing using serpentine channels (Figure 2.10 and 2.11).

2.5 Optical illumination and detection of nanoLCA

An optical illumination source is required to observe the extraordinary transmission and to
detect the changes in the intensity of the transmitted or reflect spectrum of the light as it transmits
or reflects from the nanoLCA. The optical illumination source is typically a broadband source (e.g.
tungsten-halogen lamp, xenon arc lamp) with light production in the visible wavelength range (4
~ 450-750 nm) and in the near-infrared range (4 ~ 750-1000 nm). A broad range of wavelength
is required to detect the change in the wavelength at which there is maximum intensity.
Alternatively, a monochromatic illumination source (e.g. laser, light emitting diode) can be utilized
to illuminate the nanoLCA but only the variations in the intensity of transmitted/reflected light can

be detected. With monochromatic illumination sources, the choice of wavelength is limited due to
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the discretized nature of the light that can be produced (e.g. laser lines are limited wavelengths
such as 532 nm and 633 nm). An important property for an illumination source for nanoLCA is
high spectral irradiance (given in units of W/m? nm) in the relevant range of wavelengths or high
irradiance (W/m?) for monochromatic sources. Even with extraordinary transmission, nanoLCA
sensors typically transmit less than ten percent of the illuminated light; in addition, the area of the
sensor may be limited to hundreds of micrometer squared, which requires high magnification
objectives with a small field of view that reduces the amount of the transmitted light to be collected.

Accordingly, several optical detection systems have been used in conjunction with the
aforementioned illumination sources. For spectral measurement, a grating is required in the
detection system to disperse the broadband transmitted light and a charge-coupled detector is used
to quantify the dispersed light according to its wavelength, for example in a spectrophotometer
(Figure 2.12 (a)). Photomultiplier tubes may be used for quantifying the transmitted light from
monochromatic illumination sources. Additional optical components such as high pass, low pass,
and band pass filters, dichromatic mirrors may be employed to further distinguish the spectral or
intensity changes in the transmitted light through the nanoLCA sensor. For imaging, charge-
coupled detectors overlaid with a color filter array (e.g. Bayer filter that has 50% green, 25% blue,
and 25% red components) can be used to visualize the nanoLCA sensor with some spectral
distinction (Figure 2.12 (b)). In our study, both form of instruments schematically shown in Figure

2.12 was utilized.

2.6  Analysis of detection using nanoLCA sensors
In the case of broadband illumination, the spectrum of transmitted light through a nanoLCA

is quantified using a spectrophotometer. In the measured spectrum, there may be single or multiple
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peak wavelengths, which is the wavelength at which the transmitted intensity is global or local
maximum (Figure 2.13). The peak wavelength can be identified by simply searching the intensity
maxima and the peak wavelength shift (A1) can be quantified by determining the change in
wavelength when the nanoLCA is exposed to different refractive indices (Figure 2.13(a)). This
peak wavelength shift can be correlated with the change in the refractive index (An) on or adjacent
to the surface of nanoLCA sensor. The peak wavelength shift sensitivity (S) of the nanoLCA sensor
can be calculated as S=AA/An. Other metrics can be used to quantify the changes in the
transmission spectrum (spectral or intensity). One method is to integrate the area under the

transmitted spectrum under a range of wavelengths to obtain an integrated response sensitivity

Az |[I(n,A)—1(no, 1)

(R).[90] For a given spectrum, R can be calculated as R(n) = ), 1 o) X 100%, where
0

I(n, ) is the measured intensity at wavelength A for a given refractive index n (no is the reference
refractive index), and 41 and A2 is the wavelength range over which the spectrum is integrated
(Figure 2.13(b)) . This method of sensitivity measurement can have a higher signal-to-noise ratio
compared to the peak wavelength shift measurement.[90] For intensity variation measurement
interrogated by a monochromatic light source, a single value is obtained for a single point
measurement and a time trace can be obtained by recording the intensity over a course of time
period (Figure 2.13(c)). For colorimetric imaging measurement, the red, green, and blue (RGB)
channels from a color image can be obtained. Each channel represents a portion of the transmission
spectrum, that is the intensity in the red channel is from the transmitted light in a longer wavelength
range and the intensity in the blue channel is from the transmitted light in a shorter wavelength
range. Similar to intensity variation measurement, the change in the intensity from each channel

can be correlated with the change in the transmission spectrum. Unlike intensity variation
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measurement, RGB contains three values for a single point measurement and it may have higher

sensitivity than that of intensity variation measurement.[91]
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2.7  Figures and tables
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Figure 2.1 Soft interference lithography. (a) Schematic showing the PEEL (Photolithography,
Etching, Electron-beam deposition and Lift-off of the film) process. (b) Optical image of master
mold used in the PEEL process. The area of the mold is about 14 cm x 14 cm and it consist of
array of Si post with diameter = 100 nm, height = 400 nm, and pitch = 400 nm. A SEM image of
the post is shown in the inset. (¢) SEM image of the replicated nanohole array from the master

mold. Adapted from [92].
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Figure 2.2 Lift-off free evaporation (LIFE) method of forming nanoholes. The method involves
making holes on the underlying SiNx membrane instead of the PMMA resist. The back-etching of
Si supporting substrate enables a suspended plasmonic nanohole structure. Both electron-beam
lithography (EBL) and interference lithography (IL) was used to make the nanohole structures.
SEM images on the right shows fabricated devices shows nanohole array with period of 600 nm,
and diameter of 180 nm made using EBL process; Using IL process the periodicity was 580 nm

and the diameter of the holes were 230 nm. Adapted from [93].
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1. Single-crystal silicon 2. Standard patterning 3. Deposit metals and 4. Peel off to reveal

a backing layer pattern, reuse template

Silon Template o o Patterned Silver

Figure 2.3 Schematic of template stripping methods to make plasmonic devices with smooth
surfaces. This process takes advantage of the poor adhesion and good wettability of noble metals
on silicon. SEMs of the silicon template and template stripped silver device is shown at the bottom.

Adapted from [94].
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Figure 2.4 SEM images of the master mold used for the fabrication of nanoLCA device. The master
mold is fabricated on a glass substrate using laser interference lithography technique [95, 96] with
a range of different heights; 2 = 1000 nm (top left), # = 250 nm (top right), 2 = 500 nm top view

(bottom left) and 4 = 500 nm 30° tilted view (bottom right).[64]
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UV-light exposure

(d)

Figure 2.5 Schematic overview of the replica molding fabrication process. (a) The nanocone
master mold made on glass substrate is first cleaned and silanized for 30 min followed by ethanol
and deionized water rinse. (b) 2000 uL. of UV-curable polymer (NOA-61) is evenly spread on the
top of the nanocone master and a PET sheet is carefully, to avoid the bubble formation, put on top
of the polymer to act as a substrate. The master with the polymer and PET sheet then exposed to
UV-light (105 mW cm?) for 60 sec. (c) The PET substrate with nanohole arrays is peeled off
carefully from the master mold. (d) Then and then in order to make the structure surface plasmon

active, 90 nm of metal layer of gold is deposited.[64]
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Figure 2.6 SEM image of the nanoLCA device using replica molding method. (a) SEM (top view)
image of nanohole array in the polymer without metal deposition. (b) SEM (top view) image of
nanohole array after gold (Au) deposition of 90 nm. Top (c¢) and cross-sectional (d) view SEM

images of nanoLCA device exhibiting the metal (Au) nanoparticles on the sidewalls of the nanocup

structures.[64]
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Figure 2.7 Geometrical comparison of conventional 2D nanohole plasmonic substrate vs. 3D nano

Lycurgus cup array (nanoLCA)-based plasmonic substrate.[64]
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(d)

Figure 2.8 Colorimetric plasmonic sensing with nanocup array device. Bright field image (a, c)
without, and (b, d) with the sensor. The green color is with air (z = 1) and the orange color (inside
the dotted area) is due to NaCl solution on top of the sensor. (¢) Mixture of ethanol, oil and NaCl

shows distinctive colors on the sensor.
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Figure 2.9 Schematic overview of fabrication and integration of PDMS-based microfluidic device

with nanoLCA sensor. (a) (Poly)dimethylsiloxane (PDMS) solution, consisted of the base agent
and the curing agent, is poured over a master mold. (b-c) The solution is cured thermally and when
cured, the PDMS device is excised and removed from the master mold. The PDMS-based
microfluidic device can be integrated with the nanoLCA sensor via (d) deposition of thin layer of
Si02, (e) stamp of thin layer of adhesive (indicated by diagonal lines), (f) compression between

rigid plates. Note the deposited layers are not drawn to scale.
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Figure 2.10 Overview of different microfluidic designs integrated on nanohole array sensor. (a)
Parallel microfluidic channels with a width of 500 um. (b) Serpentine microfluidic channels on a
nanohole sensor array empty and (c) the same channel filled with water. (Channel width: 500 um).

Modified from [97].
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Figure 2.11 Overview of different microfluidic designs integrated on nanohole array sensor. (a)
Parallel microfluidic channels with a width of 500 pm. Microfluidic concentration gradient

generator using serpentine channels integrated with nanoLCA sensors. Modified from [97].
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Figure 2.12 Typical optical setup for the measurement of transmission through nanoLCA sensor.
(a) In spectroscopic measurement, in which the spectrum of the transmitted light is acquired, a
broadband illumination is incident on the nanoLCA sensor and the transmitted light is collected
using a fiber optic coupled to a spectrometer. (b) In colorimetric measurements, in which the
intensity of the transmitted light through a color filter (e.g. Bayer color filter) is acquired, a
broadband illumination is incident on the nanoLCA sensor and the transmitted light is passed

through a color filter and imaged using a charge-coupled device (CCD) camera.

35



(a) (b) (c)

.
ot
0
o
o
.

Intensity

Intensity
Intensity at A,

I
1
I
I
H
P
=i
I
1
1
I

Wavelength (1) Wavelength (1) Refractive Index
Change

Figure 2.13 Schematic representative of the optical response of nanoLCA sensor to refractive
index change. (a) The change in the wavelength of maximum transmission intensity, also known
as peak wavelength shift, can be quantified when comparing the transmission spectrum of
nanoL.CA sensor exposed water (refractive index=1.33) (solid) and water with glucose added
(refractive index=1.34) (dashed). (b) Integrated sensor response can be obtained from integrating
the area under the transmission spectrum over a defined range of wavelengths (e.g. A1 to A2). (¢)
Intensity variations at a single wavelength from the transmission spectrum (inset) can also be

monitored in response to changes in the refractive index on the nanoLCA sensor.
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Table 2.1. Sensitivity compariosn between different plasmonic-based sensors. d: diameter; h:
height; p: period; ¢: thickness; W: width; L: length; a: length of the side of cube; AR: aspect ratio;
C-C: center-to-center; EOT: extra-ordinary optical transmission; LSPR: localized surface Plasmon

resonance.

Nanostructure

Wavelength
(nm)

Structural

Characteristics

Dimensions (nm)

Sensitivity
(nm/RIU)

RI range

£ 60-120 (Ag)

Gold colloidal : Shape-dependent
nanoparticles 450-600 d: 30 LSPR 70.9 1.32-1.5 [98]
Arrays of gold g ) Anisotropic property B
nanodisk 500-1,000 p: 162,340 of gold nanodisk 167-327 1.32-1.42 [99]
AR- 3.5:1 :
Gold nano rods | 800-1,000 ilggﬁependem 650 1.34-1.7 [100]
d: 80
d: 150 Shape dependence
Gold nanorings 900-1,500 on dielectric 880 1.33-1.42 [101]
twat: 20 substrate
L: 380
Nanocross and 1200-1,900 | w: 76 Subradiant Fano 710-1,000 | 1.333-1.38 | [102]
nanobar resonances
0: 60°
d:200
Nanohole 450-950 p: 500 EOT 481 1.33-1.36 [103]
£:200 (Au)
d:200
_ C-C spacing:190
Double-hole 500-680 EOT-LSPR 600 1-1.4 [104]
array p: 500-600
t: 100
d: 202-294
s h:297-340
Silica Sg’here 1 | 600-1000 LSPR 1200-1600 | 1-1.6 [105]
strlppe nanowe p: 280-370
£:60 (Au)
d: 170
h:250-1000 : :
Nano-Lycurgus 300-1100 Mie scattering- 46000 1-1.56 [64]
cup array 350430 LSPR-EOT
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CHAPTER 3

INFLUENCE OF ADHESION LAYER ON THE OPTICAL PROPERTIES AND
COLORIMETRIC IMAGING OF LAYER-BY-LAYER MOLECULAR DEPOSITION

ON NANOPLASMONIC LYCURGUS CUP ARRAY

In this chapter, first, we will discuss the influence of the superstrate and substrate on the
optical properties of the nanoLCA device. Then, a quantitative label-free colorimetric imaging of
biochemical molecular thin film deposition at single molecule layer (2 nm thickness) resolution
will be demonstrated on a nanoLL.CA sensor and the penetration depth of the nanoplasmonic sensor
was accordingly determined. Colorimetric nanoplasmonic imaging technique provides significant
advantages in direct visualization and quick identification of surface deposited molecules. We
implement layer by layer deposition of alternating polyelectrolyte layers with controlled thickness
on the nanoLCA device to show surface color changes and determine the decay length of the device
derived from the sensor spectral response to the molecular layer thickness. The calculated decay
length of the nanoLCA device is 193 nanometers which corresponds well with the decay length of
other known surface plasmon sensors. In addition micro contact molecular printing and
transferring on the nanoLCA surface is used to selectively deposit poly-L-lysine and different
alkanethiol molecules and to demonstrate direct colorful visualization of surface patterned

unlabeled molecules.

3.1 Introduction
Recently, a plasmonic nanostructure know as nanoscale Lycurgus cup array (nanoLCA),

developed by Logan Liu’s group using the replica molding process, has been demonstrated highly
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sensitive refractive index sensing. [51, 94] This nanoLCA device exhibit extraordinary optical
transmission phenomenon (EOT), however, unlike EOT substrate, which transmit multiple
resonance wavelengths, this device transmit single prominent resonance peak wavelength in the
refractive index range from 1 to 1.5 RIU. This optical property is very good for colorimetric
sensing as we can correlate color with that specific peak.[106-110] While the surrounding
refractive index is changed, the resonance wavelength is red-shifted in the visible wavelength
range, results in the change of transmitting color, which allows not only the estimation of the
refractive index of an unknown fluids introduced on the surface of the device but also allow
colorimetric sensing of the target molecules.[62]

Adhesion layers, such as titanium (Ti) and chromium (Cr), are most commonly used to
provide adhesion to the deposited metal layer and the substrate, however, titanium is preferred in
the optical based sensors due to its lower optical absorbance in the visible wavelength range.[111]
In label-free bio-sensing application, adhesion layer has significant influence on the sensitivity and

FOM.

Surface plasmon polaritons (SPPs), propagate along a metal-dielectric interface with an
electric field that decays exponentially normal to the surface of the device. This decay refers as
decay length or penetration depth, the typically in nanometer range, which define the sensing
region of the device. There are many different method for the surface-based characterizations for
SPR sensing but one simple and common method is to deposit well-defined controlled thickness
of thin films with known optical properties (such as refractive index) and measure the optical
response of the device with respect to the film deposited on superstrate. An analytical expression
can be used to calculate the approximate decay characteristics of electric field of the plasmonic

device with known thickness of the deposited films and their effective response from the device.
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Mostly, under certain conditions, oppositely charged materials are used for layer by layer (LbL)
deposition such as cationic and anionic, which are attracted and attached through electrostatic
interaction. The thickness of the polymer film is controlled by the immersion (or exposure) time
of the device in the polymer solution. Here, we demonstrated LBL deposition of polyelectrolyte
layers on the surface of nanoLCA device and with the analysis of spectrum and colorimetric
response of the nanoLCA device, we are able to estimate the decay length of the device.
Furthermore, we have introduced micro contact printing to selectively deposit poly-L-lysine and
different alkanethiol, which is used for surface functionalization to attach bio-molecule on the

surface of nanoLCA device.

3.2 Materials and methods
3.2.1 NanoLCA device fabrication

As we have discussed earlier, the nanoLCA device is fabricated using the replica molding
process which is very cost effective as we need to design and fabricate the master mold and
replicate as many devices as possible from that single mold. Therefore the fabrication is started
with the master mold, which consist of periodic nanocones pattern which is done using laser
interference lithography technique followed by deep-RIE (reactive ion etching).[61, 62] The
master mold is first cleaned and silanized followed by evenly spread of UV-curable polymer
(UVcP) (NOA-61, Sigma Aldrich) on the top of it. Then, PET sheet is carefully put on top of the
polymer, to avoid the bubble formation and to act as a substrate, and exposed to UV-light (105
mW cm?2). The PET substrate with nanohole arrays was peeled off carefully from the master mold
and then in order to make the structure surface plasmon active, 90 nm of metal layer of gold is

deposited.
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3.2.2 Deposition of titanium and gold on nanohole array

Temescal six pocket electron beam evaporation system is used to deposit thin layer of
Titanium (Ti) and Gold (Au) at the rate of 0.3 A/s and 0.5 A/s respectively. In order to deposit
smooth metals films of Ti and Au, the deposition is performed at slow rate. Initially, the thickness
is estimated using the crystal monitor of the evaporation system, which is later verified using
Gaertner ellipsometer.
3.2.3 Finite difference time-domain simulation of the nanohole array sensor

Commercial finite difference time-domain (FDTD) software from Lumerical Solutions,
Inc. is used to perform simulation of the nanoLCA device. The illumination source (incident light)
is an electromagnetic plane wave which is polarized in x-direction and propagating in z-direction
with an incident angle normal to the nanoLCA device. 2.5 nanometers mesh is used in all three
directions. The same geometrical information (as mentioned in the previous chapter) is applied to
the FDTD model. To eliminate the interference from the boundary, perfectly matched layers
(PMLs) boundary conditions are applied in the z-directions and periodic boundary conditions are
applied in the x and y directions to simulate single and arrays of nanohole structure. Each of the
material properties (RI and k) are taken from the Handbook of Optical Constants of Solids. The
refractive index of the underlying substrate, UV-curable polymer, is set as 1.56 RIU. The hole
diameter is 100-nanometer with periodicity of 350-nanometer and thickness of top Au layer is 100-
nanometer with 1- micrometer thickness of the polymer. Different thicknesses of Ti layer are used
in order to demonstrate the influence of the adhesion layer on the optical properties of plasmonic

nanoLCA.
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3.2.4 Layer-by-layer deposition

All of the chemicals and reagents for the polyelectrolyte layer-by-layer deposition are
purchased from Sigma Aldrich (Milwaukee, WI). The nanoLCA device is incubated in 33mM of
dithiodibutyric acid (DTBA) for 24 hours in order to form a self-assembled monolayer (SAM)
with one end as a carboxyl group followed by thoroughly rinsing of the device with ethanol and
then dried with nitrogen flow. For LBL deposition, the device is immersed in Poly(allylamine)
(PAH) solution for 5 minutes followed by the immersion in Poly(sodium 4-styrenesulfonate) (PSS)
for 1.5 mins. PAH and PSS solutions are prepared in Millipore water with concentrations of 3 mg
mL"! (pH 8.0) and 3 mg mL™! (1 M MnClz, pH 2.0) respectively. The immersion step is repeated
until the desired thickness of the film achieved.
3.2.5 Micro contact printing of poly-L-lysine and alkanethiols

Poly-L-lysine solution with concentration of 1 mg/mL (Sigma Aldrich, Milwaukee, WI) is
achieved with dilution of Milli-Q water. Additionally, 6-mercapto-2-hexanol (MCH) (SCH2
(CH2)4CH20H) and decanethiol (CHs (CH2)sCH2SH) (Sigma Aldrich, Milwaukee, WI) are used
as a linker molecule to form SAM in order to provide adhesion to polyelectrolyte layers. For
contact printing the polymer layer on the nanoLCA device, Polydimethylsiloxane (PDMS) stamps
are used, which are fabricated by soft lithography. These stamps consist of circular structures
backing with flat PDMS sheet. For the contact printing, circular regions are immersed in the
alkanethiols or poly-L-lysine solution for 30 seconds and access solution is removed with nitrogen
flow. Then the stamp is placed in contact with the nanoLCA device for 5 seconds to print the
polymer layer. For layer by layer deposition, unstamped areas are filled with DTBA solution via

immersion as discussed earlier.
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3.2.6 Spectral and colorimetric characterization

Multi-spectral imaging system is used to perform spectral measurement. This system is
based on a similar setup as described in [112], which consist of a halogen lamp source that
illuminate the device with the range of wavelengths (i.e. from 400 nanometers to 800 nanometers)
with a monochromator to provide an increment of 1 nanometer in wavelength of the incident light.
At each wavelength, transmitted and reflected light is accumulated by 5% objective lens and
simultaneously an image is captured using charge-coupled device (CCD) based camera. A custom
made LabVIEW program (National Instruments) is used to synchronize control of the
monochromator and the camera. In LBL deposition, the transmission and reflection spectrum of
the nanoLCA device are measured instantly after the rinse and dry step. The spectrum of the light

source is used to normalized the measured spectra and it’s intensity 7 (4), is calculated as

I(ﬂ) — [(/1)”’"1719 X tlightsource

normalized ~—
I(/l)lightsource {

sample

where I(A)iightsource and I(A)sample are the transmitted/reflected intensity of the light source and
sample respectively at each wavelength, and tiightsource and tsample are the exposure time for the
measurement of the light source and the sample respectively. Bright-field upright microscope is
used to perform colorimetric imaging using color CCD camera with 100W halogen lamp used for
the transmission and reflection illumination.
3.2.7 Ellipsometry measurement

The thickness of the LBL deposited polyelectrolyte layers is measured using a single-
wavelength (632.8 nm) at a fixed angle ellipsometer (Gaertner Scientific Corporation, Skokie, IL).
The estimated effective refractive index of deposited film is used as 1.63. In order to minimize the

surface roughness, ten layers of polyelectrolyte film are deposited on a flat gold film on a (100)
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bare silicon wafer. To calculate the thickness variation on a single device, ellipsometry

measurements are performed on five different locations on the sample with polymer layers.

33 Results and discussion
3.3.1 Influence of the adhesion layer on the optical properties of plasmonic nanoLCA
device
As discussed earlier, adhesion layers, such as titanium (Ti) and chromium (Cr), are most
commonly used to provide adhesion to the deposited metal layer and the substrate, however,
titanium is preferred in the optical based sensors due to its lower optical absorbance in the visible
wavelength range.[111] In label-free bio-sensing application, adhesion layer has significant
influence on the sensitivity and FOM. Here, finite difference time domain (FDTD) simulation of
nanoLCA device with and without the adhesion layer is performed and the findings with the
experimental results are compared. Figure 3.1 shows the schematic illustration of the nanoLCA

device model used for FDTD simulation.

In the simulation results, when there is no adhesion layer present (Ti=0), two prominent
peaks, at 530nm and 650nm, in the transmission spectrum of the nanoLCA device are observed
with air (n=1) as a surrounding media. However, when the superstrate (top of the sensor) is
changed to higher refractive index (RI), (n=1.33, corresponds to water), three prominent peaks are
observed at 520nm, 600nm and 675nm respectively as shown in Figure 3.2. The FDTD simulation
for the electric field (E-field) distribution on the cross section of the device at 600nm and 675nm
(corresponds to second and third peak of the transmission spectrum with water, n=1.33, as a
surrounding media) is performed which indicates E-field confinement at the interface between Au

and water and Au and UVcP respectively as shown in Figure 3.2. In the experimental results, the
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transmission spectrum in air consists of one prominent peak wavelength at 533nm with full wave
half maximum of 114nm. When the surrounding refractive index of the device is changed to higher
values (i.e. n=1.33 for water and n=1.377 for IPA), multiple peaks in the transmission spectra are
observed. The peak wavelength is around 600nm which corresponds to metal-superstrate interface
and the peak wavelength is around 650nm corresponding to metal-substrate interface. When thin
layer of titanium (i.e. 9nm to 20nm) is introduced, the peak wavelength around 650nm, in both
simulation and experimental results, is no longer observable which indicates that the effect of the
substrate material is reduced and only prominent peak wavelengths are observed at ~530nm and
at ~600nm. The peak wavelength ~600nm is sensitive to the change in the superstrate RI as it shifts
to higher wavelength (red-shift) with respect to increase in the RI of superstrate. Moreover, as
expected, when the adhesion layer is introduced the overall maximum transmission intensity
through the sensor is decreased, from approximately six percent to one percent due to absorbance

of titanium layer.

Similarly, in the simulated reflection mode, in case of no adhesion layer, a dip in
wavelength at around 650 nm is observed in all three superstrates (i.e. air, water and IPA) as shown
in Figure 3.3. When an adhesion layer is introduced, the dip in wavelength at around 650 nm is no
longer observable. In the experimental results, when there is no adhesion layer, only single dip is
observed unlike in simulation where two dips are observed in case of higher RI of the superstrate.
However, the single observed dip has much higher FWHM (60-70nm) which is covering the whole
wavelength region where two dips are observed in the simulation result. With the addition of an
adhesion layer in case of water as a superstrate, FWHM of the dip is decreased (43nm for 20nm

Ti Thickness) and this dip is sensitive to the change of RI of superstrate.
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In order to study the influence of an adhesion layer on the colorimetric properties of the
nanoLCA device, bright-field optical microscope images for different thickness of Ti layer (i.e.
Snm and 20nm) in transmission and reflection mode is shown in Figure 3.4 and Figure 3.5. The
peak wavelength of the transmission and reflection spectrum should have lower FWHM not only
for increasing overall device sensitivity but also for better colorimetric sensing, to have more
distinct color. In the case of no adhesion layer, the transmission spectrum is very broad (higher
FWHM) which allows all the wavelengths in that region to be transmitted. However, when an
adhesion layer is introduced, starting from the Snm of Ti, FWHM of the transmission spectrum is
decreased and the filter effect is more observable, which allows better colorimetric sensing. As
discussed earlier, when the RI of superstrate is increased, there is a red-shift in the maximum peak
wavelength observed, which cause the transmitted image appear increasingly red as the shorter
wavelengths are suppressed and the longer wavelengths are transmitted through the sensor. By
analyzing the individual color channels (red, green, and blue) of the transmitted and reflected
images, colorimetric effect can be measured. From this study (experimental and simulation
results), it is concluded that having an adhesion layer results in sharper resonance having higher

intensity and lower FWHM which is desirable for both spectral and colorimetric sensing.

3.3.2 Layer by layer deposition of polyelectrolyte layers

Electrostatic LBL assembly of polyelectrolyte films presented a method of controlling
thickness and composition on variety of surfaces with known optical properties (i.e. refractive
index). The film deposition process include repetitive immersion of the nanoLCA device into the
solution of polycationic and polyanionic molecules. Figure 3.6 shows the schematic of the LBL

deposition process, where, a positively charge polyelectrolyte is added on the negatively charged
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substrate followed by negative polyelectrolyte, which will adsorbed electrostatically on the former

layer. [113, 114]

There are many cationic and anionic polyelectrolytes are available, such as poly(L-lysine),
sulfonated  poly(styrene), poly(diallyldimethylammoniumchloride), and utilized for
polyelectrolyte films deposition.[115, 116] However, we have selected Poly(allalamine) (PAH)
and poly(sodium 4-styrenesulfonate) (PSS) due to well-studied protocols which are suitable for
the decay length characterization of nanoLCA. The selection of the different materials having
cation and anion properties are dependent on the application and protocols, the bulk properties of
the film, such as density, porosity and wettability, can be controlled. LBL is one of the common
way to immobilize the appropriate molecules on the surface of nanoLCA due to the simplicity of
the experimental procedure and minimum numbers of reagents requirement. Nowadays,
commercially available SPR system from BIACore is using a similar molecule called dextran,
[117,118], in which a linker molecule (e.g. hydroxyalkanethiol) is first immobilized on the surface
of the device followed by the attachment of dextran molecules to the linker molecule. In order to
form carboxylic groups, dextran molecules are further modified with bromoacetic acid after the
immobilization, which can provide covalent linkage in order to attach further molecules. With the
increasing number of deposited polyelectrolyte layers, there can always be inconsistency as it is
executed manually. Furthermore, the acidic property of PSS solution, introduces a constraint to the

total number of layers to be deposited as it is reacted with the gold surfaces.

The following analytical expression is used to calculate the decay length of the nanoLCA

AL =mAn {1 —exp [_lz—dﬂ
d
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where AA corresponds to the shift in the resonant peak wavelength, m is the bulk device sensitivity
(nm RIU™), An is the change of refractive index from the deposited polymer film (n=1.63) and the
superstrate (n=1 as all the measurement are carried out in air), d is the total thickness of the
deposited polymer film, and lq is the decay length.[119] As discussed earlier, the bulk sensitivity
of the nanoLCA device is measured by changing the refractive index of the superstrate material
from water (n=1.33) to IPA (n=1.377) and calculating the peak wavelength shift of the plasmon
resonance wavelength. The representative transmission spectra is measured after every two layers
of LBL deposition and the corresponding peak wavelength shift is shown in Figure 3.7 (a) and (b)
whereas Figures 3.7 (c), (d) and (e) show the corresponding colorimetric images before LBL
deposition and after deposition of layers 4 and 8. Ellipsometry is used to determine the thickness

of the deposited film, d. In order to calculate the decay length, the analytical expression is

A -2
rearranged in the form of y =m*x, log(l — Z j = (I_J d where the slope “m” corresponds to
mAn g

(;—dzj and shift in the resonance wavelength is plotted against the thickness of the deposited
polymer film with linear fitting, as shown in Figure 3.7 (b) to calculate the fitted slope. In order to
calculate the decay length of the nanoLCA device, ten layers of the PAH-PSS polyelectrolyte
layers are deposited on the superstrate. The average thickness of the polymer film is calculated as
18.2 nanometers with 4.3 nanometer of standard deviation between multiple experiments. This
implies that the estimated thickness of one polymer film layer is ~ 1.82 nanometers, which is very
close with the reported value of thickness in the literature i.e. ~ 1-1.5 nanometers per layer.[119]
By using the analytical expression, the decay length of the nanoLCA device is calculated in the
range from 120 — 200 nanometers with corresponding thickness of the polymer film which is also

very consistent with the reported literature values for similar nanohole array device (see Table
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3.1).[119, 120] Furthermore, to verify the experimental results, the decay length of the nanoLCA
device is also calculated by depositing thin film of (10 nm) of silicon dioxide (n=1.516) using
electron beam deposition and has an average of 193 nanometers with 9.6 nanometers of standard
deviation.[119] The decay length is a crucial parameter to characterize for nanoLCA device since

it defines the sensing region from the surface of the sensor.

Additionally, nanoLCA device is treated with different alkanethiol molecules before the
LBL deposition to elucidate the effect of linker molecules. We have used decanethiol
(CH3(CH2)sCH2SH) and 6-mercapto-2-hexanol (SCH2(CH2)sCH20H) (MCH) which has a methyl
terminal group and a hydroxyl terminal group respectively. As we have discussed earlier, in order
to initiate the deposition of the first polyelectrolyte layer in the LBL process, a linker molecule is
required. Therefore, the carboxyl terminal group with negative charge in the DTBA allows the
deposition of PAH layer through the electrostatic interaction-based, which is positively charged in
solution. However, there is a constraint in the growth of the polymer film by using hydroxyl or
methyl-terminated groups as there is no negatively charged group to attach PAH polymer film.
Moreover, decanethiol and MCH are used as a blocking solution to protect the bare gold surface
of the nanoLCA device. As the bare gold surface is negatively charged, PAH tends to bind the
surface of the device without any linker molecule. [119] The comparative study between DTBA-
immobilized and bare surface of the nanoLCA device for LBL deposition of the polyelectrolyte
layers indicates that the residual negative charge of the gold surface of nanoLLCA is sufficient for
LBL deposition of polymer layers without using DTBA as a linker molecule. Furthermore, the
linker molecules which has a methyl terminal group and a hydroxyl terminal group are not

completely blocking the gold surface to hinder the growth of the polyelectrolyte film, however,
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rate of growth is effected as compare to the linker molecule (DTBA) with thiol group (Figure 3.8

and Figure 3.9).

The experiment result shows that with the 10 layers deposition of the polymer films
(approximate thickness of 20 nanometers), as shown in Figure 3.8 (b) and (¢), the decanethiol and
MCH immobilized regions of the nanoL.CA has a peak wavelength shift of 73.14 nanometers and
40.35 nanometers respectively. Whereas, the nanoLCA region which is immobilized with DTBA
solution for LBL deposition of 10 layers of polymer film has a peak wavelength shift of 120.21
nanometers (Figure 3.8(a)). The difference in the growth of the polymer films on the nanoLCA
device treated with blocking solution as a linker molecules can also be observed with the
colorimetric images as there is a small change in color appearance after 10 layers deposition of
polyelectrolyte film (Figure 3.10). These results demonstrate the effect of the linker molecules on
LBL deposition such as by changing the end group of the linker molecule the first layer of
polyelectrolyte deposition can be enhanced or hindered. This technique can be used for the

selectively deposit the polymer films on the nanoLCA device.

3.3.3 Micro-contact printing of poly-L-lysine on nanoLCA device

Furthermore, micro-contact printing is used to deposit thin layer of polymer using
polydimethylsiloxane (PDMS) stamps with an array of circular features (500 pm of diameter and
periodicity) which is fabricated using soft lithography. The schematic illustration of the process
is shown in Figure 3.11. There are many advantages of micro-contact printing such as accurately
localized deposition of molecules, the flexibility in the shape and design geometry, cost effective
method and compatibility or versatility of the technique to print wide variety of molecules. Here,
we presented the deposition of poly-L-lysine with micro contact printing on the surface of

nanoLCA device. The process starts with the stamps inked with the poly-L-lysine (1 mg/mL
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concentration) and instantly brought in contact with the surface of nanoLCA device. Spectral and
colorimetric characterizations are performed to detect the response of nanoLCA after the
deposition of poly-L-lysine film on the surface of the device as shown by the microscope images
in Figure 3.12. The edges of each spot can be differentiated from the bare surface using
colorimetric characterization. The region where poly-L-lysine is deposited appears as yellow in
contrast to the green color for the region without the polymer deposition on the nanoLCA device,
in the transmission mode. The deposition of the poly-L-lysine can also be observed using scanning
electron microscope (SEM) images, however, the polymer deposition inside the nanoholes is not
observed (Figure 3.13 (b) and (¢)). Moreover, SEM images also indicated that the region with the
polymer deposition appeared brighter than the bare nanoLLCA region as shown by monochromatic
transmission microscopy images (Figure 3.14 (b) and (c)) at 548 nm and 600 nm respectively
showing transmitted light intensity differences between the bare and the poly-L-lysine deposited
regions for visible distinction. This is caused by the non-conducting dielectric material (in this
case poly-L-lysine). The deposition of poly-L-lysine can also be identified using spectral
measurement and there is a 20.8 nanometers of peak wavelength shift is observed from the bare

region of the nanoLCA device as shown in Figure 3.14 (a).

3.4  Conclusion

In this chapter first we have discussed the influence of adhesion layer on both spectral and
colorimetric properties of the nanoLCA device in transmission and reflection mode. FDTD
simulation is performed to investigate the localized electric field confinement at different
interfaces of the nanoLCA device and presented the optimized thickness for better sensitivity.

Furthermore, the nanoLCA plasmonic device has demonstrated high sensitivity for both spectral
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and colorimetric measurement of monolayers of biomolecular interaction on the device surface.
We used LBL deposition of alternating polyelectrolyte layers at 2nm resolution to determine the
sensing depth (decay length) of the nanoLCA plasmonic device as ~193 nanometers. Furthermore,
the nanoLCA plasmonic device was treated with different alkanethiol linker molecules layers and
the growth of LbL polyelectrolyte films shows strong dependence on linker molecules. Finally,
micro-contact printing was used to selectively transfer and create microscale patterns of poly-L-
lysine molecules on the nanoplasmonic device and the label-free colorimetric imaging of the
patterned molecular depositions was demonstrated. The nanoLCA device is proven to be a
platform of direct visualization of various surface molecular interactions at monolayer thickness

resolutions.
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3.5  Figures and tables
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Figure 3.1 Schematic illustration of the nanohole array (in nanoLCA) with UV-curable polymer
(UVcP), titanium (Ti) and gold (Au) layers. Thickness of each layer is indicated by t with subscript
referred to the specific layer with the periodicity (»=350nm) and diameter (d=100nm) for FDTD

simulation. Adapted from [121].

53



Simulation Experiment |E|]2-intensity

N )
Wovelength (nm)

=
Intensity (@)

UvVceP

650 700 450 500

50 500

650 700

550 600 550 600
Wavelength (nm) Wavelength (nm)

Figure 3.2 The transmission spectra of the nanoLCA with and without the adhesion layer is
compared with simulation and experimental results and corresponding FDTD simulation for E-
field distribution on the cross-section of the device at selected wavelengths (indicated by blue and

black triangles). Adapted from [121].
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Figure 3.3 The reflection spectra of the nanoLCA with and without the adhesion layer is compared

with simulation and experimental results. Adapted from [121].
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TRANSMISSION
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90nm Au 9nm Ti

Figure 3.4 Colorimetric sensing is performed using bright-field optical microscope images of the
nanoLCA device with different thickness of Ti layer. Transmission images of the device with 5
nm Ti layer and 9nm Ti layer are shown on top row and bottom row respectively, with the

superstrate exposed to air, water, and isopropanol (IPA). Adapted from [121].
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Figure 3.5 Colorimetric sensing is performed using bright-field optical microscope images of the
nanoLCA device with different thickness of Ti layer. Reflection images of the device with 5 nm
Ti layer and 9nm Ti layer are shown on top row and bottom row respectively, with the superstrate

exposed to air, water, and isopropanol (IPA). Adapted from [121].
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Figure 3.6 Schematic of the layer-by-layer (LbL) deposition process. The nanoLCA device is
immersed in 33mM of dithiodibutyric acid (DTBA) in ethanolic solution for 24 hours to form a
self-assembled monolayer with a carboxyl terminal. After the immersion, the device is rinsed
thoroughly with ethanol and dried with Nitrogen flow. For LBL deposition, the device is immersed
in Poly(allylamine) (PAH) solution for 5 minutes followed by the immersion in Poly(sodium 4-
styrenesulfonate) (PSS) for 1.5 mins. The immersion step is repeated until the desired thickness of

the film achieved. Adapted from [121].
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Figure 3.7 (a) Transmission spectra of nanoLCA device shows red-shift of the maximum

transmission peak 2 by adding polyelectrolyte layers. (b) The shift in the resonance peak
wavelength 2 -~ of the maximum transmission is plotted as a function of the number of

polyelectrolyte layers. (c), (d), and (e) shows colorimetric transmission microscope images of the
nanoLCA device. It can be observed that the color appearance to be more red with the increase of

polyelectrolyte layers. Adapted from [121].
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Figure 3.8 Reflection spectra of nanoLCA for LBL deposition exposed with DTBA (a),
Decanethiol (b), and MCH (c) for the linker molecules. The spectra were taken after every two

layers of polyelectrolyte layers deposition. Adapted from [121].
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Figure 3.9 Shift in the resonant peak wavelength of the nanoLCA device due to the LBL deposition

of polyelectrolyte layers after the treatment of DTBA, Decanethiol and MCH. Adapted from [121].
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Figure 3.10 Colorimetric images of the nanoLCA device without LBL deposition (top row) and
with 10 LBL deposition (bottom row) of polyelectrolyte layers after the treatment of MCH

(blocking solution) as a linker molecule in both transmission and reflection mode. Adapted from

[121].
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Figure 3.11 Schematic illustration for the process of micro-contact printing on nanoLCA device.

Adapted from [121].
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Figure 3.12 Optical microscope images of the micro-contact printing of poly(L-lysine) on
nanoLCA device. (Top left) Polydimethylsiloxane (PDMS) stamp having 500-micron diameter
circular structures same periodicity. (Top right) Bare PDMS stamp placed on the nanoLCA device
without making in contact. (Bottom left) Bare PDMS stamp placed in direct contact with the
surface of the nanoLCA device. (Bottom right) array of poly(L-lysine) deposited on the surface
of the nanoLCA device by micro-contact printing and bright green areas referred to the poly(L-

lysine) deposition.
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Figure 3.13 Microscope images for the characterization of the poly(L-lysine) deposited region on

the nanoLCA device. (a) Optical microscope image of the poly(L-lysine) deposited region by
micro-contact printing. (b) Scanning electron microscope (SEM) image at 400X magnification to
show the boundary edge between bare and poly(L- lysine) deposited regions with the observation
of distinct intensity contrast. (¢) SEM image at 15kX magnification to identify the deposited

region with poly(L-lysine) on the individual nanoholes of the nanoLCA device. Adapted from

[121].
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Figure 3.14 Comparison of spectral and colorimetric intensities between bare and poly(L-lysine)
deposited regions on the nanoLCA device. (a) Transmission spectra of the bare and the poly-L-
lysine deposited regions on the nanoLCA device, indicating a resonant peak wavelength shift to
longer wavelengths range. (b and ¢) Monochromatic transmission microscopy images at 548 nm
and 600 nm respectively showing transmitted light intensity differences between the bare and the

poly-L-lysine deposited regions for visible distinction. Adapted from [121].
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Tables 3.1 Decay length comparison between different surface plasmon resonance-based sensors.
EOT: Extraordinary Optical Transmission, SPR: Surface plasmon resonance, LSPR: Localized

surface plasmon resonance.

Type of sensor Periodicity (nm) Decay length (nm) | Reference
nanoLCA 350 120-200 Present study
EOT (Au) 1000 140 [119]

SPR on Au nanohole array | 1000 200-300 [119]

Gold film n/a 200-300 [119]

LSPR (Nanoparticles) n/a 5-15 [122, 123]
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CHAPTER 4
SUBSTRATE BINDING TO CYTOCHROME P450-2J2 IN NANODISCS DETECTED

BY NANOSCALE LYGURCUS CUP ARRAYS

Cytochrome P450s are the primary enzymes involved in phase I drug metabolism and highly
sought-after screening targets for early drug discovery research. However, high-throughput drug
screening of P450s is limited by low protein stability and lack of consistent measurement of
binding events. CYP2J2 is the most common P450 found in the human heart.[ 124, 125] Its primary
responsibility is the metabolism of arachidonic acid. This produces epoxyeicosatrienoic acids
(EETs), which are required for proper cardiovascular function due to their vasorelaxation, anti-
inflammatory, pro-fibrinolytic, and pro-angiogenic effects.[126, 127] However, high-throughput
drug screening of P450s is limited by low protein stability and lack of consistent measurement of
binding events. All human cytochrome P450s are membrane bound and they tend to become
unstable and inactive in solution or otherwise. In order to circumvent this challenge, Nanodiscs
(ND) are used to stabilize CYP2J2 which consist of nanosized soluble lipid bilayers held together
by two surrounding membrane scaffold proteins.[128, 129] Here we present the detection of
substrate binding to cytochrome P450-2J2 (CYP2J2), using a combination of Nanodisc technology
and nanoplasmonic Lycurgus cup array (nanoLCA). Absorption spectroscopy of seven different
substrates binding to CYP2J2 in solution showed that they are all type I, resulting in shifting of
the protein bands to lower wavelengths (blue shift). Detection on the nanoLCA sensor also showed
spectral blue shifts of CYP2J2 following substrate binding. Finite Difference Time Domain
(FDTD)-based electromagnetic simulation suggested that the blue shift is because of the

hybridization of plasmon polariton Bloch wave and the electronic resonance of the heme group of
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CYP2J2. We found the plasmonic properties of the nanoLCA sensor to be highly reproducible,
which allowed comparisons among the different substrates at different concentrations. Further,
due to the unique spectral properties of the nanoLCA sensor, including the transmission of a single
color, we were able to perform colorimetric detection of the binding events. These results indicate
that a resonance plasmonic sensing mechanism can be used to distinguish between different drugs
at different concentrations binding to P450s and that the nanoLCA sensor has the potential to

provide consistent high-throughput measurements of this system.

4.1 Introduction

The development of a high-throughput label-free method for detecting substrate binding to
cytochrome P450s would have a significant impact on early stage drug discovery research. P450s
are primarily membrane bound and responsible for phase I metabolism of approximately 75% of
current pharmaceuticals.[130] In addition to their crucial roles in xenobiotic metabolism, P450s
are responsible for important drug-drug interactions which can potentially lead to drug toxicity
and fluctuations in protein enzymatic activity.[131-133] Several challenges limit the applicability
of current methods for detecting drug binding to P450s. The first is that the proper expression,
isolation, and purification of these proteins at a high yield is labor intensive.[134] A detection
mechanism with a high sensitivity is therefore required in order to minimize the protein
concentration and sample volume. In addition, most eukaryotic P450s are membrane-bound and
outside the cellular environment they tend to denature and become unstable both in solution and
when immobilized on surfaces.[135, 136]

Currently drug binding to P450s is detected using absorbance-based spectroscopic assays

in solution.[137] Detection is based on the fact that after drug binding P450s can shift the
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absorbance peak at 417nm (Soret band) to either shorter wavelength (blue shift, type I binding) or
to higher wavelength (red shift, type II binding).[138-141] However, solution-based methods of
detection require a high sample volume.[142] It is expected that a surface-based sensing
mechanism has the potential to increase sensitivity and therefore decrease the required sample
volume, allow for parallel on-chip detection, and provide a more stabilized detection method of
substrate binding.

Among the currently available surface-based sensing mechanisms, label-free optical
sensors, such as the photonic crystal [143], ring resonator [144], interferometer [145],and surface
plasmon resonance (SPR) [146, 147] can be miniaturized due to breakthroughs in nanofabrication
and therefore are especially promising for on-chip drug screening applications. However, these
techniques remain limited by the complex and bulky external optical systems required for signal
generation, detection, and analysis. SPR sensors measure a change in the resonance condition
corresponding to a refractive index change due to interactions between an immobilized
biomolecule on a metallic thin film and its binding partner. While SPR provides a sensitive
detection mechanism for protein-protein and protein-molecule interactions, its application to high-
throughput drug discovery research is limited due to the complex optical system required.

Plasmonic biosensing can also be accomplished using localized surface plasmon resonance
(LSPR) or extraordinary optical transmission (EOT). In LSPR, the electric field near metal
nanoparticles is amplified resulting in strong scattering spectra ideal for applications in protein
biosensing.[148, 149] Because this relies on metal nanoparticles and not a metallic thin film, it
does not require a complex optical system in order to couple the light source to the metal dielectric
interface.[150] However, the resulting sensitivity is at least an order of magnitude less than SPR

in the Kretschmann configuration. Considerable work has gone into the application of fabrication
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methods with increasing precision, such as nanosphere lithography and electron beam lithography,
to form 2D and 3D spatial arrangements of silver and gold nanoparticles, which has increased the
sensitivity of LSPR sensors.[151, 152] However, the difficulty in fabricating uniform sensors over
a large surface area leads to reduced reliability, inconclusive results, and limited applications.

EOT sensors consist of periodic arrays of nanoholes, typically fabricated by focused ion
beam milling, in metallic thin films.[153] It has been shown that transmission through these films
is orders of magnitude greater than that predicted by classical aperture theory partially due to the
excitation of surface plasmon resonances.[40] This reliance on SPR allows the device to operate
as a refractive index sensor and demonstrated applications include protein binding [ 154], exosome
profiling [155], and virus detection [156]. Similar to LSPR-based measurements, these sensors do
not require a complex optical setup, but it is difficult to fabricate uniform devices over a large
surface area.

LSPR sensing has been applied previously to detect drug binding to P450s. In particular, it
has been shown that if there is an overlap between the device resonance and the P450 molecular
resonance, primarily due to the Soret band, then resonance LSPR can result in larger shifts that are
easily identifiable.[157] Small molecule binding can then be detected by measuring the
corresponding spectral shift due to the protein.[158] The ability to distinguish between type I and
type Il substrates has been previously demonstrated using silver LSPR sensors fabricated by
nanosphere lithography.[159] The further development of LSPR detection of substrate binding to
P450s requires nanoplasmonic sensors that are compatible with wafer-scale fabrication. The
resulting devices must have minimum defects and therefore consistent spectral properties. In

addition, while silver nanoparticles have a higher sensitivity to the local refractive index change,
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gold nanoparticles are inert and therefore more compatible with high-throughput drug
screening.[ 160, 161]

Herein we report the application of a gold nanoplasmonic Lycurgus cup array (nanoLCA)
sensor to the detection of substrate binding to P450s. The tapered nanohole shape of the nanoLCA
has a metal layer (90 nm) at the rim of the holes and at the bottom of the holes (90 nm), providing
an intense electromagnetic field at the bottom and top of the nanohole due to LSPR.[64] The
periodicity of nanohole structures also provide surface plasmon polariton-Bloch wave (SPP-BW)
due to lattice plasmons. The nanoLCA sensor then operates based on a distinct combination of
SPP-BW and LSPR plasmonic properties.

While the nanoLCA can be applied to measure drug binding to any P450, here the detection
of substrate binding to cytochrome P450-2J2 (CYP2J2) is demonstrated. CYP2J2 is the most
common P450 found in the human heart.[124, 125] Its primary responsibility is the metabolism of
arachidonic acid. This produces epoxyeicosatrienoic acids (EETs), which are required for proper
cardiovascular function due to their vasorelaxation, anti-inflammatory, pro-fibrinolytic, and pro-
angiogenic effects.[126, 127] Additionally, CYP2J2 metabolizes drugs, many of which have been
shown to be cardiotoxic. Therefore, it is of interest to ensure that drugs or xenobiotics do not
interfere with the enzymatic activity of CYP2J2 with respect to arachidonic acid metabolism.

The first requisite is to develop a method to screen for substrate binding to CYP2J2 in a
high-throughput fashion. It is important to note that the use of nanoLCA for detection of substrate
binding to CYP2J2 is widely applicable to detect drug binding of any pharmaceutically relevant
drug metabolized by P450s. All human cytochrome P450s are membrane bound and they tend to
become unstable and inactive in solution and on surfaces. In order to circumvent this challenge,

here we use Nanodiscs to stabilize CYP2J2. Nanodiscs consist of nanosized soluble lipid bilayers

71



held together by two surrounding membrane scaffold proteins.[128, 129] The use of Nanodiscs is
critical for this study because they provide a bilayer to stabilize membrane-bound proteins in a
native environment. This ensures that the CYP2J2 proteins will be immobilized on the nanoLCA
sensor surface in an active conformation.

In addition to the Nanodisc technology, the mechanism reported here requires the nanoLCA
sensor and resonance LSPR in order to detect the shift corresponding to the spectral change of
CYP2J2 Nanodiscs (CYP2J2-NDs) following substrate binding. The resonance of the nanoLCA
sensor occurs in the visible range, allowing detection of shifts in the transmission spectrum by a
conventional halogen light source and portable spectrometer. Here we report the measurement of
the spectral change in CYP2J2-NDs corresponding to the binding of seven different type I
substrates at two different concentrations and the comparison of these results with conventional
solution-based absorption spectroscopy. We also report the spectral reliability of the nanoLCA
sensor, which allows for the assessment of substrate dependent and concentration dependent shifts.
Finally, since the sensor spectral properties are characterized by a single transmission peak in the
visible, we introduce the potential use of bright-field microscope images in order to detect substrate

binding to CYP2J2-NDs on the nanoLCA device.

4.2 Materials and methods
4.2.1 Materials

Human CYP2J2 cDNA was obtained from OriGene (Catalog No. SC321730) and
modified.[147] Ampicillin, arabinose, chloramphenicol, IPTG and Ni-NTA resin were obtained
from Gold Biotechnology and Sigma. 3-aminolevulinic acid was bought from Frontier Scientific.

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine ~ (POPC) and  1-hexadecanoyl-2-(9Z-
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octadecenoyl)-sn-glycero-3-phospho-L serine (POPS) were purchased from Avanti Polar Lipids,
Inc. AA, 2-AG, and MSPPOH were purchased from Cayman Chemical. Other drugs were
purchased from the following companies: MP Biomedical (Danazol), Santa Cruz Biotechnology
(Ebastine), and Gold Biotech (Doxorubicin). All other materials and reagents used were purchased
from Sigma and Fisher Scientific.
4.2.2 Recombinant expression of CYP2J2 in E. coli

Recombinant expression of D34 CYP2J2 was prepared according to previous
methods.[162, 163] Briefly, a starter culture of DH5a E. coli cells containing CYP2J2 and pTGro7
chaperonin plasmids were grown in 25 mL of Luria Bertani (LB) media containing the antibiotics
chloroamphenicol (20 pg/mL) and ampicillin (100 pg/mL) at 37°C and 220 rpm overnight. This
culture was then used to inoculate 6 x 500 mL of Terrific Broth (TB) containing chloroamphenicol
(20 pg/mL) and ampicillin (100 pg/mL). The culture was grown for 2.5 hours at 37°C and 220
rpm. 0.1mM §$-aminolevulinic acid was added and the culture was grown at 26°C and 160 rpm
until ODeoo = 1.0 was reached. Cells were induced with 1mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) and 2 g of arabinose and left to grow for 44 hours. The cells were
subsequently centrifuged at 8,000 rpm and 4°C for 15 min. using a Sorvall GSA (Thermo
Scientific, Pittsburg PA) rotor. The cells were resuspended in a lysis buffer containing 0.1mM
DTT, 0.2mM phenylmethanesulfonylfluoride (PMSF), and 5 mg DNase, and then lysed via
sonication (5 x 30 sec on/off cycles). The membrane fraction was isolated using ultracentrifugation
at 35,000 rpm and 4°C for 30 min. with a Ti-45 rotor (Beckman, Coulter, Brea, CA). The pellet
was resuspended in 0.1M potassium phosphate buffer (KPi) containing 1.0% (w/v) sodium cholate,
20% glycerol, and 0.2M NacCl (column buffer) at 4°C for four hours with stirring in order to extract

the protein. The insoluble fraction was removed via a second ultracentrifugation at 35,000 rpm
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and 4°C for 30 min. and the supernatant was applied to a Ni-NTA column to purify His-tagged
CYP2J2. Protein was eluted using column buffer containing 200mM imidazole. The yield of the
protein was ~200nmol/L.
4.2.3 Incorporation of CYP2J2 into nanodiscs

Nanodiscs were prepared as previously described.[162] A lipid mixture of 20:80
POPS:POPC in CHCI3 was dried under a flow of N2 gas. The dried lipids were then reconstituted
in buffer containing 0.1M KPi (pH 7.4) and 200mM cholate. Membrane scaffold protein
MSPI1E3D1 was added (1:130 MSP:lipids) and allowed to incubate for half an hour at 4°C.
Purified CYP2J2 was then added (0.1M Kpi (pH 7.4), 20% glycerol, and 0.1% cholate) in a 1:10
CYP2J2:MSP ratio and incubated for one more hour before the addition of Amberlite beads to
remove the detergent. This mixture was incubated overnight. Discs were purified via size-
exclusion chromatography using an Alliance 2695 analytical separation module (Waters, Milford,
MA) coupled to a Waters 996 photodiode array detector (Waters) and a Superdex 10/200 column
(GE Healthcare).
4.2.4 Drug binding to CYP2J2 nanodiscs in solution

Substrate binding was determined by monitoring the Soret shift from 420-390 nm.
Absorbance spectra were taken using a Cary Bio 300 UV-Vis spectrophotometer (Agilent
Tevhnologies, Santa Clara, CA). An initial spectrum of CYP2J2 Nanodiscs in 0.1M KPi (pH 7.4)
was taken at 37°C. Substrates were then titrated into this cuvette to saturating amounts. Total
volume of organics remained <2% of the initial volume. To correct for the absorbance of the
substrates, separate titration experiments were performed using empty Nanodiscs (without

CYP2J2), and these readings were subtracted from the CYP2J2-Nanodisc spectra.
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4.2.5 NanoLCA fabrication and characterization

The tapered nanohole array was made using a previously described method.[64] Briefly,
the plasmonic structures were prepared using a replica molding process. The mold consisting of a
two dimensional square array of nanocup structures with a lattice constant of ~ 350nm was first
prepared on a glass substrate using laser interference lithography. The two-dimensional square
array was transferred to a flexible and optically transparent polyethylene terephthalate (PET) film
by nanoreplica molding. To prepare the master substrate for transfer, the mold was cleaned and
silanized (Repel-silane ES GE Healthcare, Sigma) for 30 min. followed by ethanol and DI water
rinse. A 2 mL drop of UV-curable polymer (NOA-61) was evenly spread on the top of the nanocone
master and a supporting PET sheet was carefully put on top of the polymer. The master with the
polymer and PET sheet was then exposed to UV-light (105mW c¢m?) for 60 sec. After curing, the
complimentary nanohole structures were transferred onto the polymer, which was peeled off
carefully from the master mold to complete the transfer process. In order to make the device
surface plasmon active, 90 nm of gold along with a 5 nm titanium adhesive layer was deposited
using electron beam deposition (Temescal six pocket E-Beam Evaporator).
4.2.6 Immobilization of CYP2J2-nanodiscs on nanoLCA and spectral measurements

A square device with a 2 cm side length was cut from the prepared nanoLCA and it was
cleaned with isopropanol (IPA) and DI water followed by rinsing with IPA and drying with No.
The sensor was then treated with oxygen plasma (PICO plasma cleaner) for 60 sec. and four
separate circular wells were formed on the surface using PDMS applied with UV curable polymer.
Each well held 45 pL of solution. To being CYP2J2-ND immobilization, each well was filled with

a 10mM 11-MUA solution in 70% ethanol and incubation was done at room temperature for 24
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hours. After immersion, each well was washed three times in 70% ethanol followed by drying with
N2. CYP2J2-ND immobilization to the MUA monolayer occurred by EDC activation. Each well
was filled with 10mM EDC and 8uM CYP2J2-ND in 10mM potassium phosphate (KP1i) buffer.
The EDC and protein were mixed immediately before pipetting into the wells in order to minimize
EDC self-reaction and CYP2J2-ND cross-linking. The sensor was incubated in the CYP2J2-ND
solution for 1 hour at 37°C. After incubation, each well was rinsed three times with DI water and
dried with N2. Illumination and detection of binding events was accomplished with an upright
microscope (Olympus BX51, PA, USA) with a halogen light source using a 20X objective and a
portable spectrometer (Ocean Optics, Dunedin, FL). Successful immobilization of MUA and
CYP2J2-ND was monitored by measuring the red shift in the transmission spectrum for each well
of each device.
4.2.7 Substrate binding to CYP2J2-nanodiscs on nanoLCA

A device containing 4 PDMS wells was used for a single substrate. Two of the wells were
replicates used for a high concentration of the substrate, one well was used for a low concentration
of the substrate, and the fourth well was used for the vehicle control, which was 10mM KPi buffer.
The seven substrates tested were the fatty acids Arachidonic Acid (AA) and 2-
Arachidonoylglycerol (2-AG), and the drugs Doxorubicin (DOX), Ebastine, MSPPOH,
Terfenadine (TFN), and Danazol (DAN). Incubation was done for 30 minutes at 37°C. The
dissociation constants for all drugs with CYP2J2-ND were measured using solution-based
titrations and the maximum value was 20uM. For the high concentration 300uM was used and for
the low concentration we used a value that was half of the measured dissociation constant for each
drug. After incubation, each well was rinsed with DI water three times and dried with N2 before

taking the transmission spectrum.
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4.2.8 Data analysis

The light source transmission spectrum was measured after each binding step. Every
transmission spectrum was then normalized with the light source spectrum for that step in order to
obtain the transmissivity and was then smoothened by the Loess Method using OriginPro 9.1
(Origin Labs Inc., Northhampton, MA). It is expected that with a binding event there will be a
corresponding shift in the plasmon resonance peak as well as a change in the peak intensity. Here
the focus is on the spectral shift and not the intensity change; therefore all transmissivity data was
normalized to one in order to better visualize the peak shifts. A Gaussian fit was then performed
on each peak in order to obtain the plasmon resonance peak wavelength for each step using
OriginPro 9.1 (Origin Labs Inc., Northhampton, MA). The solution-based absorbance data was
processed using Matlab R2014a (Mathlab Inc., MI) by subtracting the substrate-free spectrum
from each titration spectra. The resulting peak and trough differences were then plotted and fitted
to the Michaelis-Menten equation using OriginPro 9.1 (Origin Labs Inc., Northhampton, MA).
4.2.9 3D-FDTD simulation

3D-FDTD (finite differential time domain) electromagnetic numerical computation was
performed by using the FDTD software package from Lumerical Solutions. The total simulation
region was set to 350 nmx 350 nmx 800 nm. The boundary conditions in x and y directions were
set to be periodic to present the array effect of nanoLCA device. The perfect matching layer (PML)
was applied in z-directional boundary condition to minimize the simulation error from boundary
reflection. The x-axis polarized plane wave was set to propagate normal to the substrate (-z
direction). The modeling of nanostructure was based on the observation of SEM images of
nanoLCA device. The mesh size was set to be 5 nm in order to minimize stair-case and dispersion

CITOor1S.
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4.3 Results and discussion
4.3.1 Substrate binding to CYP2J2-nanodiscs

Detection of substrate binding to CYP2J2-ND on the nanoLCA sensor required
immobilization of CYP2J2-ND with the active site of CYP2J2 available. Figure 4.1(a) shows a
schematic of the immobilized CYP2J2-ND on the nanoLCA and Figure 4.1(b) shows a schematic
of the binding of arachidonic acid to CY2J2’s active site. Figure 4.1(c) shows a schematic of a
single cup with a low concentration of CYP2J2-ND binding on the nanoLCA surface. The
morphology of the nanoLCA device was confirmed by AFM as shown in Figure 4.1(d). Overall,
the sensor top surface has uniform hole sizes with few defects After metal deposition, the nanohole
diameter is 180nm and the periodicity of the holes (distance between two neighboring holes) is
350nm as measured from SEM images and AFM line scans as shown in Figure 4.2 (a) and (b).

The type of binding and dissociation constants of the substrates with CYP2J2-ND was
determined by solution-based absorption spectroscopy titration assays. The binding titration data
of TFN and DAN with CYP2J2-ND is shown in Figure 4.3(a) and 4.3(b), respectively. The
absorbance difference spectra were measured at varying concentrations of the two drugs. The
difference between the peaks and troughs of the absorbance difference spectra were then plotted

for the increasing concentrations. The dissociation constant for the two drugs was then determined

by fitting the plot to the Michaelis-Menten equation given as A = ‘i{%"[[s?

, where A is the
absorbance, Amax is the maximum absorbance, [S] is the concentration of the substrate, and K is
the spin state constant. For P450s, the dissociation constant, Kp, is approximated by Ks as
determined by measuring the absorbance shift as substrates bind near the heme and change the

spin state of the iron from low to high spin states in the case of type I binding. By titration assays,

the dissociation constants of the substrates with CYP2J2-ND was found to be 20uM for AA, 18uM

78



for 2-AG, 12uM for ebastine, 10.8uM for MSPPOH, 5.6uM for TFN, and 1.44uM for DAN. The
dissociation constants for AA, 2-AG, Ebastine, and MSPPOH with CYP2J2-ND matches well with
previous results.[162] The dissociation constant of DOX with CYP2J2-ND remains unknown and
cannot be determined by a conventional titration assay due to the spectral overlap.
4.3.2 Substrate response curves and CYP2J2 nanodisc surface coverage on nanoLCA
sensor

Given these experimental values for the dissociations constants, we determined the
response curve for the number of molecules on the sensor surface as a function of concentration
of the substrate in solution, as shown in Figure 4.4. As can be seen, despite that the dissociation
constants for the six measured substrates are the same order of magnitude; there is a detectable

difference of the response of CYP2J2-ND at a wide range of substrate concentrations. The

1
separation between two molecules (d) at a certain concentration was calculated as d =1.18C 3,

where d is in nm and C is in M. At a concentration of ~uM, the distance between two CYP2J2-ND
will be ~118 nm. Therefore, in 1 uM? area we can fit about 81 CYP2J2-ND (assuming a mass of
320kDa and a minimum diameter of 9nm for each CYP2J2-ND). The maximum coverage on our
sensor is calculated to be ', = 383pgem?, which corresponds to monolayer of protein covering
approximately 50% of the surface.

The binding and unbinding interactions between immobilized CYP2J2-ND and the target
drug were modeled with the following equation:

d[CYP2J2 - Drug)/ dt = k,,[CYP2J 2] Drug| -k, [CYP2J2 — Drug| (4.1

where &, and k, are the reaction coefficients for binding and release of drug molecules,

respectively. In terms of surface coverage equation (4.1) can be written as:
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al—‘(t)/at = kon C[rmax - r(t)]_ kuﬁ'r(t) (42)
where T',, 1is the surface coverage when no more sites are available for analyte binding and C is
the molecular concentration of the drug. Note that k,, and k,, have different units: M's™ for &,

-1
and s~ for k,; .

Solving equation (4.2) with the boundary condition F(O) =0 we obtain

k CT
r(f)= ﬁ [1—expl-(k,,C +k,, )i ]]4.3)

At equilibrium the rate of binding and release are equal. Hence, with the condition, I’ (t - OO) =I,

equation (4.3) can be written as:

L, . C
I’ C+K,

max

where K, is the dissociation constant (K, =k, / k,, ) approximated as Ks for P450s.

4.3.3 FDTD simulation of substrate binding to cytochrome P450 in nanodiscs on the
nanoLCA sensor

In order to predict the plasmonic peak shift of P450s on the nanoLCA sensor following
substrate binding, FDTD was used to simulate three different conditions, i.e. P450 binding with
(1) no substrate, (2) with type I substrate and (3) with type II substrate. The real part of refractive
index was calculated from Kramers-Kronig relations for all three cases. The imaginary parts of
these three cases, which corresponds to absorption coefficient, are based on measured data and
shown in Figure 4.5(a). The measured absorbance spectra and the simulated transmission spectra
of all three cases are shown in Figure 4.5 (b) and (c) respectively. It can be observed that the
resonance peak at 465 and 605 nm of P450 with no drug binding performs blue shift to 462 and

598 nm with the binding of type I substrate. On the other hand, when a type II substrate was applied
80



to bind on the surface of the nanoLCA, these two resonance peaks were red shifted to 472 and 608
nm. These shifts agrees with previous results.[159] Figure 4.5 (d-f) shows the calculated electric
field distribution in z-direction for P450, P450 with type-I drug, and P450 with type-II drug,
respectively. The electric field for P450 without drug and with type-II drug are mostly dipolar in
nature, whereas for type-I drug, the electric field is quadrupole in nature. Due to strong charge
accumulation on top side of the nanohole rim (Fig. 4.5 (e)), the effective dipole moment of the
system is increased for type-I drug case compared to without drug, and with type-II drug case. The
increased dipole moment induces a higher restoring force for the plasmons, which leads to shift of
plasmon resonance to higher energy (blue shift in the resonance wavelength).
4.3.4 CYP2J2-nanodisc immobilization and nanoLCA reliability

A representative red shift in the transmission peak for a single well corresponding to
immersion of the nanoLCA sensor in MUA and the CYP2J2-ND/EDC solution is shown in Figure
4.6 (a). In order to assess the overall success of immobilization and the reliability of the nanoLCA
sensor, the average and standard deviation of the plasmon resonance peak wavelength in air was
determined for all 28 wells used in this study. The averages and standard deviations of the shifts
after MUA and CYP2J2-ND/EDC immersion were also determined. The plasmon resonance
wavelength in air was 536+3nm, as shown in Figure 4.6(b). The shift following MUA
immobilization was 2+4nm and the shift from air following CYP2J2-ND binding was 5+2nm. The
shift for the vehicle control, containing only the 10mM KP1i buffer, never exceeded Inm.
4.3.5  Spectral shifts of CYP2J2-ND after substrate binding

Table 4.1 gives a summary of the seven substrates tested for their solution-based and
surface-based binding with CYP2J2-ND. From the solution-based absorbance data, it was

determined that all seven substrates (AA, 2-AG, Ebastine, MSPPOH, TFN, DAN, and DOX) result
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in a blue shift in the Soret band of CYP2J2-ND and therefore are classified as type I drugs for this
cytochrome P450 protein. As expected for type I substrates, the spectral shift of immobilized
CYP2J2-ND on the nanoLCA sensor following substrate binding was consistently to lower
wavelengths (blue shift). Despite the fact that the dissociation constants of the seven substrates
used here are similar, substrate-dependent shifts were measured in addition to concentration-
dependent blue shifts. Figure 4.6 (c) shows a representative blue shift in the transmission spectrum
plasmon resonance peak of CYP2J2-ND immobilized on the nanoLCA sensor following
immersion in a solution containing a high concentration of Ebastine. For comparison, Figure 4.6
(d) and (e) show the shift after immersion in a low concentration of Ebastine, and the 10mM KPi
buffer, respectively. The lower concentration of the substrate leads to a lower magnitude spectral
blue shift on the nanoLCA an incubationnin the KPi buffer alone does not lead to a detectable shift.
Figure 4.6 (f) gives a bar graph summary of the blue shifts corresponding to drug binding to
CYP2J2-ND on the nanoLCA sensor for all seven substrates at high and low concentrations.
4.3.6 Colorimetric detection of substrate binding to CYP2J2-ND

The nanoLCA sensor has a single transmission peak in the visible range and therefore,
brightfield microscope images can be used to qualitatively measure spectral shifts following drug
binding. In order to carry out the image analysis, the original image of 2048x2048 pixels with 24
bit depth was first converted to an 8 bit image by separating the red, green, and blue channels in
ImagelJ software. Figure 4.7 (a) shows the intensity of the green channel for MUA, CYP2J2-ND,
and Ebastine binding in sequence on the nanoLCA false colored in the intensity ranges of 0-255.
The average intensity of the red, green, and blue color channels for MUA, CYP2J2-ND, and
ebastine is shown in Figure 4.7 (b). All three color channels follow a similar pattern showing an

overall intensity increase. Figure 4.7 (c) shows the intensity percentage, calculated as the average
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intensity of each color channel divided by the sum of the average intensity for each color channel.
It can be seen that from MUA to CYP there is a detectable increase in the red and green intensity
percentages and a detectable decrease in the blue intensity percentage between the images. These
changes in the intensity percentages of the red, green, and blue color channels match what would
be predicted for a spectral red shift on the nanoLCA device, corresponding to the spectral data we
collected for CYP binding to immobilized MUA. From CYP2J2 to Ebastine, there is a detectable
decrease in the red intensity percentage and a detectable increase in the green intensity percentage.
The changes in the color channel intensity percentages indicate that a blue shift is occurring on the
nanoLCA device, confirming the spectral data we collected for Ebastine binding to CYP2J2. The
potential use of the nanoLCA sensor for detecting drug binding to P450s by image analysis alone
could drastically improve assay speed allowing high-throughput screening of hundreds of drugs
binding to P450s simultaneously.
4.3.7 Discussion of detection of substrate binding to CYP2J2-ND on nanoLCA

Overall, these results suggest that the nanoLCA sensor allows spectral and colorimetric
analysis of substrate binding to CYP2J2-ND that can be carried out using a brightfield microscope,
camera, and portable spectrometer. The development of a platform for high-throughput screening
of drug binding to P450s will require a device with a small footprint, low cost, sensitive detection,
and that can allow parallel detection of hundreds of different drugs at different concentrations.
Nanoplasmonic sensors are an excellent candidate since they can be easily miniaturized. In
particular, nanohole sensors only require a light source and portable spectrometer for data
acquisition. The spectral reliability of the nanoLCA sensor that we have reported here potentially
allows quantitative detection of the binding of different substrates at different concentrations to

P450s. A FDTD simulation study confirmed the spectral blueshift of type I binding on the
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nanoLCA device. In addition, we have also presented the potential to use the nanoLCA device to
perform colorimetric detection of substrate binding to CYP2J2-ND due to its distinct spectral

properties.

4.4 Conclusion

Here we have reported the application of a nanoLCA sensor to the detection of substrate
binding to CYP2J2-NDs. The nanoLCA fabrication method relies on wafer-scale nanoreplica
molding, which results in low defect highly uniform sensors. We found the spectral properties of
the nanoLCA sensor to be highly reliable, which allowed the detection of substrate dependent and
concentration dependent blue shifts, corresponding to the binding of type I substrates to CYP2J2-
NDs. Our results were confirmed by traditional solution-based absorption spectroscopy and a
FDTD simulation study. We also demonstrated the ability to use brightfield microscope images
alone to extract spectral information, based on the fact that the nanoLCA spectrum consists of a
single transmission peak in the visible. This study indicates that the nanoLCA sensor has a strong
potential for the future development of a high-throughput spectroscopic on-chip method for

detecting drug binding to cytochrome P450 proteins.
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4.5 Figures and tables

Figure 4.1 A schematic of the CYP2J2-ND system (a) with CYP2J2 protein (blue) incorporated
into the Nanodisc, which consists of a phospholipid bilayer (gold) and two membrane scaffold
proteins (red) is also shown along with a schematic showing binding of arachidonic acid to
CYP2J2’s active site (b). A schematic of the cross section of a single nanocup with MUA
monolayer (light blue) and CYP2J2-ND (red) bound is also shown (c). The morphology of the

nanoLCA device was confirmed by AFM imaging as shown in (d).
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Figure 4.2 A top view SEM image (a) of the nanoLCA device is shown along with representative
AFM line scan data (b). After metal deposition, the nanoLCA device was characterized by SEM
and AFM in order to determine the uniformity, nanohole diameter, and nanohole periodicity. A
representative top view SEM image is shown in (Fig. 4.2 (a)) and representative AFM line scan
data is shown in (Fig 4.2 (b)). The nanohole diameter was determined to be 180nm and the

periodicity was 350nm.
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Figure 4.3 Binding titration data for TFN (a) and DAN (b) is shown. Each plot is the difference of
the peaks and troughs of the difference spectra (inserts) at each corresponding concentration of

substrate. The Kb of each substrate was determined by fitting the plots to the Michaelis-Menten

equation.
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Figure 4.4 The response curve for number of molecules on the nanoLCA surface as a function of
concentration is shown for the six different substrates with measureable dissociation constants

used in this study. The curve is normalized to the maximum number of bound molecules possible.
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Figure 4.5 FDTD simulation of P-450 and drug system (Type-I and Type-II) on top of the
nanoLCA. (a) Real (n) and imaginary (k) part of the refractive index of CYP3A4 used for the
electromagnetic (FDTD) simulation. (b) Normalized absorbance spectra of CYP3A4 obtained
experimentally, before and after drug binding. The black spectrum is for CYP3A4 without any
drug, the blue spectrum is for CYP3A4 with Type-I drug showing blue shift of peak resonance
wavelength position, and the red spectrum is for CYP3A4 with Type-II drug showing red shift of
peak resonance wavelength position. (¢) Transmission spectra obtained from FDTD simulation
showing CYP3A4 before (black), and after drug binding (blue curve is for Type-I drug and red
curve is for Type-II drug). (d-f) Calculated electric field in z-direction for CYP3A4 (d), for

CYP3A4 with Type-I drug (e), and for CYP3A4 with Type-II drug (f).
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Figure 4.6 A representative red shift in the transmission spectra following MUA immobilization
and CYP2J2-ND binding is shown in (a), with the peak wavelength at each step noted in the Figure
legend, and the average plasmon resonance peak wavelength across all wells is shown in (b). The
spectral blue shift from a high (c) and low (d) concentration of Ebastine binding with immobilized
CYP2J2-ND along with the shift corresponding to 10mM KPi buffer alone () is shown. The lower
panel shows a bar graph of the shifts on the nanoLCA corresponding to seven different type I
substrates at high and low concentrations (f). The high concentration bar corresponds to the

average of the two wells with an error bar denoting the standard deviation.
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Figure 4.7 Images of the green channel intensity for Air, MUA, CYP2J2-ND, and Ebastine are
shown (a). The changes in average intensity for the three color channels for MUA, CYP2J2-ND,
and Ebastine is plotted in (b) and the percent intensity, calculated as the average intensity of the

color channel divided by the total average intensity for the image, is also plotted in (c).
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Table 4.1 Substrate Binding to CYP2J2-ND in Solution and on NanoLCA Sensor.

Drug Binding  Dissociation Direction  of Plasmonic shift Plasmonic shift
type constant (uM) plasmonic shift  (High conc.) (Low conc.)

AA Type | 20 Blue 14.545 8.6

2-AG Type | 18 Blue 7.2+0.2 4.4

Ebastine | Type | 12 Blue 7.3+0.9 4.8

MSPPOH | Type I 10.8 Blue 6.8+1.7 1.7

TFN Type | 5.6 Blue 3.7+0.1 2.7

DAN Type | 1.44 Blue 3.1 2.2

DOX Type | Unknown Blue 7.8+1 7
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CHAPTER 5

3D PLASMONIC NANO-CAVITY STRUCTURES ON PERIODIC NANOCUP ARRAYS

In this chapter, we report a new sensor design and sensing method based on plasmonic-
photonic interactions that occur when a nanocavity array is embedded in a 3D tapered nanocup
plasmonic substrate. This device enables highly sensitive detection of refractive index changes
based on changes to the transmission peak intensity without shift in the resonance wavelength.
Unlike conventional plasmonic sensors, there is a consistent and selective change in the
transmission intensity at the resonance peak wavelength with no spectral shift. In addition, there
are wavelength ranges that show no intensity change, which can be used as reference regions. We
describe the fabrication and characterization of the plasmonic nanocavity sensor and also
demonstrate advanced biosensing. Simulations and a theoretical analysis are carried out to better
understand the plasmon-photonic coupling mechanism. The sensor device is fabricated by thin
film semiconductor material such as cadmium sulfide (CdS) layer, which has high refractive index
(n~2.53) and very low extinction coefficient, sandwiched between two Au layers. The Au-CdS-
Au nanocup array structure allows sensing based on the transmission intensity change with the
help of simple bandpass filter to allow certain wavelength to be transmitted in a visible region at
normal incidence illumination. Due to the high refractive index of the sandwiched layer, CdS thin
film which acts as a resonant cavity, electric field is confined at the interface of Au and CdS layer
at lower surrounding refractive index. An increase in the surrounding refractive index causes a
decrease in the electric field intensity at the interface but an increase in out-coupling of electric

field on the topmost Au layer, hence, enhancement in overall transmission intensity is observed.
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5.1 Introduction

As discussed earlier, surface plasmon is a collective oscillation of surface-bound free
electrons at the interface of a dielectric and a metal layer and the free electrons are oscillating at
certain wavelength which is referred as plasmon resonance wavelength.[164] This plasmon
resonance wavelength is very sensitive to nearby di-electric changes that's why this property can
be used to detect different events on the surface of the device due to their tight binding at the
interface.[165] Another optical property of the surface plasmon is the localized electric field
induces near the surface of metal with the strong absorption of light. This optical property can also
effect the optical properties of the nearby molecules which can also be used for sensing.

There are different types of plasmonic waveguides are analyzed for high sensitive
detection. One example of such devices is stripe waveguides, based on a single thin metallic film
to provide comparatively high propagation length which decrease the modal loses, however, there
is very low field confinement.[166, 167] In order to overcome these problems, hybrid plasmonic
waveguides have been studied that combine thin metal film with semiconductor and dielectric
layers with higher refractive index to improve the gain medium and to decrease the modal
losses.[168-172] A device structure, where a dielectric layer with higher refractive index is
sandwiched between two metal layers with lower refractive index, is very promising as it can
provide higher field confinement within the core layer.[173, 174] There are many promising
characteristics of these type of plasmonic waveguide devices, such as metal layers can also be used
as electrodes for electrical pumping of the active core material, which enable simplified
integration.[175, 176]

Alternatively, plasmonic sensors based on LSPR [177, 178] and extraordinary optical

transmission EOT [179] are of considerable theoretical and experimental interest. In EOT devices,
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the transmission of incident light through a nanohole array in an optically thick metal sheet is
orders of magnitude greater than that predicted by classical aperture theory.[166] The optical
transmission of EOT devices has a strong dependence on the excitation of plasmonic
resonances.[164] This includes LSPR resonances at the rims of the nanoholes that depend strongly
on the nanohole shape and size along with surface plasmon polariton (SPP) resonances excited by
diffraction and scattering, which have a strong dependence on the nanohole periodicity. EOT
sensors are currently under rapid development for point-of-care biosensing since excitation can be
done with an incoherent light source and detection can be done with a portable spectrometer.[180,
181] However, the sensitivity is an order of magnitude lower than SPR sensing in the Kretschmann
configuration. In addition, the fabrication of large-area sensors with repeatable spectral properties
remains an ongoing challenge.

The EOT sensor that we utilize here is the nano Lycurgus cup array (nanoLCA) device,
which unlike conventional EOT devices consists of a 3D tapered nanocup structure that is
plasmonically active due to a gold (Au) layer on the top and bottom of the cups in addition to Au
nanoparticles lining the cup sidewalls.[64] On top of the nanoLCA we then deposit a thin film of
CdS, which has a high refractive index (RI) and low extinction coefficient, followed by a second
Au layer in order to form a nanocavity in combination with the plasmonic structure. The spectral
features and near field of the nanoLCA device alone have already been studied in detail by
experiment and 3D-FDTD simulation in our previous work.[182-184] The nanoLCA spectrum in
the visible range consists of two main peaks: the first, which occurs at a lower wavelength,
corresponds to a LSPR resonance at the rims of the nanocups. The second, which occurs at a longer

wavelength, corresponds to the excitation of the SPP-Bloch waves (SPP-BW) at the Au-superstrate
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and Au-substrate interfaces. In the case of air, the two peaks couple to form a single peak in the
visible range while for higher refractive indices of the superstrate there are two distinct peaks.

In our multilayer nanoLCA (ML-nanoLCA) device a transmission peak occurs in the
visible or NIR (depending on the thickness of CdS) due to the excitation of SPP-BW at the Au-
CdS interface, while the nanocavity confines the optical energy between the Au layers. When there
is a change in the refractive index of the surrounding medium, there is an increased in the measured
transmission intensity of the peak resonance wavelength, representing out coupling from the mode
confined between the Au layers to the superstrate. However, no change in RI is occurring at the
Au-CdS interface and therefore there is no shift in the peak. Detection can be done by simply
monitoring the change in transmitted intensity at the resonance wavelength. In addition, our sensor
contains a reference point where no intensity change occurs with increasing RI. Therefore, the
sensor is self-referencing and the changing intensity value of the resonance peak can be read
directly without any corrections. Other groups have reported intensity based detection of molecular
binding events using EOT devices where binding events typically result in a decrease in
transmission intensity (increase in absorbance).[69, 185] However, complex experimental setups
and substantial post-processing of the data are required to obtain consistent results since these
spectral features also contain shifts and no reference points.

In this chapter, we describe the fabrication, optical characterization, and principle of
operation of the ML-nanoLCA device. In our hybrid nanocavity plasmon resonance sensor, a
resonance occurs with a significant intensity change, but no spectral shift, with increasing RI. This
phenomenon, which is being reported here for the first time, allows for a new type of plasmonic
sensor where illumination and detection can occur using only a LED or broadband light source

with a bandpass filter and photodetector. In this case, the illumination wavelength can be chosen
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to optimally couple with the plasmon resonance wavelength. The two wavelengths will remain
coupled through the detection since there is no shift and an optimum sensitivity can be maintained.
This type of sensor is ideal for low concentration label-free biosensing where increasing
accessibility is crucial. The device is robust in that the results are independent of angle and
polarization of the incident light. In addition, no high end spectrometer or other specialized

equipment is required.

5.2 Materials and methods
5.2.1 ML-nanoLCA device fabrication

The device fabrication of ML-nanoLCA is started with the fabrication of nanoLCA device
and then multilayers of cadmium sulfide (CdS) and gold (Au) are deposited on top of it. As we
have discussed earlier, the master mold consisting of the tapered nanopillar pattern, made with
laser interference lithography, is first cleaned and silanized followed by evenly spreading UV-
curable polymer (UVcP) (NOA-61, Sigma Aldrich) on the top of it. A PET sheet is then carefully
put on top of the polymer to avoid bubble formation and to act as a substrate, and exposed to UV-
light (105 mW cm 2). The PET substrate with nanohole arrays was peeled off carefully from the
master mold and then first layer of Au is deposited to make the surface of the device active. In
case of ML-nanoLCA, we have deposited a semiconductor layer of CdS and followed by another
Au layer to make a cavity like structure.
5.2.2 Material depositions

Titanium (Ti), as an adhesion layer, with top and bottom Au layers is deposited using
Temescal six pocket electron beam evaporation system at the rate of 0.3 A/s and 0.5 A/s to deposit

uniform and smooth layers. Whereas, sandwiched layers, CdS and SiO:z are deposited using sputter
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deposition using RF plasma. The power of the RF plasma is carefully ramp up and down such as
10-20 watts per minute, as fast ramping of the RF power will cause the target to be broken. We
have used 100W and 250W of RF plasma power to deposit CdS and SiO2 respectively, at the rate
of 0.3 A/s.
5.2.3 Spectral and sensitivity measurements

The transmission spectra through ML-nanoLCA are measured by using Cary 5G UV-Vis
spectroscopy with single increment in the wavelength range from 400nm to 800nm. The setup is
used as zero baseline correction in which the output spectrum is normalized with light source of
the system. The device sensitivity is measured as the relative change in the transmission (7)
intensity at specific wavelength which corresponds to the maximum intensity in the unit of
A%T/RIU. Sucrose (Sigma-Aldrich) solution with different concentrations 0% to 60% mixed in
milli-Q water, which corresponds to RI variation from 1.33 to 1.45. Different concentrations of
sucrose solutions are added on the top of the ML-nanoLCA device and measured the respective
output transmission intensity by using Cary-5G spectrophotometer.
5.2.4 3D-FDTD simulation for ML-nanoLCA

The 3D-FDTD simulation was performed using a commercial software package
(Lumerical Solutions, Inc.). Periodic boundary conditions were imposed in x- and y-boundaries
with a single nanocup modeled at the center of the FDTD region. The periodicity of the nanocup
array was 320 nm. The cup was embedded in a dielectric material with the RI of 1.56, which is the
RI of the NOA-61. The radius and the depth of the nanocup are 100 nm and 500 nm, respectively.
The angle of the sidewall of the cup is 85 degrees with respect to the x-axis A continuous 9 nm Ti
layer was then positioned along the surface of the dielectric followed by 90 nm Au, 40 nm CdS or

SiO2 and 90 nm Au layers. Each of the material properties (RI and k) were taken from the
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Handbook of Optical Constants of Solids.[186] A 2 nm mesh was used, a plane wave was placed
below the ML-nanoLCA structure with the propagation direction of +z, and a 1D monitor above
the ML-nanoLCA structure was used for a transmission spectral calculation. 2D monitors in xz-
and yz-planes were placed to obtain the electric field distributions. Perfectly matched layers were
applied along the z-axis boundaries to avoid reflection and interference by the presence of the
boundary.
5.2.5 Ellipsometry measurements

Initially the thickness of deposited materials, from e-beam evaporation and sputter system,
is optimized by the crystal monitor installed in the equipments. Then the thickness is verified using
Ellipsometry (Gartner Scientific Corporation), which is the optical method to measure thickness
of the thin film with known optical properties (refractive index ‘n’ and extinction coefficient ‘k’)
at single wavelength of 632.8nm. The ellipsometry measurement are consistent with the crystal

monitor readings.

5.3  Results and discussion

In this work a new design of a nanohole structure is introduced by adding a multilayer
structure on top of the nanoLCA device. The process is started with the fabrication of nanoLCA
device which is discussed earlier (Figure 5.1 (a)). Figure 5.1 (b) shows a schematic of the ML-
nanoLCA device which consists of a 40 nm layer of CdS sandwiched between two Au layers
(bottom layer 90 nm and top layer 50 nm) on a substrate made from UV-curable polymer on a PET
sheet. The surface morphology of the device, obtained by an AFM scan, is shown in Figure 5.2 (a)
with a graph that shows the depth of the periodic hole structure on the device. Figure 5.2 (b) shows

the SEM image of the top view of the device and the inset shows a cross-sectional view, which is
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taken by a focused ion beam (FIB) technique. All three stacked layers of the ML-nanoLLCA device
are clearly distinguishable in the cross-sectional view.

The spectra in air (n=1), water (n=1.33), and isopropyl alcohol IPA (n=1.37) are shown for
the nanoLCA sensor in Figure 5.3 (a). In air the nanoLCA device has a single peak in the visible
range corresponding to coupling between the LSPR resonance and the SPP-BW resonance of the
tapered nanocup array. In water and IPA these two resonances become distinguishable peaks.

Characteristic of EOT sensors, when the RI (RI) of the superstrate increases, a red shift in the

resonance wavelength A peat is observed. However, as shown in Figure 5.3 (b), once the
multilayered structure is introduced on the nanoLCA, an increase in RI causes an increase in
intensity, but no shift for the prominent peak around 700 nm. This resonance at 700 nm
corresponds to the red shifted SPP-BW on the nanoLCA due to the deposited materials.

In order to assess the sensitivity of the ML-nanoLCA structure, we added different
concentrations of sucrose solutions (from 0% to 60% mixed in Milli-Q water) on the superstrate.
This change in concentration of the sucrose corresponds to a bulk RI change of 1.33 to 1.44. As
expected, with increasing RI there is an increase in the intensity of the resonance peak in the
transmission spectrum as shown in Figure 5.4 (a). In order to compare the material properties of
the device, the layer of CdS was replaced by a 40 nm dielectric layer of silicon dioxide (SiO2). For
this modified multilayer structure, the transmission intensity also consistently increased with an
increase in the RI of the superstrate as shown in Figure 5.4 (b). To verify this experimental finding,
a 3D-FDTD study was carried out and the entire spectrum was simulated for both structures with
increasing values of the RI of the superstrate as shown in Figures 5.4 (¢) and (d). As can be seen,

the simulation results agree very well with the experimental spectra. Although the SiO2 layer shows
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a similar variation in the transmission intensity to the CdS layer, the increase in the transmission
intensity is relatively small when compared to the CdS device.

The sensitivity of the devices is calculated by the relative change in the transmission (7))
intensity at the resonance wavelength, which corresponds to the maximum intensity, per RI unit
(RIU) such that the final unit for sensitivity is A%T/RIU. The calculated sensitivity of the ML-
nanoLCA device with CdS is 660 A%T/RIU (4000 A%T/RIU with respect to air at A = 695nm)
while the calculated sensitivity for the device with SiOz is 340 A%T/RIU (2000 A%T/RIU with
respect to air at A = 672nm). Therefore, by using CdS instead of SiO: the sensitivity is
approximately doubled as shown in Figure 5.5 (c).

In order to better understand the operating principle for the ML-nanoLCA device the
electric field (E-field) distribution was solved for by a 3D-FDTD simulation study with light
propagation in the z-direction and polarization in the x-direction. First, we have performed 3d-
FDTD simulation on simplified array of nanohole structure to observe the change in E-field on
Au-CdS-Au layers. Figure 5.6 shows, the intensity of the E-field is increasing by changing the
refractive index of the surrounding medium from 1.0 to 1.45, which is indicated by red arrow. In
order to further investigate the operating principal, we have performed 3D-FDTD simulation on
multilayer nanocavity structure. Figure 5.7 shows the E-field distribution on the cross-section of
the nanocavity at the transmission peak for increasing RI values. Due to the higher RI of the
sandwiched material compared to the superstrate, the E-field is confined at the interface of the Au
and CdS layer as indicated by the red arrow. Furthermore, the multilayered structure serves as a
resonant cavity with the two Au layers acting as mirrors to reflect the incident light back and forth
contributing to the confined mode in the CdS layer. The oppositely-moving waves form standing

waves in the cavity and the cavity stores electromagnetic energy which provides coupling to the
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incident light.[187, 188] As the RI of the superstrate is increased, the intensity of the E-field is
decreased at the interface between the CdS and the bottom Au layer but is increased in the top Au
layer (indicated by white arrow) which enables the out-coupling of the E-field to the top Au layer;
hence, the overall transmission intensity is enhanced.

The 3D-FDTD simulation study is also used to examine the material properties that give
rise to higher sensitivity. Further investigation of materials for the sandwiched layer having
different optical constants i.e. index of refraction (n) and the extinction constant (k), is executed.
All of the geometrical parameters of the ML-nanoLCA device structure are kept same for an
accurate comparison. The study suggests that any materials which has a high RI and low extinction
coefficient (nearly zero) in the wavelength range of 600 nm to 800 nm will exhibit the similar
increase in the transmission intensity with the increase of superstrate RI (simulated spectra are
shown in the SI). This also explains our experimental results where a CdS thin film as the
sandwiched layer (n=2.529 and k~0) results in higher overall intensity increment compared to
Si02 (n=1.45 and k=0).

The ML-nanoLCA device is further analyzed for better sensitivity to detect surface binding
events at lower concentration. For plasmonic application, in terms of metal selection, silver (Ag)
has lowest loss in the visible and near-IR region and has higher device sensitivity, however, Ag is
unstable as it can be easily oxidized and degraded in terms of device fabrication.[189, 190] Gold
(Au) is the next best material in terms of loss in the visible and near-IR region and it is more
chemically stable and continues uniform film that can be formed even with smaller thickness (e.g
1.5-7nm). However, the device sensitivity is lower as compared to Ag plasmonic device.[191, 192]
ML-nanoLCA device as hybridized structure which consists of Ag as a bottom layer followed by

thin layer of CdS and Au is deposited on the surface of the device ca also be studied for higher
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sensitivity. With this structure, Ag will be more stable as it will be covered by other materials and
sensitivity of the device is expected to increase. Moreover, as in the current structure where top
and bottom layers are of Au material, the desired area for sensing is in visible to near-IR (600nm
to 800nm) as Au-nanoLCA has a resonant wavelength ~530nm compare to Ag-nanoLCA which
has resonant wavelength ~450nm. Therefore, by replacing the bottom layer of ML-nanoLCA with
Ag, it is expected that the resonance wavelength of the new ML-nanoLCA device will be shifted
in the visible region.

Thickness of the metal layers and core layer (dielectric/semiconductor) in ML-nanoLCA
structure is another parameter to play with, to improve the plasmonic coupling efficiency and
overall transmission intensity. The details of the modified thicknesses will be discussed in next
chapter where we will demonstrate the detection of cancer biomarker CEA binding to its antibody
immobilized on the device surface with high sensitivity and at lower concentration. The thickness
of the metal layers, for the current structure, is 90nm and 50nm on bottom and top gold layers
respectively with 40nm CdS sandwiched layer. Most of the light is blocked with these metal layers
which cause lower in the overall intensity of the transmitted signal. If the thickness of the layers
will be reduced, significant increase in the intensity of the transmitted light is expected. However,
decrease in the thickness will affect the coupling efficiency as the E-field will be confined closer
to the metal surface instead of the sandwiched layer as shown in Figure 5.8.[193] Therefore,
thickness of the layers in ML-nanoLCA will be optimized using FDTD simulation to achieve the

highest sensitivity of the device.
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5.4  Conclusion

This work has presented a new method for plasmonic RI sensing with significant
improvements over current SPR systems. Unlike conventional SPR sensors, the ML-nanoLCA
achieves RI sensing through the transmission peak intensity variation with no resonance peak shift;
thus, a spectrometer that has high spectral resolution is not required. Due to the spectral features
of this plasmonic nanocavity device, we anticipate that excitation and detection can be carried out
using an LED and photodiode, respectively. However, further analysis on acceptable noise levels
and signal integrity will need to be carried out to see if the same sensitivity and LOD can be
maintained. In this chapter, we have demonstrated a new design, fabrication and characterization
of label-free biosensor using 3D plasmonic nano cavity structure known as ML-nanoLCA device.
In ML-nanoLCA device, we have combined optical resonance cavity with the plasmon resonance
all together to improve the sensitivity with simplified detection mechanism to detect surface
binding events on top of the device. In general, this nanocup array substrate achieves refractive
index sensing through a transmission peak shift with the extraordinary transmission phenomena.
The ML-nanoLCA device is fabricated by thin film semiconductor material such as cadmium
sulfide (CdS) layer, which has high refractive index (n~2.53) and very low extinction coefficient,
sandwiched between two Au layers. The Au-CdS-Au nanocup array structure (ML-nanoLCA)
allows sensing based on the transmission intensity change with the help of simple bandpass filter
to allow certain wavelength to be transmitted in a visible region at normal incidence illumination.
The sensitivity of the ML-nanoLCA structure, is measured by adding different concentrations of
sucrose solutions (from 0% to 60% mixed in Milli-Q water) on top of the device which cause a
change in bulk refractive index from 1.33 to 1.44. The calculated sensitivity of the ML-nanoLCA

device with CdS is 660 A%T/RIU (4000 A%T/RIU with respect to air at A = 695nm) while the

104



calculated sensitivity for the device with SiO2 is 340 A%T/RIU (2000 A%T/RIU with respect to

air at A = 672nm). These results further verified with 3D-FDTD simulation.
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5.5  Figures
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Figure 5.1 Schematic illustration of ML-nanoLCA device. (a) Schematics showing the fabrication
process of nanoLCA device as discussed earlier in chapter 2 and 4. (b) Schematic showing the
ML-nanoLCA device; the semiconductor layer consist of Cadmium Sulfide (CdS) is sandwiched
between two gold (Au) layers on the Polyethylene terephthalate (PET) sheet and each layer is
shown by different color marker. The schematic also shows that when the incident light is passed
through the ML-nanoLCA device, the intensity of the transmitted light is increased and in red

wavelength range with the presence of different refractive index material on the superstrate.
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Figure 5.2 (a) Shows the AFM scan of the ML-nanoLCA device to show the surface morphology. The

graph on the top and color scale bar shows the depth of the periodic hole structure on the device. (b) Shows
the SEM image of the top view of the device and inset shows cross-sectional view using focused ion beam

(FIB) image, where all three stacked layers are clearly visible of ML-nanoLCA device.
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Figure 5.3 The comparison of transmission spectra for normal Au-nanoLCA device (a) and ML-
nanoL.CA device (b) with three different refractive index materials on the superstrate such as air
(n=1), water(n=1.33) and Isopropyl alcohol (IPA, n=1.37). It is observed that with Au-nanoLCA
device the peak wavelength position shifts in the transmission spectrum with respect to different

refractive indices, however, in-case of ML-nanoLCA device, there is only intensity change with

no peak wavelength shift.
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Figure 5.4 Comparison between the optical properties of ML-nanoLCA for SiO2 and CdS as a

sandwiched layer with respect to the different

60%). (a) and (b) are the experimental results, whereas (c) and (d) are the FDTD simulation

respectively. In SiOz case; the peak position of

to the higher concentration of the sucrose solution. The spectrum also shows a small increase in

the intensity as compare to the ML-nanoLCA device (b), where there is no shift in the peak

position.
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Figure 5.5 Sensitivity analysis of ML-nanoLCA devices by using CdS (a) and SiO2 (b) respectively
as a sandwiched layers. (c) Shows the graph by comparing the relative intensity change of ML-
nanoLCA device between CdS (a) and SiO2 (b) with respect to the different concentration of the
sucrose solution. The sensitivity of the devices is calculated by the relative change in the
transmission (7) intensity at specific wavelength in the unit of A%T-nm/RIU. In case of CdS, the
device sensitivity is significantly improved and calculated as 660 A%T-nm/RIU (with respect to
air, 4000 A%T-nm/RIU) at A = 695nm as compare to SiO2 device which is 340 A%T-nm/RIU (with

respect to air, 2000 A%T-nm/RIU) at A = 672 nm.
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Figure 5.6 Shows the 3D-FDTD simulation for electric field (E-field) distribution on the cross-
section of the simplified arrays of nanohole structure. As the refractive index of the material on
the superstrate increases, the E-field intensity between the Au and CdS interface increases, which

is indicated by red arrow.
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Figure 5.7 Shows the FDTD simulation for electric field (E-field) distribution on the cross-section
of the device at the bright mode. Due to the higher refractive index of the sandwiched material,
the E-field is confined at the interface of Au and CdS layer as indicated by the red arrow. As the
RI of the superstrate is increased, the intensity of the E-field is decreased at the interface between
the dielectric and the bottom Au layer but is increased in the top Au layer (indicated by white
arrow) which enables the out-coupling of electric field to the top Au layer; hence, the overall

transmission intensity is enhanced.
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Figure 5.8 Shows the Electric field distribution in the case of Multilayer device. From the left
Figure, we can see that with smaller thickness of the top and bottom metal layers, more E-field is
confined closer to the metal surfaces and less E-field is confined inside the sandwiched layer,

which may increase the out coupling of the light. Adopted from [193].
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CHAPTER 6

LABEL FREE BIOMOLECULAR DETECTION USING 3D PLASMONIC NANO-

CAVITY STRUCTURES ON PERIODIC NANOCUP ARRAYS

6.1 Introduction

Development in the research efforts to optimize materials, mechanics and fabrication
techniques enable the use of label free biosensing for the analysis of interactions between small
molecules/peptides and proteins. Label-free sensors for detection of low concentrations of
biomolecules, such as cancer biomarkers, are highly sought after for applications including drug
discovery research and point-of-care diagnostics. Clinical biomarker level measurements are
currently done using the ELISA or fluoroimmunoassay techniques, which are time consuming
methods that require sophisticated instrumentation available only to those working in specialized
laboratory settings.[194] Towards development of portable label-free sensors, optical devices such
as the photonic crystal [195], ring resonator [196], interferometer [197], and surface plasmon
resonance (SPR) sensor [198] which rely on molecular binding at a surface are especially
promising for miniaturized devices that require a low sample amount. While these devices provide
ultrasensitive detection, specialized equipment including large external optical setups with precise

alignment are required, which limits widespread applications.

Here, we report the combination of a sensor based on EOT with a multilayer nanocavity
structure for the detection of the cancer biomarker carcinoembryonic antigen (CEA). Multilayered
plasmonic structures have been increasingly investigated for on-chip photonic devices, such as

multilayered plasmonic waveguides.[173, 193, 199, 200] The LSPR effect, which results in
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increased absorption, has been used to increase light-induced catalytic activity of materials such
as palladium and CdS where the coupling between the plasmon resonance of a metallic
nanoparticle and the catalytic material is controlled by a dielectric spacer.[201, 202] The surface
plasmon effect in metal-insulator-metal (MIM) and metal-semiconductor-metal (MSM)
waveguides has also been studied for refractometric detection.[203, 204] The study of dielectric
films and MIM structures combined with an EOT substrate has been reported previously.[205-
208] However, these works primarily focused on the extinction peak instead of the transmission
peak in nanohole arrays. The sensitivity of these structures was not compatible with detection of a
low concentration of biomolecules. In addition, the cavity mode resulting from the nanocavity

structure was not utilized in the distinct method presented here.

In our multilayer nanoLCA (ML-nanoLCA) device, a transmission peak occurs in the
visible or NIR (depending on the thickness of CdS) due to the excitation of SPP-BW at the Au-
CdS interface, while the nanocavity confines the optical energy between the Au layers.
Biomolecules binding at the interface between the water superstrate and top Au layer will result in
an increase in the RI at this interface. This then causes an increase in the measured transmission
intensity of the peak resonance wavelength, representing out coupling from the mode confined
between the Au layers to the superstrate. However, no change in RI is occurring at the Au-CdS
interface and therefore there is no shift in the peak. Detection can be done by simply monitoring
the change in transmitted intensity at the resonance wavelength. In addition, our sensor contains a
reference point where no intensity change occurs with increasing RI. Therefore, the sensor is self-
referencing and the changing intensity value of the resonance peak can be read directly without
any corrections. Other groups have reported intensity based detection of molecular binding events

using EOT devices where binding events typically result in a decrease in transmission intensity
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(increase in absorbance).[69, 185] However, complex experimental setups and substantial post-
processing of the data are required to obtain consistent results since these spectral features also

contain shifts and no reference points.

In this chapter, we describe the fabrication, optical characterization, and principle of
operation of the ML-nanoLCA device along with demonstration of biomolecular detection. In
particular, DNA hybridization and biotin-streptavidin binding are demonstrated as a proof of
concept. The device design is then further optimized by theoretical analysis of the cavity mode in
order to obtain higher mode confinement with stronger out coupling as the RI of the superstrate
increases. We then apply this optimized sensor to the detection of the cancer biomarker CEA. CEA
is produced during fetal development and its production terminates before birth. The normal level
of CEA for a healthy person is around 3-5 ng/mL.[209] However, there is a considerable increase
(>10 ng/mL) in its concentration in conditions like lung cancer [210], colorectal carcinoma [211],
and breast carcinoma.[212, 213] Moreover, when CEA levels are heightened due to cancer, they

return to normal levels following successful therapy.[214]

CEA can then be used as a biomarker for both detection and prognosis of cancer. Due to
scarcity of both rapid and sensitive diagnostics, CEA related cancers cannot be detected at an early
stage, which is crucial for improved anticancer therapy.[194] Here we report a label-free limit of
detection (LOD) of 1 ng/mL (5 pM) for CEA on our ML-nanoLCA device simply by monitoring
the change in the intensity value at the resonance peak wavelength. In contrast, the LOD is 1 ug/mL
for CEA on the nanoLCA device with no cavity structure. In addition, a LOD of 100 ng/mL for
CEA was reported for the commercially available SPR system (Biacore 3000).[215] In this case,

a secondary antibody label was required to reduce the LOD to 3 ng/mL.

116



As discussed earlier, in our hybrid nanocavity plasmon resonance sensor, a resonance
occurs with a significant intensity change, but no spectral shift, while increasing RI. The device is
robust in that the results are independent of angle and polarization of the incident light. In addition,
no high end spectrometer or other specialized equipment is required. We demonstrate sensitive
detection in the dynamic range relevant for cancer biomarkers. As we report here, the resonance
can be tuned to occur in the visible range. Therefore, there is high potential for this device to
operate in a large array where detection is done by an image and simple image processing can be
used to detect the change in intensity due to molecular binding events. We anticipate that these
advantages of our device will allow for the full development of a portable port-of-care biosensor

for early detection of low concentrations of disease biomarkers.

6.2 Materials and methods
6.2.1 DNA hybridization

DNA-1 (5' thiol-GTT GTG TCC TGC TAA GTC CT), which is a ssDNA modified with a
thiol group, was mixed with tris(2-carboxythyl)phosphine hydrochloride. The solution was
incubated on the ML-nanoLCA surface at a concentration of 10 uM for 16 hours at 37 °C to break
the S-S bond and immobilize the DNA-1 on the top Au surface. The device was then incubated in
a blocking thiol solution MCH (6-mercapto-1-hexanol) at a concentration of 1 uM for 1 hour at
room temperature. For the final hybridization step, the ML-nanoLCA device was immersed in a 1
uM DNA-2 (3' complimentary base pair) solution for 16 hours at 37 °C. Following each incubation
step, the device was washed with Milli-Q water, dried with nitrogen (N2), and the transmission

spectrum was taken in water. (All materials were purchased from Sigma-Aldrich).
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6.2.2 Streptavidin-biotin binding

The ML-nanoLCA device was incubated in a 1 mM solution of thiolated biotin at 37 °C
followed by immersion in a | mM MCH (6-mercapto-1-hexanol) blocking solution for 2 hours at
room temperature. In order to assess streptavidin binding to the immobilized biotin, the ML-
nanoL.CA device was immersed in a 1 pg/mL (18.9 nM) streptavidin solution at room temperature.
Following each incubation step, the device was washed with Milli-Q water, dried with nitrogen
(N2), and the transmission spectrum was taken in water. The binding of streptavidin was also
monitored with respect to time by taking the transmission spectrum during the incubation. (All

materials were purchased from Sigma-Aldrich).

6.2.3 CEA detection

The devices were first incubated in a MUA solution in ethanol for 24 hours at room
temperature. The devices were then cleaned in 70% ethanol, dried in N2, and the transmission
spectra were taken in Milli-Q water. The devices were then dried in N2 followed by incubation in
a 1:1 mixture of 400 mM EDC and 100 mM NHS (both in Milli-Q water) at room temperature for
30 minutes. The devices were then rinsed in PBS and immediately incubated with 30 pg/mL
monoclonal anti-CEA antibody at room temperature for two hours. In the case of the antibody
control, the device was incubated with 30 pg/mL mouse IgG for two hours at room temperature.
The sensors were then rinsed in PBS, dried with N2, and the transmission spectra were taken in
water. The sensors were then incubated for 30 minutes at room temperature in a 30 pg/mL BSA
blocking solution followed by incubation for 30 minutes at room temperature in a 10%
ethanolamine solution to cap the non-reacted NHS esters. The devices were then rinsed in Milli-Q
water and the transmission spectra were taken. Finally, the devices were immersed in different

concentrations of CEA for two hours and the transmission spectra were taken in order to detect
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binding of CEA at the ML-nanoLCA surface. (All materials were purchased from Sigma-Aldrich).
Detection of CEA was also carried out in human serum samples. Devices were functionalized as
described previously, but for the final incubation 1 pg/mL and 100 ng/mL of CEA were spiked in
human blood serum samples (Zen-Bio) and incubation was done for two hours before cleaning in

Milli-Q water and taking the transmission spectra.

6.3  Results and discussion

As discussed in previous chapter that the device will be optimized to detect surface binding
events at lower concentration with high sensitivity. First, for a proof of concept for label-free
detection of biomolecular interaction on the surface of the ML-nanoLCA, we performed
hybridization of single-stranded DNA (ssDNA). A schematic of the hybridization process is
illustrated in Figure 6.1. The ML-nanoLCA device is first immersed in a 10 uM solution of ssDNA
probes (DNA-1), which are modified by a thiol group and therefore can be immobilized onto the
top Au layer.[216] The device is then immersed into a 1 uM thiol blocking solution (MCH)
followed by immersion in a 1 uM DNA-2 (3' complimentary base pair) solution and the
hybridization reaction occurs. Figure 6.2 (a) shows the transmission spectra measured after each
processing step and Figure 6.2 (b) shows the percentage change in transmission intensity following
each step. There is an increase in the transmission intensity due to surface adsorption of DNA-1.
A very small decrease in intensity is observed following MCH incubation, in agreement with the
blue shift that occurs on conventional EOT sensors following incubation in blocking solutions.
The hybridization reaction is detected by an increase in transmission intensity at the resonance

wavelength following immersion in the DNA-2 solution.
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In an additional proof of concept study, the ML-nanoLCA structure was evaluated for
detection of streptavidin-biotin binding as illustrated in Figure 6.3 (a). The streptavidin-biotin
system has high affinity (Ka ~ 10'> M!), which has been exploited to functionalize biomolecules
such as proteins, nucleic acids, antibodies.[217, 218] The surface of the ML-nanoLCA sensor was
functionalized with a self-assembled monolayer formed by incubation in a 1 mM biotinylated thiol
solution followed by immersion in a 1 mM MCH blocking solution. The device was then immersed
ina 1 pg/mL (18.9 nM) streptavidin solution and the binding was monitored. The transmission
spectra for each processing step is shown in Figure 6.3 (b) with the percentage change in the
transmission at the resonance wavelength shown in Figure 6.3 (¢). As expected, immobilization of
the biotinylated thiol resulted in an increase in the transmission intensity at the peak wavelength,
immersion in the MCH solution resulted in a small decrease in the transmission intensity at the
peak wavelength, and binding of streptavidin to the surface resulted in a transmission increase at
the resonance wavelength. The transmission measurement was performed over time to monitor
streptavidin binding as shown in Figure 6.3 (b). From both the experiments, it is verified that ML

structure is sensitive in detecting surface binding events.

The detection of DNA hybridization and streptavidin-biotin binding shows that the ML-
nanoL.CA is well-equipped to detect the RI change occurring at the Au-superstrate interface due
to molecules binding onto the device surface. This was accomplished by simply monitoring the
percent change in intensity at the transmission peak resonance wavelength. Before carrying out
detection of the cancer biomarker CEA, we optimized the nanocavity structure in order to further
improve the sensitivity of the ML-nanoLCA device to achieve a low LOD. Figure 6.4 (a) shows
the sensitivity measurement of the modified ML-nanoLCA structure, we added different

concentrations of sucrose solutions (from 0% to 60% mixed in Milli-Q water) on the superstrate,
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similar to the sensitivity measurement in previous chapter. Here, we have used higher thickness of
the core layer (CdS~80nm). This change in concentration of the sucrose corresponds to a bulk RI
change of 1.33 to 1.44. As expected, with increasing RI there is a higher increase in the relative
intensity of the resonance peak in the transmission spectrum. The comparison of the sensitivity
measurement is shown in Figure 6.4 (b). Furthermore, as we have discussed in the last chapter,
thickness of the metal layers in ML-nanoLCA structure is another parameter to play with the
plasmonic coupling efficiency and overall transmission intensity. The thickness of the metal
layers, for the current structure, is 90nm and 25nm on bottom and top respectively. By decreasing
the thickness of the top Au layer, there is no significance change in the output intensity, however,
by changing the thickness of the sandwiched layer (CdS), the resonance is shifted to 760nm instead
of 700nm with previous device. Moreover, the sensitivity of the device is almost double as
compare to the previous device structure. These results are further verified with the 3D-FDTD

simulation

The schematic of the detection of the CEA biomarker is illustrated in Figure 6.5. In order
to functionalize the surface of the ML-nanoLCA for CEA detection, we first immersed the device
in a 10 mM 11-mercaptuoudecanoic acid (MUA) solution, which formed a self-assembled
monolayer on the Au surface. The CEA antibody (30 pg/mL) was then covalently bound to the
MUA by activation in a mixture of 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). The device was then incubated in a BSA thiol blocking solution
followed by incubation in an ethanolamine solution, which reacts with any remaining NHS.
Finally, the ML-nanoLCA devices were incubated in different concentrations of CEA in PBS
solutions from 0.1 ng/mL to 1 pg/mL. A vehicle control (PBS containing no CEA) was also used

in addition to an antibody control. In the case of the antibody control, the non-specific binding
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between 1 ng/mL of CEA to anti-mouse IgG was measured. We also prepared nanoLCA devices
containing no cavity structure with the same surface functionalization and detected the binding of
100 ng/mL and 1 pg/mL CEA to immobilized anti-CEA and compared to the vehicle control and

antibody control.

A LOD for the nanoLCA with no cavity structure, where conventional EOT detection is
carried out by measuring the red shift in the transmission peak wavelength, is 1 pg/mL. This is
consistent with our previous results of biomolecule detection on the nanoLCA device.[184] Both
controls resulted in no peak shift. A bar graph showing the percent intensity increase for the
different concentrations of CEA along with the controls is shown in Figure 6.6 (a). As can be seen,
the LOD for the ML-nanoLCA was 1 ng/mL, where detection was done by measuring the change
in intensity at the resonance transmission peak wavelength. There was a small percentage increase
in intensity for the antibody control (less than 1%) and a small percentage decrease in intensity for
the vehicle control (less than 0.5%). Figure 6.6 (b) shows a plot of the percent intensity increase
as a function of CEA concentration on a log scale. The data was fitted to a linear model and showed
good agreement over the dynamic range tested (1 ng/mL to 1000 ng/mL). A plot of the intensity
values as a function of time is shown in Figure 6.7 during the immobilization steps and the binding

of 10 ng/mL CEA on ML-nanoL.CA device.

6.4  Conclusion

In this chapter, we describe the fabrication, optical characterization, and principle of
operation of the ML-nanoLCA device along with demonstration of biomolecular detection. First,
for a proof of concept for label-free detection of biomolecular interaction on the surface of the

ML-nanoLCA, we performed hybridization of single-stranded DNA (ssDNA). Then, an additional
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proof of concept study is performed as the ML-nanoLL.CA structure is evaluated for detection of
streptavidin-biotin binding. We have successfully demonstrated the binding detection of 18.9nM
streptavidin molecules with biotin molecules immobilized on the surface of ML-nanoLCA. The
device design is then further optimized by theoretical analysis of the cavity mode in order to obtain
higher mode confinement with stronger out coupling as the RI of the superstrate increases. We
then apply this optimized sensor to the detection of the cancer biomarker CEA. The device also
provides a greatly improved LOD (5 pM for CEA) over typical EOT sensors and commercially
available SPR systems and has a dynamic range in the concentrations relevant for human cancer
biomarker detection.DNA We studied the molecular binding kinetics on the ML-nanoLCA sensing
surface with respect to time and calculated the important kinetic parameters (i.e., Kp). In this work,
the sensitivity of the plasmonic nanocavity device was almost doubled by adjusting the thickness
of the cavity layer. It is expected that further optimization of the coupling between the EOT
plasmonic sensor and nanocavity will improve the LOD even further enabling highly sensitive,

portable, and robust detections of biomolecular binding events.
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6.5 Figures
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Figure 6.1 Schematic illustration of single-stranded DNA-hybridization on ML-nanoLCA device.
Starting from top to bottom. First, the ML-nanoLCA device is immersed in the DNA-1 (5' thiol-
GTT GTG TCC TGC TAA GTC CT) for immobilization. Then the device is immersed in the
MCH (6-mercapto-1-hexanol) solution which is blocking thiol to cover the surface where there is
no immobilization of DNA-1 molecules. Finally, the device is immersed in the DNA-2 (3'

complimentary base pair) solution to bind with DNA-1 molecules.
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Figure 6.2 Optical transmission response of the ML-nanoLCA device to detect DNA-
hybridization. (a) Transmission spectra of the device to detect hybridization of ssDNA following
each processing step. (b) Shows the percentage change in the transmission intensity during the
process of DNA-hybridization with respect to time. The reaction on the surface of the device with
different incubation steps is identified with the increase in the transmission intensity of the device
as expected. A very small decrease in intensity is observed following MCH incubation, in

agreement with the blue shift that occurs on conventional EOT sensors following incubation in

blocking solutions.
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Figure 6.3 Optical response of the ML-nanoLCA device to detect biotin-streptavidin binding. (a)

Schematic of biotin immobilization and streptavidin binding onto the ML-nanoLCA surface. The

process is similar to the DNA-hybridization detection as it starts with incubation in the biotin

solution followed by MCH solution and finally incubation in streptavidin solution. (b)

Transmission spectra of the device during biotin-streptavidin binding. (¢) (left) Binding of biotin

with streptavidin with respect to time detected by the change of the peak transmission intensity of

the device and on the right plot shows, the percent change in transmission at the peak wavelength

with respect to time during streptavidin binding.
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Figure 6.4 (a) Shows the sensitivity analysis of the modified ML-nanoLCA structure with respect
to the different concentration of the sucrose solution (from 0% to 60%). (b) Shows the graph by
comparing the relative intensity change of old design of ML-nanoLCA device between with 40nm
thickness of CdS (660 A%T-nm/RIU) and SiO2 (340 A%T-nm/RIU) and comparing the sensitivity
with the modified ML-nanoLCA with 80nm of CdS (1150 A%T-nm/RIU) with respect to the

different concentration of the sucrose solution.
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Figure 6.5 Shows the schematic illustration of the detection of cancer biomarker,
Carcinoembryonic Antigen (CEA), on ML-nanoLCA device. The ML-nanoLCA device will be
immersed in the 11-mercaptuoudecanoic acid (MUA) solution, which formed a self-assembled
monolayer on the top Au surface. The CEA antibody (30 pg/mL) was then covalently bound to
the MUA by activation in a mixture of 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDC)
and N-hydroxysuccinimide (NHS). The device was then incubated in a BSA thiol blocking
solution followed by incubation in an ethanolamine solution, which reacts with any remaining
NHS. Finally, the ML-nanoLCA devices were incubated in different concentrations of CEA for

detection.
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Figure 6.6 Detection of CEA on the ML-nanoLCA device. (a) Bar graph showing the percent
intensity increase for six different CEA concentrations along with the antibody control (IgG) and
the vehicle control (PBS). As can be seen, the LOD is 1 ng/mL. (b) Plot of percent intensity

increase as a function of CEA concentration (log scale). The data is fit to a linear model.
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(©)

Antibody Antigen

BSA and

Ethanolamine

— Intensity (%)
T T T T T T
20 26 29 31 3 35

Time (hrs)

and (c) shows the CEA and anti-CEA binding kinetics.

130

°
8

s
2

°
2
g

© Transmission Intensity (%)

°

Transmission Intensity (%)
g

°
8

o
8




CHAPTER 7

SUMMARY AND FUTURE OUTLOOK

7.1 Summary

As discussed, colorimetric sensing, a method that enables the detection of target analytes
via ‘color change’, lays the foundation of a user-friendly, economical and most of all, it’s
accessibility to draw inference for the detection of notorious critical conditions such as, carcinomas,
and other significant environmental monitoring. Therefore, the impact of colorimetric sensing on
the clinical detection of diseases at earlier stages can be enormous, provided the gap between the
accuracy of lab-equipment to point-of-care testing tools is approximated. The optical properties of
the plasmonic sensor are very similar to the Lycurgus Cup of the ancient Romans, therefore, this
plasmonic sensor is referred as nanoscale Lycurgus cup array (nanoLCA). The fabrication
techniques of the nanoLCA device, integration to portable microfluidic devices for lab on chip
applications, demonstration of highly sensitive refractive-index sensing, DNA hybridization
detection, protein-protein interaction and different drugs binding with Cytochrome P450-2J2,
which is the most common P450 protein found in the human heart, are discussed. We anticipate
that the colorimetric sensor can be applied to point-of-care diagnostics by utilizing proper surface

functionalization techniques, which seems to be one of the current limiting factors.

In order to increase limit of detection to detect lower concentration of biomarker, further
modification is done on nanoLCA to obtain 3D-plasmonic nano cavity structure also referred as
ML-nanoLCA device. The ML-nanoL.CA device is fabricated by thin film semiconductor material

such as cadmium sulfide (CdS) layer, which has high refractive index (n~2.53) and very low
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extinction coefficient, sandwiched between two Au layers on a nanostructured PET sheet. The Au-

CdS-Au nanocup array structure allows sensing based on the transmission intensity change with

the help of simple bandpass filter to allow certain wavelength to be transmitted in a visible region

at normal incidence illumination. Due to the excitation of a plasmon resonance at the Au CdS

interface and high refractive index of the sandwiched layer, CdS thin film which acts as a resonant

cavity, electric field is confined at the interface of Au and CdS layer at lower surrounding refractive

index. An increase in the surrounding refractive index causes a decrease in the electric field

intensity at the interface but an increase in out-coupling of electric field on the topmost Au layer,

hence, enhancement in overall transmission intensity is observed.

A brief Summary of each chapter is given as follows:

Chapter 2: The chapter starts with the fabrication of different plasmonic devices and their
optical properties. Then, a recent developed plasmonic sensing platform (nanoLCA) is
discussed with its design, fabrication and characterization. A brief review on micro fluidic
device integration, optical illumination and detection on nanoLCA is discussed. Furthermore,
we have discussed the method of analysis for detection of different molecules on top of the
nanoLCA device is discussed.

Chapter 3: Further characterization of the nanoLCA device is performed in this chapter. First,
we have discussed the influence of superstrate and substrate on the optical properties of the
device. The influence of superstrate is determined by changing the refractive index of the
surrounding medium, whereas, the effect of substrate is observed by changing the thickness of
adhesion layer, Ti, on both spectral and colorimetric properties of the nanoLCA device in
transmission and reflection mode. 3D-FDTD simulation is performed to investigate the

localized electric field confinement at different interfaces of the nanoLCA device and
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presented the optimized thickness for better sensitivity. Furthermore, in this chapter, LBL
deposition of alternating polyelectrolyte layers, at 2nm resolution, is used to determine the
sensing depth (decay length) of the nanoLCA plasmonic device as ~193 nanometers.

Chapter 4: Application of nanoLCA device to detect the substrate binding with Cytochrome
P450-2J2 with incorporation of Nanodiscs to stabilize the cytochrome protein in the solution.
We found the spectral properties of the nanoLCA device to be highly reliable, which allowed
the detection of substrate dependent and concentration dependent blue shifts, corresponding to
the binding of type I substrates to CYP2J2-NDs. The results are confirmed by traditional
solution-based absorption spectroscopy and a FDTD simulation study. Colorimetric
measurements are also performed which indicates that the nanoLCA device has a strong
potential for the future development of a high-throughput spectroscopic on-chip method for
detecting drug binding to cytochrome P450 proteins.

Chapter 5: In this chapter, we have demonstrated a new design, fabrication and characterization
of label-free biosensor using 3D plasmonic nano cavity structure known as ML-nanoLCA
device. In ML-nanoLCA device, we have combined optical resonance cavity with the plasmon
resonance all together to improve the sensitivity with simplified detection mechanism to detect
surface binding events on top of the device. The sensitivity of the ML-nanoLCA structure, is
measured by adding different concentrations of sucrose solutions (from 0% to 60% mixed in
Milli-Q water) on top of the device which cause a change in bulk refractive index from 1.33 to
1.44. The calculated sensitivity of the ML-nanoLCA device with CdS is 660 A%T/RIU (4000
A%T/RIU with respect to air at A = 695nm). These results further verified with 3D-FDTD

simulation.
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7.2

Chapter 6: After optimization of the ML-nanoLCA device, for a proof of concept for label-free
detection of biomolecular interaction on the surface of the ML-nanoLCA, we performed
hybridization of single-stranded DNA (ssDNA). Then, an additional proof of concept study is
performed as the ML-nanoLCA structure is evaluated for detection of streptavidin-biotin
binding. We have successfully demonstrated the binding detection of 18.9nM streptavidin
molecules with biotin molecules immobilized on the surface of ML-nanoLCA. The device
design is then further optimized by theoretical analysis of the cavity mode in order to obtain
higher mode confinement with stronger out coupling as the RI of the superstrate increases, to
detect cancer biomarker, CEA. CEA is extensively used in clinical analysis as a tumour
biomarker and is produced during foetal development. The normal level of the CEA for a
healthy person is around 3 to 5 ng ml™'. In this chapter, we report a label-free limit of detection
(LOD) of 1 ng/mL (5 pM) for CEA on our ML-nanoLCA device simply by monitoring the
change in the intensity value at the resonance peak wavelength which indicates that the ML-
nanoLCA device has a strong potential for the future development of a high-throughput point

of care sensors.

Future outlook

Label-free plasmonic sensors, based on surface plasmon resonance (SPR) and localized

surface plasmon resonance (LSPR), their microfabrication, instrumentations, integration to

microfluidics, and applications for biofluids detection have been reviewed. The advancement of

3D nanohole fabrication techniques led to three-order of magnitude improvement in the FOM

compared to colloidal nanoparticles.[64] The nanoimprint-based fabrication method enabled

formation of 3D nanohole array with footprint of four-inch wafers with a lower cost.[64] Nanohole
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array (i.e. nanoLCA substrate) has been designed for both spectroscopic and color imaging-based
on-chip biosensing applications. It has been shown that a flow-through microfluidic integrated
nanoLCA device can improve the response time by 14-fold compared to same sensor with flow-
over sensing methods.[32] The nanohole array sensor, due to its advantages, will help realize
portable, inexpensive, label-free, plasmon-based sensors with high sensitivity and high usability
point-of-care diagnostics. Especially, colorimetric nanoplasmonic sensor combined with
microfluidics can be integrated with existing mobile electronics such as cell phones and tablets or
with existing bedside equipment such as drug infusion and blood transfusion apparatus.
Multiplexed molecular detections in biofluidic samples including blood plasma, urine and saliva
can be done with a simple colorimetric sensing on the nanoplasmonic sensor and yet at a much
higher sensitivity and surface specificity in comparison with a choromophore-based colorimetric
assay. Furthermore, the available point of care sensors can only detect a single and relatively high
concentration analytes. Due to the lower sensitivity, there is no such point of care sensor available
to detect the lower concentration of different biomarker. In the thesis, we have presented a new
platform of sensing using ML-nanoLCA device, which enables the detection of target analytes
using intensity based measurements at particular wavelength and can be detected using
photodetector. There is no need of complex spectrophotometer to detect the change in the output
intensity of the device, which enable its portability and ease of use with single wavelength light
illumination or LED light and a photodetector. The nearly equipment-free nanoplasmonic sensing
will completely transform the applications of SPR technology into new territories such as point-

of-care diagnostics and telemedicine.
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APPENDIX

A.1. Replica molding protocols for nanoLCA device fabrication

1. Turn ON the UV cure oven at-least 10 min before starting the replication process to warm

up the lamp.

2.Make sure the vacuum pump is working fine

a. Place the 4” Test Si Wafer on the mask holder

b. Turn ON the vacuum pump

c. Now try to move the wafer with tweezer to make sure it is secure with vacuum

d. After Verification, turn OFF the vacuum pump

e. Carefully remove the Si wafer by applying pressure from the back of the wafer
3.Now place your Glass Mold on the Mask Carrier and make sure it is flat and Mold is secure
4.Take the 1000uL Pipette and put the NOA-61 polymer on the center of the glass Mold
5.Repeat the previous step. The total NOA solution should be 2000uL

6.Now peal the protective cover from the PET sheet and carefully put the PET sheet on the

polymer to avoid the bubble formation.
7. Wait until the polymer is completely spread between the PET sheet and glass Mold
8. Now carefully transfer the carrier with glass mold and PET sheet on the UV oven tray

a. Please wear UV protective glasses
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9.0pen the UV shutter to expose the polymer and set the timer for Im 30sec (90sec) and close

the shutter.
10. Carefully remove the carrier with glass mold and PET sheet from the oven.

11. Take the glass mold (very carefully) with PET sheet and place it on the mask holder (as

described in step 2) and make sure the vacuum is properly seal the Mold

12. Now slowly remove the PET sheet with CURED polymer from the glass Mold while the

glass mold is vacuum sealed.
13. Remove the glass Mold (as described in step 2)

14. Clean the glass mold after ~20 replication to remove the organic products left of the mold

from the polymer.
a. Clean mold with Piranha (H2SO4:H202 3:1) for 10min at 100°C
b. RCA 1 Clean (H20:NH4OH:H202 5:1:1) for 10min at 75°C (Optional)
c. RCA 2 Clean (H2O:HCIL:H202 5:1:1) for 10min at 75°C (Optional)
d. Salinized the mold in silane solution for 30 min

e. Wash with milli-Q water and dry with nitrogen

A.2. Multi-spectral system for transmission measurement of nanoLCA
1. Turn ON the system power

a. Power the light source (press the white rectangle button on the metallic box to the

left of the microscope)

149



b. Set the power level at 60 using the knob (maximum at 80 — the bulb will burn out

quickly!)
c. Power the camera (power switch placed on top of the camera)

d. Power the Monochromator (power switch placed on the power brick at the back of

the bench)
2.Measurement in Labview

a. Run the program and wait for the “Ready” light to turn green (You will have to

wait a few minutes for the system to initialize)

b. Mirror = all wavelengths (broadband light), grating (set wavelength and set

exposure time based on the image)

c. To designate a folder to save files, choose select folder, navigate to the folder, and

select “Current folder” button

3.IN SCAN WINDOW

a. Start wavelength =400 nm
b. End Wavelength = 800 nm
c. Increment Wavelength =1 nm
4.Take the spectrum of the light source for normalization
a. Set exposure to 20msec for light spectrum (background)
b. Set magnification to 5 (optical lens magnification)

b

c. Make sure you have selected the select “Current folder’
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d.

Press “SCAN”

5.Sample transmission spectrum measurements

a.

Set the position of the sample using EYE PIECE

Set Focus using Camera Image on screen

To set exposure try to guess the value where spectrum will not saturates
Specify the saturation value from the image around the peak wavelength.

Make sure intensity reading at the bottom of the image on screen does not exceed

28=256=8bit
Set exposure ~ 300 to 500ms

Set magnification 5 5

Make sure you have selected the select “Current folder”

Press “SCAN”

A.3. PDMS microfluidic channels using SU-8

In order to make microfluidic channels, first we need to make SU-8 mold with specific height,

width and periodicity. In this particular case, 50um height, 500um width and 500um periodicity

for each channel, SU-8 2025 is used. The photomask is designed using auto CAD software.

1. Spin coat SU-8 2025

a.

b.

500rpm, Ssec (at rate: 100rpm/sec)

3000rpm, 30sec (at rate: 300rpm/sec)
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2.Pre-bake
a. 65°C, 3min
b. 95°C, 5min

3. Align mask and expose

4. Post-bake
a. 65°C, Imin
b. 95°C, 6min

5.Develop with SU-8 developer
6.Clean with IPA
7.Hard bake
a. After the pattern is fully developed, hard bake the wafer at 150°C, 5min
8.PTFE Coating

a. To protect the pattern for multiple usage, PTFE (Teflon film) is deposited using

Deep RIE
9. Trichlorosilane treatment

a. Incubate the wafer in the trichlorosilane solution for 30min for silane treatment to

make the surface hydrophobic
10. Place the wafer with the channel pattern in the petri dish

11. Pore PDMS (10:1) solution on the wafer and place the petri dish in the degassing chamber

to remove the bubbles
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12. Leave the petri dish at room temperature overnight to cure the PDMS

13. Carefully remove the PDMS stamp from the wafer with imprinted channel pattern

A.4. NanoLCA device integration with PDMS (microfluidic channels) using UV-cure

polymer
1. Prepare the PDMS pieces by making inlet and outlet holes on the channels
a. -Clean with scotch tape
2.Prepare the nanoLCA devices by rinsing with IPA, Water, and then IPA
a. -Blow dry with Nitrogen gun

3.0Oxygen plasma both the PDMS pieces (feature side up) and the nanoLCA devices for 1

minute
4.Spin-coat a thin layer of UVc Polymer at 4000 RPM for 1 min on bare wafer
5.Stamp the treated PDMS pieces on the spin-coated UVc Polymer
6. Gently place the stamped PDMS pieces on the nanoLCA surface

a. Tape the nanoLCA device down if it’s not flat enough

7.Pre-cure by exposing for 300 seconds on 9999 x100 uJ/cm”2 UV lamp
8. Fully cure by exposing another UV lamp for 120 seconds
9. Age the bond by leaving it overnight at 60 degrees Celsius hot plate
10. After curing flow through IPA, Water, and IPA to clean the surface again

11. Insert the piping in the holes (inlet and outlets) to flow the solution through channels
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