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Abstract

In the last decade, the need for faster, real-time and highly sensitive methods to characterize
biomolecular interactions has yielded tremendous progress in the development of label-free biosensor
techniques. The rapid progress in nanofabrication techniques and material science has propelled the
development of novel nanostructures. Specifically, (bio)sensing is a critical field that nanostructured
materials have impacted in recent years. Metallic nanostructures, such as nanohole arrays (NHAs) and
crossed surface relief gratings (CSRGs), are able to couple incident light with the free electrons on the
metallic surface, promoting a photonic phenomenon called surface plasmon resonance (SPR). SPR offers
label-free sensing with high-sensitivity and reproducibility, providing the technique with noteworthy
popularity as a commercial biomolecular analysis technique. However, commercial SPR systems involve
complex optical setups that increase the cost and the size of the devices, making them impractical for
portable point-of-care (POC) applications. NHAs and CSRGs offer all the advantages of the SPR technique,
but with the possibility of collinear optics that reduce cost and allow for miniaturization.

In this dissertation, novel plasmonic nanostructures such as nanohole arrays and cross surface relief
gratings were designed, investigated and characterized to evaluate their sensing and biosensing potential.
Theoretical and simulation approaches were performed to evaluate the plasmonic effects of the fabrication
parameters, such as size, material, and periodicity. The fabricated nanostructures were experimentally
characterized and implemented on the SPR-based POC platforms presented in this thesis. The platforms
are built with collinear optical setups consisting of off-the-shelf electronics and optical components. The
applications demonstrated in this work include: 1) the development of a portable POC platform for the
diagnosis of urinary tract infections (UTIs) using nanohole arrays and CSRGs — The platform allowed for
the detection of pathogenic bacteria in clinically relevant concentrations in real-time analyte-analyte
binding kinetic assays; 2) Variable pitch CSRGs evaluation for POC sensing applications; 3) Structural
stability evaluation of flow-through NHAS; 4) A novel bioinspired template-stripped CSRGs (TS-CSRGS)

demonstrated as a label-free surface-enhanced Raman scattering (SERS) substrates for biochemical sensing
iii



applications; 5) Study of diffusion kinetics of volatile organic compounds (VOC) on silicone-coated flow
through NHAs for sensing applications. This dissertation demonstrates the potential of unique, miniaturized

SPR-based POC platforms with high sensitivity and performance for several applications.
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Chapter 1

Introduction

1.1 Motivation

The need for rapid, accurate, and accessible healthcare and environmental monitoring, as
well as in situ medical diagnoses, has led to the growing impetus in the global scientific community
to develop portable and cost-effective biosensing technologies. Current laboratory methods such as
enzyme-linked immunoassay (ELISA) offer a low detection limit and high sensitivity. Yet, high
qualified personnel and specialized facilities are necessary to perform the diagnoses.* Innovative
solutions for accurate, sensitive and more accessible health care monitoring, such as point-of-care
(POC) diagnostics platforms, are taking advantage of recent advances in nanotechnology,
microfluidics, electronics, and imaging systems to assist the evolution of sensing devices.?® POC
platforms have already shown their potential in medical diagnosis by providing fast and accurate
results in a nanolaboratory setting, reducing costs associated with facilities, trained personnel and
sample volumes.! The rapid evolution of POC devices is supported by a remarkable growth of the
demand, a market valued at US$19 billion in 2019 and predicted to reach US$ 24 billion by 2027.3#

Progress in the field of nanoplasmonics has motivated the development of (bio)sensing
technologies based on metallic nanostructures supporting surface plasmon resonances (SPRs), that
can be easily tracked using spectroscopic means. Nanohole arrays (NHAS) and cross surface relief
gratings (CSRGs) in metallic films, particularly, offer several advantages compared to the
traditional prism-based SPR techniques,® including portable detection due to their inherent compact
size, compatibility with collinear optics, and ease of integration with other microtechnologies, such
as microfluidics. Additionally, NHAs and CSRGs enable monitoring of near-surface adsorption
events (e.g., analyte detection) via SPR imaging (SPRi) by quantifying the intensity variation from

transmitted monochromatic beams.®® Most SPRi-based sensing demonstrations dedicated to real-
2



world applications up until now, including the detection of infectious diseases, have employed
bulky and costly setups involving microscope-based assemblies and charge-couple device (CCD)
modules.® ! Smart devices can be considered among the best-suited candidates for the development
of the next generation of POC platforms, with their current advanced multicore processing
capability, sophisticated user interfaces, and powerful imaging processing.'** However,
smartphones are not configured for chemical sensing or (bio)sensing, which typically involves the
transport and detection of specific analytes, providing a timely opportunity to develop sensing
platforms compatible with smart devices.*®

The motivation of this thesis is to design and develop handheld, consumer-ready, cost-
effective, and smartphone-based POC diagnostic platforms through the study of plasmonic
nanostructures such as flow-through metallic NHAs and CSRGs using theoretical, computational
and experimental approaches. The following sections provide the necessary information to dive

into the applications shown in the next chapter.

1.2 Maxwell equations

The way that metallic nanostructes interact with electromagnetic (EM) fields, can be
described using the same classical EM theory employed for macroscopic metals, the Maxwell’s
equations. The high density of free electron of nanostructures results in minute spacings of the
electron energy levels compared to thermal excitations of energy at room temperature.* In a region

of space with no free charge or current, these equations take the following form:

VD = pexe (1.1)

V-B=0 (1.2)



= —— 1.3

VxE T (1.3
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VxH=— (1.4)
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where E and H are the electric and magnetic intensities of the electromagnetic field, respectively.
The magnetic flux density, B, and the dielectric displacement, D, are parameters related to the
material response. For a linear, isotropic, and nonmagnetic medium, two constitutive equations can

be defined:

D = ¢,.¢E (1.5)

B = uruoH (1.6)

were iy = 4 X 1077 H/m and g, = 8.854 x 10712 F/m correspond to the magnetic permeability
and electric permittivity of free space, respectively, and u, and &, are the relative magnetic
permeability and electrical permittivity of the material, respectively. For non-magnetic materials,
operated at optical frequencies — such as the materials investigated in this dissertation — it can be
considered that i, = 1 so that B = uyH. Equation (1.5) shows that electrons within a material will
respond under the influence of an electric field, E. This external field will induce an electric
polarization density, P. If the material has a linear behavior respect to E and D:

D =¢&.60E = ¢E+P (1.7)

Metallic materials are dispersive, meaning that light travels at different speeds as a function
of frequency. To understand this dispersive nature, the wave equation of the EM field must be
considered. Combining equations (1.3) and (1.4), and assuming a time-harmonic behavior, a

general solution for the wave equation is:



E(r, t) = Ejekr-iot (1.8)

where K is the wavevector of the plane wave and w is the frequency of the wave. Knowing that the

divergence and curl of the electric field can be expressed in terms of the wavevector:

V-E=ik-E (1.9)

VXE=ikXxE (1.10)

The Fourier domain wave equation results:

2
k(k - E) — k2E = —e(k, a))(;)—zE (1.12)
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where ¢ =

is the speed of light in a vacuum. For transverse waves, K - E = 0, the dispersion

relation can be expressed as: *

2 w* 1.12
k? = —e(k ) (1.12)

Additionally, for longitudinal waves, k(k - E) — k?E = 0, equation (1.11) implies that:
elk,w) =0 (1.13)

The dispersion relation describes the effects of the dispersion that an EM wave experiences

when propagating within a medium by relating the wave vector and the frequency of the wave. The

. 2
wavenumber can also be related to the wavelength via A = 7”



1.3 Optical properties of metals

The optical properties of metals are commonly described by their index of refraction, n,
and the extinction coefficient, k. The refractive index (RI) describes the ratio between the phase
velocity of light traveling in a vacuum, and the phase velocity of light traveling in the material.
Likewise, the extinction coefficient corresponds to the exponential decay of the EM wave as it
passes through the material.™>** However, this is for the specific case when the materials interact
with wavelengths corresponding to the optical part of the electromagnetic spectrum — generally
encompassed from 10 nm to 10° nm.!” To better understand the optical properties of metals, we
need to understand a more general classification of materials which is conductors and insulators,
depending on their permittivity and conductivity. Materials with a large amount of loss inhibit the
propagation of EM waves and are considered conductors. Contrarily, materials with low loss that
allow the propagation of EM waves are considered dielectrics. Metals fall into the category of good

conductors.*®

1.3.1 Drude model

In 1900, Paul Drude proposed a model to explain the kinetics properties of electrons in
metals. He described metals as an arrangement of immovable positive ions, surrounded by a dense
layer of delocalized free electrons — also called a free electron cloud.*®® In this model, the
electrons, with a mass m and charge e, are treated from a harmonic oscillator model perspective.
Thus, under the influence of an external time-varying electric field, E(t), the electron position, x(t)

can be described as:

mX(t) + myx(t) = —eE(t) (1.14)



where y is a damping parameter defined as the inverse of the average time between electron
collisions (y = 1/7).**! For an incident time-varying electric field — such as a light wave —
E(t) = Eje it the electrons will also respond to the harmonic time dependence x(t) =

Xoe "'t M and the solution for the equation (1.1) becomes:

eE(t)

x(©) = m(w? + iyw)

(1.15)

The macroscopic electric polarization, P(t), that depends on the displacement of electrons,

becomes:

n.e2E(t)

P(l‘_’) = —TleGX(t) = m

(1.16)

where n, is the electron density. Using equation (1.16) in equation (1.7), the dielectric

displacement, D, can be given by:

wpz
gE+P 50( 21 > ( )

where w,, corresponds to the plasma frequency of the free electron gas, defined as:

nye?

(1.18)
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w,, describes the transition frequency of a material between its dielectric and metallic behaviour. %%

Finally, using equation (1.4), the dielectric function of the free electron gas in metals, also called

“Drude model” is:

2

w
er(w) =1-——"—- f " (1.19)

where the real and imaginary components of the dielectric function, &,(w) = &1 (w) + igq (W),

are:

W, %12
g1(@) =1-77"—— +pr¢2 (1.20)
W, 2T
=P 1.21
ST‘Z((D) (L)(l + (UZTZ) ( )

1.3 Surface plasmon resonance (SPR)

Plasma is a state of matter with equal amounts of positive and negative charges in which
at least one charge type is mobile. In the specific case of metals, the plasma is comprised of the
free electrons populating the surface (i.e., mobile charges), which are balanced by the positive metal
ion cores (i.e., immobile charges). A plasmon is the quantization of the plasma, defined as the

collective oscillation of those free electrons, at the surface of the material.??



1.3.1 Surface plasmon polaritons (SPP)

As observed in equation (1.19), the dielectric function depends on the excitation
frequency, w. The analysis of this thesis will be limited to optical frequencies, w > y, where

&r(w) is predominantly real, and the region w < w,, allows metals to retain their metallic

properties:

w
g (w) ~1— w—”z (1.22)

From equation (1.22), three cases can arise: 1) When w > wy, &-(w) > 0, and thus k yields
a real value, meaning that the metal will behave as a dielectric, allowing the propagation of
electromagnetic waves through it. 2) If w = w,, then &.(w) =0 and k = 0; in this case,
longitudinal oscillations, called “volume plasmons”, are promoted in the material. This means that
the electrons in the material oscillate in phase with the plasma frequency.?® 3) Finally, the condition
when w < w,, &-(w) <0, causes k to be complex. This means that transverse electromagnetic
waves will not be able to propagate through the metal, but decay exponentially away from the
surface, known as an evanescent field, resulting in surface plasmons (SPs). SPs are free electron
density fluctuations that, collectively and coherently, oscillate at the interface of a metal and a
dielectric. Surface plasmon polaritons (SPPs), are surface plasmons that are excited and coupled

by an incident photon (electromagnetic wave), traveling at the metal-dielectric interface.
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Figure 1.1 Surface plasmons polaritons (SPPs). SPPs are electromagnetic waves, confined along the metal-dielectric
interface. The energy in both the metal and the dielectric medium, decay exponentially with length &,, and &4,

respectively.

The magnetic and electric fields of an electromagnetic wave — which are solutions to the
wave equation —, that propagates in a transverse magnetic (TM) polarization at the interface

between two media along the x-direction, can be defined into two regions (Figure 1.1):

Region |
H, = (0,4, O)e—ikxxe—ikzlze—iwt (1.23)
—A 1 —ikyx ,—iky'z ,—iwt
E, = P (k;',0, ke aXethz Ze (1.24)
Region Il
HII = (Ol B, O)e_ikxxe_ikzuze_iwt (125)
— I —ikyx ,—ik; 1z —iwt
E; P (k;",0,ky)e xXe™tz Ze (1.26)

At the metal-dielectric interface, z=0, the boundary conditions establish that (H,); =

(Hx)llv and (Ex)l = (Ex)”, hence:
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Z = (1.27)
€ €
k' =k =k, (1.28)
and taking into consideration the dispersion relation in each medium:

(1)2
(ke)? + (k') = — & (1.29)

(1)2
(ke)? + (k,'")? = — & (1.30)

Therefore, the dispersion relation of our system can be defined:

I w? 2 1.31
k' = Je— = (k) (1:31)

w
k= len—z = (k)? (1.32)
w | &y
ky =kspp = — :
x SPP = |5 + e (1.33)

where g, = g4, & = &,,.The subscripts, d and m, are assigned for the dielectric and metallic media,
respectively. kg =% is the wave number in vacuum. For the existence of a confined and
propagating wave decaying within both media, the real part of k,, equation (1.33), must be non-
zero and the imaginary part of both k,’ and k,"’, equations (1.31) and (1.32), must be also different

from zero. That implies that for the two materials ¢, = &, + i&,y,, Where |&;,| > &), and |e;,| >

&4. Thus, the wave vector, equation (1.33) becomes kg, = kg + ikipy: 2%
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keo=2 /_ 1.34
PP ¢ |eq + &y (1.34)

3
O faen e
PP e \eg + &y 2(eh)? (1.35)

Different parameters that describe the characteristics of a plasmonic structure can be
calculated from equations (1.34) and (1.35). The surface plasmon polariton wavelength (Aspp), for

instance, is a parameter that predicts the resonance frequency or wavelength of the plasmonic
response and can be calculated as follows:

2
Aspp = Ko (1.36)

Substituting equation (1.34) into (1.36), the SPP wavelength can be approximated to:

’sd + &,
Aspp = Ay m (1.37)

where 4y = % and ¢, and g, correspond to the real part of the dielectric function of the metal, and

the permittivity of the dielectric material, respectively.
On the other hand, the length at which the energy carried by the SPP decays by a factor of
1/e is called absorption length and is defined as Ly, = [2ksy,] ", leading to the following

expression:

(em)?

1.38
02m x gl (1.38)

spp =
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From equation (1.38), it can be concluded that a metal with a large (negative) real part of
the relative permittivity is “better” for guiding resonant waves. Finally, the electromagnetic field
decay length in the dielectric and metal are defined by &, = [k,']"* and &, = [k,"]7%,
respectively. These parameters provide the quantities for the length scale over which the SPP is
sensitive to the presence of changes in refractive index and the penetration depth into the metal.

As seen before, SPPs are collective electronic oscillation travelling along the metal-
dielectric interface occurring when the momentum of incident light matches the momentum of the
free electrons of the metallic surface — a condition also known as surface plasmon resonance
(SPR). Incident light travelling in vacuum cannot directly couple the SPPs of a flat semi-infinite
metallic surface. This can be observed in Figure 1.2, where the dispersion curve of the light in
vacuum does not touch the dispersion curve of the surface plasmons in the metal. However, there
are methods to provide additional momentum to couple the surface plasmons to the incident light.?*
Traditionally, this has been achieved using prism-based coupling (e.g., Kretschmann and Otto
configurations) where the attenuated total internal reflection (TIR) at the prism-metal interface
creates an electric field that matches the SPP momentum, Figure 1.2. Another way to promote this
momentum matching is using nanostructured materials such as gratings, Figure 1.2— a technology
that falls in the field of nanoplasmonics.? This method provides multiple advantages such as high-
sensitivity, miniaturization and reduction of optical components. Nanoplasmonics is a field that is
constantly improving along with the nanofabrication techniques. This work was limited to the study
and application of nanostructured materials such as nanohole arrays (NHAS) and cross surface relief

gratings (CSRGS).
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Figure 1.2 A plot of the dispersion relation as a function of frequency. It can be seen from the dispersion curves that the
momentum of the light traveling in a vacuum (black-dotted line) does not match the momentum of the surface plasmons
in a flat semi-infinite metal surface (blue line). However, by using elements such as prisms (green line) or nanostructures
such as gratings (red line), the momentum of the incident light can be modified so that the surface plasmons are excited,

creating evanescent waves at the metal-dielectric interface.

1.4 SPR in metallic nanostructures

1.4.1 Metallic nanohole arrays

Recent advances in nanofabrication methods have facilitated the creation of different types
of nanostructures with unusual properties. Nanostructured metals are of particular interest because
they can be resonantly excited by visible light to produce surface plasmon (SP) oscillations. These

nanostructures allow the manipulation of the properties of SPs by tailoring their geometric
14



parameters. Specifically, nanohole arrays, which support extraordinary optical transmission (EOT),
can be modified in pitch (distance between nanoholes) and hole diameter to modify their resonance

wavelength.?6?

1.4.1.1 Extraordinary optical transmission

Classical theory for metallic nanoapertures in thin metallic films, developed by Beth,?® was
able to describe the diffraction of light at a given wavelength (A) through a circular hole of radius
(r). Beth showed that when the radius is much smaller than the wavelength (r<<2) the transmission
efficiency T()) scales by: %

64

T =275

(kr)* (1.39)

where k = 27" which indicates that the transmission is proportional to the fourth power of r/A. Thus,

for hole size smaller than the wavelength of the incident light, the transmission is extremely weak.

In the late 1990s, Ebbesen et al. discovered an unusual optical transmission effect while
working with periodic arrays of subwavelength apertures fabricated in metal films. They reported
a remarkable intensity enhancement of the transmitted light at certain wavelengths, which exceeded
the intensity predicted by Beth’s diffraction theory. This phenomenon was called extraordinary
optical transmission (EOT). 2328.30-32

EOT is directly related to the excitation of SPPs. In this context, periodic metallic NHAs,
increase the momentum of the incident photons, Figure 1.3, allowing the excitation of SPPs at the
.20,28

metal-dielectric interface:

kssp = ky + Gy + G, (1.40)
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where kg, is the SPP wavevector, k, = kysin@ is the x component of the wavevector of the
incident light, as seen in section 1.3.1. G, = G, = %" are the grating momentum wavevectors for a

square array, where a is the periodicity of the grating, and i and j are the diffraction orders of the
grating. If the incidence of light is normal with respect to the surface, the spectral position of the

transmission maxima can be predicted using equation (1.40):%%

a E4Em
Aecp = « : (1.41)
SNy «/£d+€m

Figure 1.3 Momentum matching of light to SPPs in NHAs.

1.4.2 Cross surface relief gratings
Similar to nanohole arrays, cross surface relief grating (CSRGs), are nanostructures that
help to modify the momentum of the incident light to match with the momentum of the SPPs at the

metal-dielectric interface. The grating equation, written in terms of the wavenumber, is:

2
k sin(6,,) = ksin(6;) * % (1.42)
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where k sin(6;) and k sin(8,,,) correspond to vector components of the incident and diffracted light
respectively, m is the diffraction order, and the term 27" is the magnitude of the grating vector. If at

normal incidence, equation (1.34) and (1.42) can be equated, and by solving for the light

wavelength where the surface plasmon occurs (Aspp), the approximation yields:*

&g+ Em
Eq * Em

Aspp = Mgl + sin (6;) (1.43)

SPR propagation on perpendicular bi-gratings has shown that a polarization conversion of
the incident light occurs.® When linearly polarized light incides on a bi-grating, an SPR will be
excited by the grating having a vector aligned with the initial light polarization. Due to the
transparency of the metal layer caused by the resonant electrons, this SPR resonant light will be re-
radiated by the crossed grating in its orthogonal polarization, seen as a sharp positive wavelength
peak at the transmitted light. When placed in between crossed polarizers, the light transmitted
through a CSRG will be zero except in the narrow bandwidth where the SPR conversion has

occurred.

1.4.3 SPR sensing

Optical sensors are devices that measure, transduce and track the interaction of light with
matter through changes in properties of a light wave, such as intensity or phase shifting.*® In SPR
sensors, a change in RI at the metal-dielectric interface, results in a change of the coupling
conditions of the incident light and the SPPs, modifying the characteristic resonance of the system.

Depending on the light source used, SPR-based sensors can be classified into four types: angle
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shifting, wavelength shifting, intensity change, or polarization change. SPR sensors can provide a
guantitative measurement by means of near-surface Rl changes. Combined with selective
functionalization chemistry for analyte detection®® and microfluidic systems these sensors can
perform innumerable tests such as affinity and kinetics analyses, solute or analyte concentration
interrogation, and the study of binding mechanisms.3"-°

As sensing elements, NHAs and CSRGs present unique advantages, including a high level
of reproducibility, small footprint, multiplexing capabilities and collinear optical integration, which
makes them well-suited for integration into microfluidic platforms.® From section 1.3.1, it can be
observed that electromagnetic field decay length into the dielectric media is around 100 — 500 nm
for wavelengths within the visible range. This particularity makes SPR nanostructures highly
sensitive to changes in RI at the near-surface, allowing for surface chemistry modifications for the
recognition of specific biomolecules. In order to change the local RI to study molecular binding
interactions, a ligand is generally fixed at the surface of the metal. The subsequent recognition of
the analyte by the functionalized surface produces a change in local RI (Figure 1.3), resulting in a

peak-shift of the resonance wavelength, which is related to a proportional change in the

concentration of analytes bound on the surface.?

Flow of sample

& A A with analyte A

Bound ligand Y

Figure 1.4 Schematic representation of direct detection: the analyte is captured by the ligands immobilized on the sensor

surface 0,
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1.4.4 Surface plasmon resonance imaging

In section 1.4.1.1, the use of equation (1.41) to predict the resonance behavior of a square
lattice of metallic NHAs was explained, showing the sensitivity dependence on RI changes. The
resonance region is strongly governed by several parameters that can be used to optimize the signal,
including the periodicity of the nanostructure, the thickness of the metallic film, as well as the hole
size and shape. Figure 1.4 shows the transmission spectrum of NHAs of 200 nm in diameter and
500 nm in periodicity, fabricated in a film of Au with 200 nm thickness. The minimum and
maximum of the peaks depend either on the destructive or constructive interference of the SPPs

excited on the surface of the nanostructure.?**
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Figure 1.5 EOT spectrum of a periodic nanohole array. The nanohole array is made of Au with a thickness of 200 nm,
with hole size and the periodicity of 200 and 500 nm, respectively. Maximum and minimum peaks correspond to (1,0)

and (1,1) resonance orders at the gold-air interface.?

One of the advantages of using NHAs as sensors in transmission mode is the ability to
excite and acquire a response of the plasmonic surface with a collinear optical system normal to

the incidence plane. When the properties of the dielectric in contact with the metallic surface
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change, either as a change in bulk or local RI, a spectroscopic measurement can be obtained by
tracking the position of the resonance peak. This spectral shifting, which usually occurs to the right
of the electromagnetic spectrum for increments in the RI, Figure 1.5, enables observation of near-
surface events in real-time. However, when the surface is illuminated with a monochromatic
source, instead of a broadband light source, the spectral shifting can be interrogated by the change
in intensity of the transmitted light. This method is known as surface plasmon resonance imaging
(SPRI). The light intensity change can be effectively monitored using a CCD or a complementary
metal-oxide-semiconductor (CMOS) detector. Figure 1.5 shows the SPR and SPRi response of
gold-coated NHAs with a hole size of 200 nm and periodicity of 400 nm. Under quasi-
monochromatic light excitation, the transmission intensity of the nanoholes will be reduced with

an increase in the solution RI as a consequence of the right-shift spectral response.
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Figure 1.6 SPR imaging principle. When a monochromatic light illuminates the NHAs, the spectral shifting causes a

decrease in the intensity of the transmitted light.

15 Finite-difference time-domain (FDTD)

It is critical to examine different parameters in computational simulations when designing
nanostructured based plasmonic sensors. Analytical solutions to Maxwell’s equations for simple
and symmetric structures are well established. For complex geometries, Maxwell’s equations are

solved numerically. In 1966 Yee, proposed a “simple” method for obtaining numerical solutions to
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the time-dependent Maxwell’s equations through a set of finite-difference equations. “** This
method, which was called finite-difference time-domain (FDTD), demonstrated to readily provide
numerical solutions for electromagnetic problems involving propagation and scattering in complex
media such as dispersive, anisotropic, and nonlinear media. FDTD belongs to a class of grid-based
differential time-domain numerical method, focused on solving Maxwell’s equations (in a partial
differential form) with no approximations but the discretization of the structures®. The FDTD
method divides a three-dimensional problem structure into cells to form a grid. Each individual cell
is called Yee cell, Figure 1.6, and allows the analysis of complicated systems into multiple simpler
structures representing Maxwell’s equations in discrete form, both in space and time.** The
accuracy of the FDTD method relies on the size of the Yee cells, which in turn, depends on

computational power capabilities.*?

Structure Make Grid

Figure 1.7 Finite-difference time-domain (FDTD) Yee cell discretization. Each unit cell owns specific RI (1;,)!%*

Within the Yee cell, the electric field vector components are placed parallel to the edges at
the center of the cell. The magnetic field vector components are placed orthogonally in the center
of the cells’ faces. Additionally, each cell (i, j, k) has a specific refractive index n; ; , and the Yee

cell accounts for the curl behavior of the electric and magnetic field components.® FDTD method
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considers the temporal change in the electric, E, related to the spatial change in the magnetic field,

M, by combining equations (1.4) with (1.5) and (1.6). For an isotropic medium:*>44

oH
VXE= —ﬂrﬂoa (144)
oE (1.45)
VX H=¢g.g Er

Therefore, for a three-dimensional cartesian coordinate system, there will be six scalar

equations equivalent to Maxwell’s equations. For E,:

dE, 1 <aHz aHy>

at zsoex dy 0z (1.46)

following the same procedure for the five remaining field components, E,,, E,, Hy, H,,, H.

Finally, using the central difference discretization, equations of the following form are obtained

(for E,):%4

1 1
E (14 5.0k) — B +5.0.0)

At
B2 (i 2+ d ) -mrza+ -1
_ 1 z 2'] 2' z 2’] 2'
= 1.47
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Chapter 2

Flow-through nanohole array based sensor implemented on analogue

smartphone components

With minor changes to fulfill formatting requirements, this chapter is as it appears in: Juan
Gomez-Cruz, Srijit Nair, Gabriel Ascanio, Carlos Escobedo. SPIE digital library, 2017, 10346,

1034624-1 — 1034624-7.

Abstract: Mobile communications have massively populated the consumer electronics market over
the past few years and it is now ubiquitous, providing a timeless opportunity for the development
of smartphone-based technologies as point-of-care (POC) diagnosis tools.! The expectation for a
fully integrated smartphone-based sensor that enables applications such as environmental
monitoring, explosive detection and biomedical analysis has increased among the scientific
community in the past few years.?® The commercialization forecast for smartphone-based sensing
technologies is very promising, but reliable, miniature and cost-effective sensing platforms that can
adapt to portable electronics in still under development. In this work, we present an integrated
sensing platform based on flow-through metallic nanohole arrays. The nanohole arrays are 260 nm
in diameter and 520 nm in pitch, fabricated using Focused lon Beam (FIB) lithography. A white
LED resembling a smartphone flash LED serves as light source to excite surface plasmons and the
signal is recorded via a Complementary Metal-Oxide-Semiconductor (CMOS) module. The
sensing abilities of the integrated sensing platform is demonstrated for the detection of (i) changes
in bulk refractive index (RI), (ii) real-time monitoring of surface modification by receptor-analyte

system of streptavidin-biotin.
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2.1 Introduction

The high demand for the development of simple, cost-effective and time-saving devices
for applications related to health care, clinical diagnosis and environmental monitoring represents
a challenge for the scientific community and it still needs to be approached.* Innovative solutions,
predominantly for point-of-care (POC) diagnostics platforms, are taking advantage of recent
advances in mobile technologies, nanotechnology, imaging systems, and microfluidic technologies
to assist this transformation®. In this context, mobile devices such as smartphones, which have
massively populated the consumer electronics market with sales to end users close to 1.5 billion
units, just in 2016,> can be considered among the best-suited candidates for the development of
next-generation POC platforms. Advantages of mobile devices include advanced multicore

processing capability, sophisticated user interfaces, and powerful imaging capabilities.®”

At the same time, the progress in the field of nanoplasmonics propelled by the development
of metallic nanostructures that support surface plasmon resonance (SPR), has led the development
of (bio)sensing technologies. Metallic nanostructures, such as nanohole arrays in metallic films,
offer several advantages to (bio)sensing applications requiring portable detection, due to their
inherit compact footprint, compatibility with collinear optics, and easiness of integration with other

microtechnologies, such as microfluidics.

Although smartphones are not configured for chemical sensing or biosensing, the rapid
development of this field of research has demonstrated the use of this devices in sensing platforms
such as microscopic imaging, immunodiagnostic assays, colorimetric detection and SPR-based
biosensing. Of these optical-based technologies, SPR-based biosensing employs surface plasmons
(SPs) for label-free, high sensitivity and real-time detection of binding events.®° SPs are evanescent
electromagnetic waves (charge-density oscillations) propagating along the interface of a metal and
a dielectric. This metal/dielectric boundary confinement makes SPR extremely sensitive to near-

surface refractive index (RI) changes. This property is utilised by metallic nanostructures such as
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surface relief gratings, nanohole arrays for sensing by tailoring their fabrication parameters.*
Nanohole arrays in metallic films, specifically, take advantage of plasmonic modes excited on these
nanostructure due to the matching between the momentum of the incident light photon and the
momentum of plasmon wave at the metal/dielectric interface, promoting the light transmitted
through the nanoholes. This phenomenon, called extraordinary optical transmission (EOT), is
perfectly suited for imaging sensing techniques such as surface plasmon resonance imaging

(SPRi).5142

In this work, we present an inexpensive and compact sensing platform built with analogue
smartphone-like components: a LED, and a CMOS camera and processing unit, which serves as a
step towards smartphone-based point-of-care diagnosis platform. Recent research in the field of
sensing via flow-through metallic nanohole arrays have demonstrated high sensing capabilities
with a potential for miniaturization.”*** In this context, we present a fully-integrated sensing
platform employing flow-through nanohole arrays as sensing element. The total size of the platform
is 5 cm x 3 cm. Finite-difference time-domain (FDTD) simulations and bulk refractive index
changes test were carried out to verify both, electric field (e-field) intensity enhancement of the
nanostructures and the wavelength shifting due to RI changes in transmission mode. In addition,
we demonstrated the ability of the platform to perform real-time monitoring of near-surface
biomolecular interaction. The resulting easy-to-build, handheld and cost-effective device has

demonstrated great potential similar to SPRi-based sensors reported in previous works.>*°
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2.2 Results and Discussion

Nanohole
Arrays

+«—— LED

Focusing Lens
CMOS

Figure 2.1 Schematic of the SPR imaging experimental setup, displaying the experimental configuration for measuring
light transmission through nine arrays of sub-wavelength holes. Magnified image shows the visualised image of nanohole

arrays using white LED.

Figure 2.1 shows a schematic representation of the experimental setup used for the optical
characterization of the nanohole arrays. The sensor consists of 3 x 3 nanohole arrays, with an
effective sensing surface of 22 um x 22 um, nanohole diameter of 260 nm and pitch of 520 nm. A
3.5V, 20 mA, white LED was used as a light source, held in a vertical position by a custom-made
mount. A plano-convex lens (diameter = 7.9 mm, focal length = 8 mm) was placed directly
underneath the light source to collimate the light. A custom-made holder was used to orient the
nanohole arrays orthogonally to the incident LED light beam and a separate holder was used to
position the focusing lens on top of CMOS module for maximum signal capture. All the
components were positioned in a linear arrangement atop a vertical optical rail. The white light

from the LED was directed through the collimating lens and then onto the metallic nanohole arrays.

30



At this stage, SPs are generated at particular wavelengths, propagating parallel to the plane. SPs
scatter into the apertures and couple to the other side of the metal film, where they are converted
back to transmitted light. The result of this effect is enhanced transmission through the nanohole
array at certain wavelengths, resulting in increased e-field intensities.""*® This enhanced
transmission can be studied using the equation (1.38), obtained by equating the wave vector of the
incident light to the surface plasmon wave vector. For a square nanohole array with circular
nanoholes, the excitation wavelength or the SPR wavelength (Asp) can be approximated by the

following equation:

Asp iy = [Veagm/ Gea + &m)| - P/ +]2) L

where P is the periodicity of the array, the integers (i, j) represent the Bragg resonance orders, and
&n and g, are the real part of the permittivity of the metal and surrounding, respectively. This
enhanced transmitted light then passes through a lens, which focusses the light onto the CMOS
module. Images are captured and saved from the CMOS via Python script running on a Raspberry
Pi unit. The script allows control and optimization of image visualization and acquisition

parameters such as brightness, contrast, saturation, and white balance, among others.
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Figure 2.2 FDTD simulation results. (a) Electric (|E|?) field intensity distributions calculated at the transmission peak (A
= 588 nm for air) for the nanohole arrays with periodicity = 520 nm and diameter = 260 nm (Scale bar = 100 nm). (b)
Simulated transmission spectra for nanohole arrays when exposed to water and aqueous sucrose solutions of different

concentrations (5% and 10%).

As explained in the earlier section, equation (1.38) gives an approximation of the Asp at
which surface plasmon waves are excited on the nanohole arrays surface. The nanohole arrays used
in this work have a pitch of 520 nm with hole diameter of 260 nm. Based on these values, the
theoretical Asp at the air/Au interface for the nanohole arrays was calculated to be 576 nm.
Simulations were performed using FDTD to study the transmission spectra and e-field distribution
for the nanohole arrays. A model replicating the nanohole arrays, consisting of 100 nm silicon
nitride as base layer coated with first, 5 nm layer of chromium and second, 100 nm layer of gold
was made. This model was then irradiated with a plane wave light source in the wavelength range

of 400 — 700 nm. For air/Au interface, the simulations showed a resonance wavelength peak at 583
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nm (data not shown), which is close to the calculated theoretical Asp. Figure 2.2a shows the
simulated e-field intensity distribution, at resonance peak wavelength of 583 nm. The e-field
intensity mentioned here considers the summation of e-field components in the x, y and z directions
along the nanostructure. It is evident from the simulation that the e-field distribution is confined at
the edges of individual nanohole. Additionally, transmission spectra were acquired for different
dielectric/Au interfaces as shown in figure 2.2b. Bulk refractive index (RI) changes were conducted
using aqueous solutions of sucrose (0%, 5%, 10% wi/v) having refractive index value of 1.33, 1.337

and 1.344 respectively. Red shift is observed as the refractive index of the solution is increased.
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Figure 2.3 (a) Normalised spectra for smartphone (LG G3 STYLUS) flash LED and the white LED used in this work.
(b) Line of best fit for a series of mean pixel intensities and bulk refractive index points, where the error bars represent
the standard deviations for sample measurements. A linear fit of the pixel intensity units (PIU) vs. refractive index unit
(RIU) of each solution characterizes the sensitivity of the sensor (266.08 PIU/RIU).

For this experiment, as explained earlier, a white LED was used as a light source. As the
system is intended to be a smartphone-based platform, we performed spectral comparison between
the smartphone flash LED and the white LED used in our work. From Figure 2.3a, it is evident that

the spectra for both LEDs is very similar, if not identical. Thus, the plasmonic signal generated by
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the white LED should be analogous, for sensing purposes, to the signal obtained when using the
smartphone flash LED. The developed platform was first tested for the detection of changes in
bulk Rls. The nanohole arrays were mounted on a custom-made 3D printed holder. The holder
consisted of a conical hole in which the sample sits, providing a ~10 pl of head volume which can
be used to exposing the nanoholes to solutions with different RIUs. The test solutions used in these
experiments were deionized water, and aqueous sucrose solutions of 5%, 10%, and 20% in
concentration (w/v) with respective Rls of 1.330, 1.337, 1.344, and 1.357. A volume of 10 pl of
the solutions were dispersed on the samples and covered with glass coverslip to avoid possible
lensing effect form the free surface of the liquid or evaporation. Light from the white LED was
incident orthogonally on the sample and the transmitted images were acquired for each test solution
using the experimental setup described previously. The acquired images were processed via ImageJ
and an intensity-based study was performed to determine the sensitivity of the system. The
sensitivity of the nanohole arrays system, obtained from linear fit shown in Figure 2.3b, is 266.08
PIU/RIU, which is comparable to previously reported SPRi platform.?*® Of note is that the platform
presented here utilizes components that cost a minimal fraction compared to those used in previous
demonstrations. The resolution of the system was estimated to be in the order of 10° RIU, based
on system repeatability of 10° nm, and the calculated sensitivity.” Since resolution takes into
account the system noise, this value is typically used as a measure of efficacy of the optical sensing

platform.
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Figure 2.4 Time dependent streptavidin detection assay. (a) Observed real-time PIU shift versus streptavidin incubation
time at 830 nM concentration. (b) Total shift in PIU observed after the addition of biotin and streptavidin to the

cysteamine-SAM system, taking observed PIU after cysteamine-SAM formation as baseline.

To determine the ability of the platform to detect surface modification, we investigated the
utility of nanohole arrays as biosensing platform for the detection of near-surface bio-molecular
interactions. A receptor-analyte system of biotin-streptavidin was used for proof-of-concept
biosensing test as the binding kinetics of the complex is well established and studied abundantly in
the literature. Additionally, this bio-molecular system is suitable for characterizing biosensing
testing as it has low dissociation constant, in the order of 10™** M, and the time required to reach a
quasi-steady binding state can be estimated based on first-order Langmuir kinetics>*®. For the
biosensing experiment, the nanohole arrays sensor was washed with 10% acetone and ultrapure
water and plasma-cleaned for 15 minutes prior to the experiments. A cysteamine self-assembled
monolayer (SAM) was then built on the surface of the sensor by incubating the sensor in 18 mM
cysteamine solution (Sigma-Aldrich, Canada) overnight at room temperature. Cysteamine (SAM)

acts as an anchoring molecule for biotin-streptavidin complex. The surface-modified sensor was
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washed with 10% ethanol and phosphate buffer saline (PBS) after incubation to remove any
unbound cysteamine remnants. 10 pl of PBS was added to the sensor surface and transmitted light
intensity was recorded. The intensity of the transmitted image was used as baseline for measuring
the pixel intensity shifts in the subsequent binding experiments. An amine-terminated biotin residue
solution (NHS-biotin, Sigma-Aldrich, Canada) with a concentration of 24.56 mM in PBS was then
poured on top of the sensor and incubated for 15 minutes. The sample was then washed with PBS
and the resulting transmitted image was recorded to verify the PIU shift due to biotin adsorption.
The biotin-modified sensor was then incubated in a streptavidin PBS solution (Sigma-Aldrich,
Canada) at 0.83 UM in concentration for 14 minutes. The transmission images from the sensors
were collected in real time, every 3 minutes, during this incubation stage. Figure 2.4a shows the
measured PIU shift as a result from streptavidin binding to biotin on the surface of the nanohole
arrays during incubation. The nearly linear PIU-shift increase between timest =1 min. and t = 10
min. correspond to the streptavidin binding to the surface, dominated by the on-kinetics. After t=14
mins, sensor was washed with PBS and resulting transmitted image was acquired. The total PI1U
shift at the end of the biotin-streptavidin binding process was 3.13 PIU, using transmitted image
acquired after surface modification with cysteamine as baseline intensity image. The PIU shifts
observed in this experiment are consistent with previously reported studies in literature.>%?! Most
importantly, these results validate the utility of the cost-effective, fully-integrated nanohole array

based biosensing platform.

2.3 Conclusion

In this work, we have presented an integrated, compact nanohole arrays-based SPRi
sensing platform. The platform is a transmission-based optical assembly comprised of elements
found in a standard smartphone, making it feasible for smartphone integration. The platform

consists of white LED as light source, having similar spectrum as compared to standard smartphone
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flash LED, coupled with optical lens array for collimation and focusing of the light as it travels
through the sensors. A CMOS module at the base of the assembly is used to acquire transmitted
images through the sensors, which is employed for sensing any surface modification on the sensor.
Theoretical calculation for SPR spectral response was verified via FDTD simulation. Spectral
response of the sensors for different dielectric/Au media and e-field intensity distribution was
studied and reported. We presented the ability of our platform to detect and quantify bulk refractive
index changes with a sensitivity of 266.08 PIU/RIU (LOD ~ 10°®), which is comparable to existing
nanoplasmonic sensing assemblies. We also verified the platform’s ability to detect and track real-
time changes in local refractive index with a surface modification study using streptavidin-biotin

assay and we were successfully able to detect 0.83 uM of streptavidin. In the future, we plan to

(13 bk

develop a “true” smartphone based sensing assembly, incorporating only the smartphone

components in union with the nanohole arrays, making it self-sufficient in terms of light source,

data acquisition and processing (i.e., sensing).
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Chapter 3

Cost-effective flow-through nanohole array-based biosensing platform

for the label-free detection of uropathogenic E. coli in real time

With minor changes to fulfill formatting requirements, this chapter is as it appears in:
Juan Gomez-Cruz, Srijit Nair, Angel Manjarrez-Hernandez, Sandra Gavilanes Parra, Gabriel

Ascanio and Carlos Escobedo. Biosensors and Bioelectronics, 2018, 106, 105-110.

Abstract: Rapid, inexpensive and sensitive detection of uropathogenic Escherichia coli (UPEC),
a common cause of ascending urinary tract infections (UTIs) including cystitis and pyelonephritis,
is critical given the increasing number of cases and its recurrence worldwide. In this paper, we
present a label-free nanoplasmonic sensing platform, built with off-the-shelf optical and electronic
components, which can detect intact UPEC at concentrations lower than the physiological limit for
UTI diagnosis, in real time. The sensing platform consists of a red LED light source, lens assembly,
CMOS detector, Raspberry Pi interface in conjugation with a metallic flow-through nanohole array-
based sensor. Detection is achieved exploiting nanoplasmonic phenomena from the nanohole arrays
through surface plasmon resonance imaging (SPRi) technique. The platform has a bulk sensitivity
of 212 pixel intensity unit (P1U)/refractive index unit (RIU), and a resolution in the order of 10
RIU. We demonstrate capture and detection of UPEC with a detection limit of ~100 CFU/mI — a
concentration well below the threshold limit for UTI diagnosis in clinical samples. We also
demonstrate detection of UPEC in spiked human urine samples, for two different concentration of
bacteria. This work is particularly relevant for point-of-care applications, especially for regions
around the world where accessibility to medical facilities is heavily dependent upon economy, and

availability.
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3.1 Introduction

Urinary tract infections (UTIs) are among the most prevailing infectious diseases on a
global scale. Every year, an estimated of 150 million people are affected by UTIs worldwide, and
the majority of those infections (~ 80%) are caused by uropathogenic Escherichia coli (UPEC).}3
UPEC invade the urothelial cell lining and live within the urinary tract by evading the host’s
immune response. Conventionally, detection of UPEC is achieved by biochemical and serological
methods, culturing bacteria in selective media. Although these techniques are well-established,
highly selective and reliable for detecting and measuring the level of UPEC bacterial infections,
the timeline for detection requires 3 to 7 days to complete.* With recent advances in polymerase
chain reaction (PCR) and immunology-based enzyme-linked immunosorbent assays (ELISA), the
detection timeline has come down to several hours.* However, these procedures require tedious
pre-treatment methods such as cell lysis, nucleic acid extraction, and signal amplification
accompanied by specialized lab technicians, which inherently increase costs, limiting their
widespread applicability. These limitations are particularly important from a world-wide
perspective, since 56% of the global rural population has no access to essential medical facilities
and, therefore, to effective disease diagnosis.® In recent years, researchers have explored several
fields to develop new biosensing technologies that enable point-of-care (POC) testing for infectious
diseases on-site.®® In this sense, nanoplasmonic biosensors provide a unique prospect to develop
fully-integrated, portable POC biosensing devices enabling real-time and cost-effective detection
of target analytes.®>**

Ordered arrays of metallic sub-wavelength apertures, such as nanoholes, exhibit
extraordinary optical transmission (EOT) as a result of surface plasmons (SPs).*® At resonant
wavelengths, nanohole arrays couple the incident light to SPs, resulting in charge density
oscillations at the metal-dielectric interface.'®*® These electromagnetic standing waves, known as

surface plasmon resonance (SPR), are highly sensitive to changes in the refractive index (RI) at the
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metal-dielectric interface, which can be utilized to detect and study near-surface events in label-
free fashion.'®?! Compared to other optical arrangements that support SPR, such as Kretschmann
configuration, nanohole arrays support SPs at normal light incidence, which enables sensing using
straightforward collinear optics. This convenient optical arrangement, in addition to the small
footprint and sensitivity of nanohole arrays, has facilitated their application in biomedical
diagnostics for the detection of cancer biomarkers,*® bacteria,?®> and viruses.?® Additionally,
nanohole arrays also enable monitoring of near-surface adsorption events (i.e. analyte detection)
via SPR imaging (SPRi) by quantifying the intensity variation from transmitted monochromatic
beams.?* % Most SPRi-based sensing demonstrations dedicated to real-world applications up till
now, including the detection of infectious diseases, have employed bulky and costly setups
involving microscope-based assemblies and CCD modules,?**"? averting their use as effective
POC sensing platforms. In addition, demonstrations of nanohole array based sensing, in the context
of POC UPEC detection, are virtually inexistent.

In this work, we present a SPRi-based sensing platform with a cost-effective, POC-
compatible arrangement with off-the-shelf components that enables detection of UPEC. We
demonstrate a fully integrated label-free sensing platform based on flow-through nanohole arrays
with a footprint of 22 um x 22 um as sensing element. The total platform envelope, containing all
optical elements and light source is 45 cm® (3 cm x 3 cm x 5 cm). The platform comprises an optical
array made from inexpensive commercial components, and an economical CMOS sensor. The
response of the platform is tested via FDTD simulations and SPRi tests for the detection of bulk RI
changes. The platform is ultimately tested for the label-free SPRi-based detection of UPEC in real

time, demonstrating its potential for real-world POC-compatible diagnosis applications.
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3.2  Experimental section

3.2.1 Overview of the integrated sensing platform
Figure 3.1 shows a schematic representation of the biosensing SPRi platform for UPEC
detection. The platform assembly contained all the optical components such as LED, lenses and

sensing nanostructure in a customized holder with a total volume of 45 cm® (3 cm x 3 cm x 5 cm).

Collimating

Iris
lens

Focusing

lens T

LED

TEM grid

Figure 3.1 Schematic representation (not to scale) of the biosensing SPRi platform, consisting of a CMOS detector, light
source (LED, peak wavelength = 626 nm), flow-through nanohole array sensor and off-the-shelf optical elements. The
optics, light source and nanohole array are contained in a customized holder of 45 cm3. The magnified images of an

actual 9-window TEM grid and transmitted light through a nanohole array are shown.

The nanohole arraystructure was attached to a custom-made nanometric positioning stage,
which allowed an accurate mapping of the sample surface. The light source comprised of a red
LED (forward voltage = 2 V, forward current = 20 mA), with a peak intensity at a wavelength ~
626 nm. A plano-convex lens (diameter = 7.9 mm, focal length = 8 mm) was placed after the LED
to collimate the light incident on the sensing element. The sensing element consisted of a TEM grid
(Norcada, Edmonton, AB, Canada) containing an array of 3 x 3 free-standing gold-on-nitride
window membranes of 500 pm x 500 um in surface (Figure 3.1). Each window membrane
contained one array of through nanoholes, with an effective sensing area of 22 um x 22 pm,
nanohole diameter of 280 nm, and uniform pitch of 560 nm. The nanohole array sensor was placed

in the customized holder in normal position with respect to the plane of incidence of the light from
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the LED. A bi-convex lens (diameter = 12.7 mm, focal length = 50 mm) was placed between the
sensor and the CMOS detector, in order to acquire the transmitted light from each nanohole array.

Materials and fabrication costs are crucial factors for the market viability and successful
implementation of a sensor for POC diagnosis. For the platform presented here, the cost of the
gold-on-nitride TEM grids are around US$7 per unit, and the cost associated with the fabrication
of the nanoholes via focused ion beam (FIB) lithography (more details in Section 3.2.2) is about
US$140 (at US$70 per hour, including clean room fees). However, the fabrication of the nanohole
arrays can be dramatically reduced by using more modern nanofabrication methods, such as
template-stripping,” instead of FIB milling. The cost for the rest of the components in the
integrated platform comes to ~ US$95, including the two lenses (Edmund Optics Inc., NJ, USA),
a Raspberry Pi 3 board and CMOS detector (Raspberry Pi Foundation, UK), and the red LED. In
comparison, a traditional SPRi setting involves a He-Ne laser that can cost, for instance, between
US$1,500 (R-30991 HeNe, 633 nm, 5 mW laser, Newport Corp., USA) and US$7,500 (R-14309
HeNe, 633 nm, 35 mW laser, Newport Corp., USA), and a CCD camera with costing around
US$6,000 (based on a 1.4 Megapixel monochrome CCD Camera, standard Package, Thorlabs, Inc.,
USA), or even more if microscopy is involved. The platform presented here reduces, drastically,

the cost of SPRi sensing by two or three orders of magnitude.

3.2.2 Fabrication of flow-through nanohole arrays

The through nanohole arrays were fabricated by focused ion beam (FIB) milling using 100
nm thick SisN4 free-standing membranes (Norcada, Edmonton, AB, Canada) coated with a
thermally evaporated 100 nm layer of gold via a 5 nm Ti/W adhesion layer. For milling, the gallium
ion beam was set to 40 keV with a beam current of 30 pA, the typical beam spot size was 10 nm,

and the dwell time of the beam at one pixel was set to 10 ps.
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3.2.3 Custom-made nanometric positioning system

A custom-made 2-axis nanometric positioning system was built to support and to position
the sensing assembly along the focal plane. This system allowed the precise and controlled motion
of the sensor on a plane perpendicular to the incident light direction, and illumination of a single,
preselected nanohole array. The hanometric positioning system consisted of two orthogonal stages
(x and y-axes), that were each actuated by a stepper motor (NEMA 17, Pololu robotics and
electronics, NV, USA). The connection between the micrometre head of the stage and the shaft of
the motor was achieved using a homemade 3D printed clamp-type flexible coupler, which
dampened the effects of misalignment at this connection junction. The stepper motors had a
minimum step angle of 1.8° (200 steps/revolution), which corresponds to a translational resolution
of ~ 3 um. Since this resolution is insufficient for addressing each nanohole array independently, a
microstep-resolution motor driver (DRV8825, Pololu robotics and electronics, NV, USA) was
connected to the stepper motors, in order to reduce the step size by 1/32. The system was controlled

via an Arduino nanoboard that was connected to the nanometric positioning system.

3.2.4 Bacterial culture

Bacteria E. coli O6:H1 (strain CFT073 / ATCC 700928 / UPEC) were routinely grown at
37°C in Luria-Bertani (LB) medium. Overnight culture resulted in bacterial concentration of 10°
colony-forming units (CFU)/ml. The bacteria sample was then suspended and diluted in PBS (pH

7.4) to obtain 10°,108, 10°, 10°, and 10° CFU/ml in concentration, for UPEC detection experiments.

3.2.5 Production of antibodies
Polyclonal rabbit antiserum to E. coli was prepared by immunization with cell envelopes.
Strain CFT073 was grown overnight at 37°C in M9 defined culture medium (42 mM NazHPOy,

22 mM KH2PO4, 9 mM NaCl, 18 mM NH4Cl, 1 mM MgSO,, 0.1 mM CacCl; and 0.2% (w/v)
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glucose),* supplemented with 0.5 g/L of Peptone. The bacterial pellet was resuspended in 50 mM
Tris-HCI, 5 mM EDTA (pH 7.5) containing protease inhibitor cocktail (Roche, Switzerland) and
disrupted by ultrasonication with two 40 s pulses at low power output, each followed by a 2-min
pause, using a high-intensity ultrasonic processor (50-Watt Model, Sonics Materials Inc. Danbury,
CT), unbroken cells were removed by centrifugation (12,000 x g for 10 min, 4°C). Cell envelopes
were collected by ultracentrifugation (50,000 x g for 30 min, 4°C) and dissolved in PBS (pH 7.4).
The envelope solution was injected subcutaneously (in multiple sites, 0.5 mg without any adjuvant)
into rabbits. The animals were boosted 3 and 6 weeks later with the same membrane solution. Blood

was collected from the central auricular vein of each ear 15 days later.

3.2.6  Human urine preparation
Human urine was collected from healthy individuals who had no history of UTI. The fresh
urine was pooled and filtered with a 0.22-um-pore-size, stored at 4°C and used within the next 1 to

3 days.

3.3 Results and discussion
3.3.1 Nanohole arrays

A total of 9 (3 x 3) nanohole arrays, each having a footprint of 22 pm x 22 um, were
fabricated via FIB lithography. Figure 3.2a shows an actual image of a fabricated flow-through
nanohole array. The EOT associated with nanohole arrays on metallic films is attributed to SPs,
oscillations of free metal electrons upon interaction and trapping of incident electromagnetic waves
at the metal surface. EOT depends on the fabrication parameters, namely: hole diameter, d, and
pitch, p, and the propagation media characteristics such as dielectric constants of the metallic film,
€m, and the surrounding medium, 4. For a square array of circular nanoholes, the SPR transmission

peak position (Asp) at normal incidence can be approximated by the following equation:
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Asp iy = [Veatm/ G + em)| -0 N +7P) (1)

where 7and j represent the resonance grating order.>**** The nanohole arrays fabricated
for this study had a periodicity of 560 hm and a nanohole diameter of 280 nm, and an expected
SPR peak at ~ 680 nm in the transmitted spectrum. Figure 3.2b shows the raw data transmission
spectrum from a single nanohole array, acquired by a linear optical arrangement consisting of a
halogen lamp, collimating lenses and a UV-Visible USB spectrometer (USB 2000+, Ocean Optics
Inc., USA).

(a) _-—ls
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Figure 3.2 (a) SEM image of the fabricated nanohole arrays with a periodicity of 560 nm and diameter of 280 nm.
Scale bar indicates 1 um. The inset shows the electric field intensity distribution obtained from FDTD simulations,
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using light source peak wavelength at A = 626 nm. Scale bar indicates 100 nm. (b) White light transmission spectrum

(raw data) from the nanohole arrays.

The acquired spectrum, which was normalized to isolate the contribution from the SPs,
shows the resonance peak at 690 nm, in agreement with the predicted value from equation (1.36).
Variation in the transmitted light intensity at a fixed wavelength was employed to achieve sensing
via SPRi. The LED used in the platform was selected to have a peak intensity at a wavelength
between 600 and 650 nm, which is a quasi-linear region in the transmission spectrum of the
nanohole arrays when using a halogen lamp. From equation (1.36), it can be observed that an
increase in RI due to, for instance, binding events at the surface of the nanohole arrays, will result
in a red spectral shift that will be reflected as a decrease in the transmitted light intensity. In addition
to the transmitted spectrum, a mapping of the electric field (e-field) intensity distribution was
simulated using 3D finite-difference time-domain (FDTD) method, in order to confirm the electric
field enhancement due to SPR, considering the fabrication parameters. For the simulation, periodic
and anti-periodic boundary conditions were defined in the x- and y- axes, and a perfect match layer
boundary along the z-axis. The e-field response was recorded at A = 626 nm, which corresponds to
the peak intensity wavelength of the red LED employed for this work. The inset in Figure 3.2a
shows the confined e-field enhancement in the vicinity of the nanoholes at the metal-dielectric

interface from the FDTD simulations.

Table 3.1 Calibration of the custom-made nanometric positioning stage (N=3).

Traveled distance (um) 5

S. No. Number of steps Step size (nm)
pm

1 400 30 75

2 600 50 83.3

3 800 60 75

4 1000 80 80
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5 2000 160 80

6 4000 310 715
7 6000 470 78.3
8 8000 630 78.8
9 10000 780 78

10 12000 940 78.3
Average step size 78.4
Standard deviation 2.4

3.3.2 Characterization of the custom-made nanometric positioning stage

The computer user interface that controls the nanometric stages was developed in C#
language. The interface allowed automated mapping of the sensing element by controlling the
rotational direction of each motor, the total travel distance, number of stops and the waiting time at
each stop before reaching the final travel distance. The resolution of the system was calculated
using a stage (MS1S/M, Thorlabs, Inc., NJ, USA) which bears a micrometre screw gauge (148-
205, Mitutoyo, Japan) with an accuracy of + 5 um. Several tests relating a number of steps vs.

travelled distance were carried out (Table 3.1), yielding an average resolution of 78 + 2 nm.

3.3.3 Sensing test

The performance of the integrated platform was first evaluated for the detection of bulk RI
changes, using the setup described in Section 3.2.1 (also see Figure 3.1). The spectral shift resulting
from the bulk RI changes was monitored through SPRi, using the transmitted light images acquired
with the CMOS. The customized holder allowed positioning the nanohole arrays sensing element,
and provided a headspace sufficient to house ~ 10 ul of liquid on top, so solutions with different
RI could be tested. The test solutions used in these experiments consisted of deionized water, and
10%, 15% and 20% (w/v) aqueous sucrose solutions, with respective Rls of 1.330, 1.344, 1.351and
1.357. The transmitted images for each solution were acquired, and processed using Imagel

software. Figure 3.3 shows the mean intensity values of the acquired images for each solution. The
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negative slope of the linear fit of the transmitted light intensity as a function of Rls confirmed the
anticipated red spectral shift of the nanoplasmonic resonance peak. The sensitivity of the platform,
obtained from linear fit, is 212 PIU/RIU, which is comparable to the sensitivity of SPRi platforms
reported in the past.*32®

It is worth mentioning that the platform presented here utilizes off-the-shelf and low-cost
components, which brings the cost of the platform considerably down as compared to similar
systems previously reported. The resolution of the system, which is typically used as a measure of
efficacy as it takes into account the system noise, is in the order of 10 RIU, based on system

repeatability of 10° nm and the calculated sensitivity.>*

3.3.4 Detection of uropathogenic E. coli

The main objective of the presented platform is to be deployed in situ, in order to enable
POC testing. UTI detection, specifically, requires real-time detection of bacteria directly from
bodily fluid. For this reason, the biological tests were focused on the detection of whole bacteria
rather than genome sequence-based methods, which are accurate, but also time-consuming. The
surface of the flow-through nanchole array sensor was functionalized with UPEC-specific
antibodies to achieve whole-bacterium detection, as the antibodies may bind to the membrane of
the bacteria by anchoring to proteins, phospholipids, and oligosaccharides on the cell’s surface, as
reported earlier in the literature.® Figure 3.4a shows the intensity change of transmitted light over
time for both the surface modification with antibodies (t = 0 to t = 15 minutes), and for the detection

of UPEC (t > 15 minutes).
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Figure 3.3 Bulk sensitivity test. Average pixel intensity (a.u.) values of the transmitted light from the nanohole arrays as
a function of RI for water and sucrose solutions (10%, 15% and 20% in concentration). Actual images of the light
intensity, corresponding to each RI, are shown as insets. The line of best fit yields a slope (i.e. sensitivity) of 212 pixel

intensity/RIU. Standard deviations (N = 3) are smaller than the symbols representing data points.

For this experiment, the transmitted light intensity having PBS solution on the sensor was
assumed as baseline (t = 0 minutes). The UPEC-specific antibodies were incubated for 15 minutes
on the metallic surface of the nanohole arrays, and images were acquired at 5-minute intervals. The
surface modification, which produces an increase in local RI, resulted in a red shift in the spectrum
that was reflected as a decrease in the light transmitted intensity, as shown in Figure 3.4a. After
incubation, 10 pl of 10° CFU/ml UPEC were added to the surface of the nanohole arrays, and
images were acquired for 15 minutes, at 5-minute intervals. Finally, the surface of the nanoholes
was rinsed with PBS at the end of the experiment to remove non-captured and floating remnant
UPEC. The relative intensity difference corresponding to the addition of antibody and bacteria
compared to the PBS baseline intensity was 7.237 and 9.067 a.u., respectively, as shown in the
inset in Figure 3.4a. As the sensing efficacy of SPR based sensors is limited by the availability of
analyte on the sensing surface, we performed a dose-based binding study to determine the limit of

detection (LOD) of the sensing platform. UPEC suspensions in PBS with concentrations of 103,
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10°, 10°, 102 and 10° CFU/mI were used in this experiment. Figure 3.4b shows the relative intensity
difference of the plasmonic signal associated with the UPEC capture on the functionalized surface
(i.e. detection). The intensity of the signal varies linearly with the logarithmic concentration of
bacteria. Based on this fit, the calculated LOD of the sensing platform was ~ 100 CFU/ml,
determined by the concentration corresponding to the only-antibody signal (w/o addition of
bacteria) plus 3 times the standard deviation of the acquired signal.®® Notably, this LOD is well
below the physiological concentration range found in reported UTI cases and medical standards.**’
Typically, the concentration of UPEC for diagnosing UTI in clinical samples is ~ 10° CFU/ml,
which is well above the LOD of the platform presented in this work and lays within the range of
concentrations that the presented platform can detect (Figure 3.4b). Moreover, the platform enables
the detection of UPEC with a sensitivity that is competitive, compared to established technologies
currently in practice. For the experiment using human urine, UPEC-specific antibodies were
incubated for 15 minutes on a clean nanohole array, and images were acquired at 5-minute intervals,
similar to the previously described experiments with PBS solution. Then, 10 pl of urine samples
spiked with UPEC were added to the surface of the nanohole arrays, followed by a urine rinse step
to remove non-captured UPEC. The concentrations of UPEC in the urine used in this experiment
were 10° and 10® CFU/ml, and images were acquired for 15 minutes, at 5-minute intervals. Figure
3.4b shows the two data points (red stars) corresponding to the relative intensity associated with
the detection of the bacteria at the two different concentrations, demonstrating the potential of the

biosensing platform to detect UPEC in complex matrices, including bodily fluids.
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(a)

(b)

Figure 3.4 Time-dependent uropathogenic E. coli detection assay. (a) Real-time relative intensity shift corresponding to
detection of bacteria at a concentration of 109 CFU/ml. Three-dimensional renderings (not to scale) illustrate the scheme
employed for bacteria detection. The inset shows the cumulative intensity shift observed after addition of anti-UPEC
antibody and UPEC. (b) Relative intensity shift corresponding to different concentrations of UPEC in PBS buffer (103,
105, 106, 108, 109 CFU/mI; black squares; R2=0.947) and in human urine (105, 108 CFU/mI; red stars). Error bars
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3.4 Conclusions

Here we demonstrated a fully integrated, compact, and low-cost SPRi platform that enables
the label-free detection of UPEC. The miniaturized sensing assembly has a volume envelope of 3
cm x 3 cm x 5 c¢m, and consists of a nanohole array based nanoplasmonic sensor, an inexpensive
commercial CMOS detector, and off-the-shelf optical components. The sensing platform detects
bulk RI changes with a sensitivity of 212 pixel intensity/RIU and has a resolution of 10 RIU. The
platform facilitated the effective detection of UPEC in both PBS and human urine, at concentrations
spanning from 10° to 10° CFU/mI, which demonstrates its potential for real-world POC biosensing
applications. The calculated LOD of the platform for the detection of UPEC is ~ 100 CFU/ml,
which is well below the threshold limit for UTI diagnosis. Furthermore, the platform allowed
detection of UPEC within 35 minutes, taking into consideration the time required to incubate and
detect both the antibodies and the bacteria. In addition to the rapid detection process, the overall
cost of the platform is exceptionally low compared to established SPRi systems, due to the off-the-
shelf optical components, and the inexpensive LED and CMOS involved. Another benefit of the
system presented here is that samples require minimal pre-treatment, enabling the detection of
intact bacteria, which significantly reduces the time-consuming preprocessing steps, in contrast to
traditional DNA extraction and amplification approaches. The sensitivity of the platform, along
with the cost and deployment easiness, demonstrates its potential as POC diagnostic device for the
in situ, label-free detection of UTI using raw samples, such as bodily fluids. Future directions on
the platform may include integration of intricate microfluidics as part of the assembly for
multiplexed sensing. The results presented here demonstrate that the platform has the potential to
advance the telemedicine field, including POC diagnostics, as the optics, light source and detector

of the assembly are fully compatible with and can be adapted to smartphones.
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Chapter 4

Selective Uropathogenic E. coli Detection Using Crossed Surface-Relief

Gratings

With minor changes to fulfill formatting requirements, this chapter is as it appears in: Srijit Nair,
Juan Gomez-Cruz, Angel Manjarrez-Hernandez, Gabriel Ascanio, Ribal Georges Sabat and Carlos

Escobedo. Sensors 2018, 18(11), 3634.

Abstract: Urinary tract infections (UTIs) are one of the major burdens on public healthcare
worldwide. One of the primary causes of UTIs is the invasion of the urinary tract by uropathogenic
Escherichia coli (UPEC). Improper treatment of bacterial infections like UTIs with broad-spectrum
antibiotics has contributed to the rise of antimicrobial resistance, necessitating the development of
an inexpensive, rapid and accurate detection of UPEC. Here, we present real-time, selective and
label-free detection of UPEC using crossed surface-relief gratings (CSRGs) as nanometallic
sensors incorporated into an optical sensing platform. CSRGs enable real-time sensing due to their
unique surface plasmon resonance (SPR)-based light energy exchange, resulting in detection of a
very-narrow-bandwidth SPR signal after the elimination of residual incident light. The platform’s
sensing ability is experimentally demonstrated by the detection of bulk refractive index (RI)
changes, with a bulk sensitivity of 382.2 nm/RIU and a resolution in the order of 10° RIU. We
also demonstrate, for the first time, CSRG-based real-time selective capture and detection of UPEC
in phosphate-buffered saline (PBS), in clinically relevant concentrations, as opposed to other UTI-
causing Gram-negative bacteria. The platform’s detection limit is calculated to be 10° CFU/mL
(concentration on par with the clinical threshold for UTI diagnosis), with a dynamic range spanning

four orders of magnitude. This work paves the way for the development of inexpensive point-of-
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care diagnosis devices focusing on effective treatment of UTIs, which are a burden on public

healthcare due to the rise in the number of cases and their recurrences in the recent past.

4.1 Introduction

Urinary tract infections (UTIs) are one of the most common bacterial infections worldwide.
These infections are associated with escalating healthcare costs, with an estimated 10.5 million
hospital visits in the United States alone in 2007, resulting in a direct and nondirect healthcare
expenditure of over $2 billion.? In over 80% of cases of UTIs, the primary culprit is uropathogenic
Escherichia coli (UPEC), which is also a major cause of many community- and healthcare-
associated diseases.®** The immune system controls the susceptibility of UTIs in humans and,
depending on the individual’s immunity, UPECs may invade the epithelial cell lining along the
urinary tract, where they grow and multiply, invading eventually other sites via the bloodstream.>®
UPEC detection in laboratories usually involves biochemical assays like nitrite and/or esterase tests
using serological techniques, which suffer from a high probability of false-positive results.” At the
same time, improper drug administration increases the risk of developing antibiotic-resistant
bacteria.* Other detection techniques involve established urine culture analysis, which is time
consuming (3 to 7 days), laborious and requires specialized laboratory technicians to perform.®
Recently, genome-based detection techniques employing polymerase chain reaction (PCR) have
brought the timeline of detection to a few hours.® These techniques, however, require highly
specialized personnel to extract the genomic material for signal amplification, through tedious
pretreatment methods such as cell lysis® and electrophoresis,’® increasing the overall cost
dramatically, and thus limiting their applicability. For these reasons, the development of simple,
cost-effective and time-saving devices for healthcare applications is highly sought after by the
scientific community.** In this context, there is a timely opportunity for new healthcare diagnosis

technologies to be paired with or integrated into portable electronics, which have flooded the
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consumer electronics market over the past few years.'? Personal devices, such as smartphones,
which have become omnipresent in recent times, provide a powerful tool for development of fully
integrated point-of-care (POC) devices as diagnostic platforms.*** With the advancement in fields
of microfluidics, immunology, colorimetry, electrochemistry, light scattering-based approaches,
surface plasmon resonance (SPR) and so on, researchers have developed on-site POC devices
utilizing smartphone-based diagnostic platforms.t®*°

Nanoplasmonic sensors supporting SPR have been employed in various biosensing
applications in the past.?®2® In terms of the design of POC devices, metallic nanostructures such as
surface-relief gratings (SRGs) offer several key advantages including very small footprint,
portability and compatibility with collinear optics, providing easiness of integration with other
microsystems.?"?® Since surface plasmons (SPs) in SRGs can be precisely tuned by controlling the
grating fabrication parameters, such as the depth and pitch, this provides a unique avenue for the
development of biomedical devices at low operational and fabrication cost.?*°

Recently, crossed surface-relief gratings (CSRGs) have been proven to be low-cost
nanoplasmonic biosensors with much-improved sensing abilities compared to traditional SRGs.?
SPs in SRGs are excited when incident light beam polarization is oriented along the grating vector,
leading to the excitation of a wavelength-specific SP on a metal-coated grating.** This SP is
normally observed as an enhanced transmission at the SPR-specific wavelength for polychromatic
incident light depending not only on the light polarization, but also on the light incidence angle, the
grating pitch and the refractive indices of the dielectric and the metal. CSRGs provide a different
approach in SPR-based biosensing since they consist of orthogonally superimposed SRGs,
allowing SPR excitation in two perpendicular light polarizations. When an incident light is
polarized along the grating vector of one SRG, plasmons are excited at the metal—dielectric
interface and an energy exchange takes place where the SPR resonant light is then re-radiated by

the second grating in the orthogonal light polarization compared to the incident light.®2 Due to this
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unique phenomenon, when a broadband polychromatic light is incident on a CSRG placed between
two crossed polarizers, only a narrow bandwidth corresponding to the SPR signal is transmitted,
thus eliminating the rest of the incident light. Compared to other metallic nanostructures, sensing
with this technique requires virtually no post-acquisition data processing, since the SPR signal is
measured directly.

In this work, we present a fully integrated UPEC detection platform developed from off-the-
shelf, low-cost optical components, employing CSRGs as optical sensors, with an envelope of 62.5
cm?® (2.5 cm x 2.5 cm x 10 cm). The platform consists of inexpensive smartphone-analogous white
LED, dichroic polarizers and a portable USB spectrometer, making it suitable for point-of-care and
other applications requiring portability. The sensitivity of the platform is 382.2 nm/RIU, based on
bulk refractive index change tests. The platform was tested for the label-free detection of UPEC in
real time, and the selectivity of the platform for UPEC was further demonstrated by performing the
same experimental assays with other Gram-negative, UTI-causing bacteria. This demonstrates the
potential of the platform for real-world applications and represents the first demonstration of

CSRG-based UPEC detection.

4.2  Materials and methods
4.2.1 Azo-glass film

Azo-glass (DR1-glass (3 wt %) solution in dichloromethane) was prepared according to the
steps described elsewhere.®® The solution was mechanically shaken for 1 h, then filtered via a 0.45
pum syringe filter (EMD Millipore, Merck KGaA, Darmstadt, Germany). Approximately 500 pL of
the azo-glass solution was spin-coated on a soda lime glass slide with dimensions of 2.5 cm x 2.5
cm. Spin-coating was performed utilizing a Headway Research spin-coater (1000 rpm, 20 s), resulting

in ~200-nm-thick films. The thickness of the azo-glass was measured with a Sloan Dektak 11 surface
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profiler (Veeco Instruments Inc., Plainview, NY, USA). Spin-coated substrates were later dried in

a Yamato ADP-21 oven at 95 °C for 1 h, to evaporate any remaining solvent.

4.2.2 CSRG Fabrication

Orthogonally superimposed SRGs were fabricated as per the steps mentioned in.?3 A solid-
state diode-pumped laser (Coherent Inc., Santa Clara, CA, USA, Verdi V5, A = 532 nm) with an
irradiance of 382 mW/cm? in conjugation with a Lloyd mirror setup was used to generate a
sinusoidal interference pattern on the azo-glass-coated substrates. This holographic exposure was
achieved by two interfering beams, one inciting directly from the laser, and one reflected upon the
3 x 3 cm? Lloyd mirror placed orthogonally to the sample. The resulting sinusoidal pattern, which
was set to achieve 450 nm periodicity, was imprinted on the azo-glass substrate as SRGs and the
area of the SRGs was controlled by a variable iris placed before the sample. With an opening of 1
cm in diameter, a grating area of 0.39 cm? was achieved. After the first inscription to generate the
SRG structure, the substrate was rotated by 90° and exposed to the laser interference pattern again,
to generate two superimposed CSRGs with an identical pitch of 450. Subsequently, a 60-nm-thick
Au film was deposited using a Bal-Tec SCD 050 sputter coater (I =50 mA, t = 150 s), resulting in

AUu—CSRGs used in this work.

4.2.3 Experimental Setup

A 3D-printed custom-made assembly consisting of a 3.5 V, 20 mA, white LED (LED-w5h-ac-
h110, SiLed, Mexico) used in conjugation with a plano-convex lens (7.9 mm diameter, 8 mm focal
length, Edmund Optics Inc., NJ, USA) functioned as the light source. A holder was 3D-printed,
using a Miicraft+ (Miicraft, Hsinchu, Taiwan) 3D printer, in order to position and collimate the
LED light vertically on the sensing substrate. A horizontal polarizer (TECHSPEC® Wire Grid

Polarizing Film, Edmund Optics Inc., Barrington, NJ, USA) was placed directly underneath the
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3D-printed assembly, accompanied by a variable iris to control the spot size of the light incident
on the CSRGs. A custom sample holder, mounting the CSRGs, was positioned directly beneath the
iris and a second polarizer in vertical orientation was placed after the sample to eliminate residual
light after the SPR conversion. The fiber optic probe from a UV-vis spectrometer (USB 2000+,
Ocean Optics, Largo, FL, USA) was positioned underneath the horizontal polarizer for maximum
signal capture. All the components were arranged in a collinear arrangement atop a vertical optical

rail.

4.2.4 Bacteria Culture

Bacteria E. coli O6:H1 (strain CFTO73/ATCC 700928/UPEC), Klebsiella pneumonia,
Pseudomonas aeruginosa, and Proteus mirabilis were routinely grown at 37 °C in Luria-Bertani
(LB) medium. Overnight cultures resulted in bacterial concentration of 10° colony-forming units

(CFU)/mL.

4.25 Antibody Production

Polyclonal rabbit antiserum to E. coli was prepared by immunization with cell envelopes.
Strain CFT073 was grown overnight at 37 °C in M9 defined culture medium (42 mM Na;HPOQu,
22 mM KH2PO4, 9 mM NaCl, 18 mM NH4CI, 1 mM MgSQO,4, 0.1 mM CaCl; and 0.2% (w/v)
glucose),* supplemented with 0.5 g/L of Peptone. The bacterial pellet was resuspended in 50 mM Tris-
HCI, 5 mM EDTA (pH 7.5) containing protease inhibitor cocktail (Roche, Basel-City, Basel,
Switzerland) and disrupted by ultrasonication with two 40 s pulses at low-power output, each
followed by a 2-min pause, using a high-intensity ultrasonic processor (50-Watt Model, Sonics
Materials Inc. Danbury, CT, USA); unbroken cells were removed by centrifugation (12,000x g for
10 min, 4 °C). Cell envelopes were collected by ultracentrifugation (50,000% g for 30 min, 4 °C)

and dissolved in PBS (pH 7.4). The envelope solution was injected subcutaneously (in multiple
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sites, 0.5 mg without any adjuvant) into rabbits. The animals were boosted 3 and 6 weeks later with
the same membrane solution. Blood was collected from the central auricular vein of each ear 15

days later.

4.2.6 Bulk RI Sensing Experiments

A thin polydimethylsiloxane-siloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI,
USA) layer, of approximately 2 mm in thickness, was prepared by methods described elsewhere.®® An
8 mm x 8 mm hole was cut onto a 2 cm x 2 cm piece of the prepared thin PDMS layer, and it was
placed on top of the crossed pattern region of the CSRGs. Sucrose solutions in deionized water
with different weight percentages (5%, 10%, 15% and 20%) were prepared to be used as test
solutions for bulk refractive index sensing. The refractive indices of the solutions were measured

utilizing an Abbe refractometer (Shanghai Optical Instruments Co. Ltd., Shanghai, China).

4.2.7 Bacterial Detection

The surface of the CSRGs was cleaned and prepared by rinsing with 10% acetone and
deionized water before the bacterial immobilization. Subsequently, the test solution was dispensed
in the PDMS well to be hosted over the CSRG surface. Next, a baseline signal was acquired after
introducing phosphate-buffered saline (PBS) solution into the PDMS well. The SPR peak acquired
corresponding to the PBS transmission signal was used to calibrate the SPR peak-shift observed in
the later part of the experiment. Next, UPEC-specific antibody solution was introduced onto the
surface of CSRGs, and the corresponding SPR signal was recorded for 15 min. Thereafter, the
sample was rinsed with PBS solution to discard any antibody not attached to the surface. The
bacterial suspensions in PBS were inserted, recording the corresponding SPR peak shifts for 15
min. For UPEC, the transmission spectra from the CSRGs were acquired in real time, every 2 min.

For other bacteria, the transmission spectra were obtained every 4 min.
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4.3 Results and discussion
4.3.1 Crossed Surface-Relief Gratings

Figure 4.1a shows the CSRG nanofabrication procedure. The nanostructures were fabricated
on substrates coated with azo-glass through a laser inscription technique. The SPR signal associated
with CSRGs is attributed to the SPR energy conversion occurring between the individual SRGs.
For normally incident light, the SPR excitation wavelength (Aspr) depends on the pitch (A) of the
gratings, and the propagation characteristics of the media such as the dielectric permittivities of the
metallic film, em, and the surrounding dielectric medium, &¢. The intensity or signal strength of the
standing-wave surface plasmon is dependent on the depth of the gratings. For CSRGs, the SPR
energy conversion occurs at Aspr When the light momentum is phase-matched between the
diffracted incident light and the surface plasmon. Thus, for normal light incidence, Aspr Can be

represented as:
Aspr =MA [em/ (0 + &m)]"?, (4.1)

where 1 is the refractive index of the surrounding dielectric medium, and 1 = (eq)2. From equation
(4.1), it can be inferred that an increase in |} would result in an increase in Aspr. The thickness of
the azo-glass layer also plays an important role in transmission spectroscopy since an azo-glass
film absorbs light below 550 nm. Thus, a thick azo-glass film may result in a decreased surface
plasmon signal in transmission. On the other hand, a very thin coating of azo-glass may result in
shallow gratings, greatly reducing the intensity of the transmitted SPR signal. Accordingly, the
thickness of azo-glass film was optimised to approximately 200 nm for all the fabricated sensors.
Also, to avoid the absorbance by azo-glass, the pitch of the gratings was chosen to excite plasmons
above 600 nm. Another factor that influenced the choice of pitch of the gratings was the light
source. Since the system is intended for smartphone-based platforms, the white LED used in this

work is analogous to a smartphone flash LED. As evident from Figure 4.1b, the spectra of the white
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LED used for this work has a maximum around 550 nm, eventually tailing-off until there is no light
above 700 nm. Lastly, it must be considered that the optical platform is to be employed for water-
based samples: sucrose solutions, PBS and bacterial solutions. Taking all the aforementioned
factors into account, it was desirable to achieve the SPR signal in the range of 600—700 nm for the
test solutions. From equation (4.1), based on 450-nm pitch gratings, a theoretical Aspr Of 648 Nm can
be calculated for water as the surrounding dielectric medium. Using this input parameter, 450-nm-
pitch CSRGs were fabricated by orthogonal superimposition of individual SRGs with identical 450-
nm pitch. First, a 450-nm-pitch SRG was laser-inscribed on the azo-glass substrates using a solid-
state diode-pumped laser (irradiance = 382 mW/cm?) by direct holographic exposure for 300 s.
Next, the substrate was rotated 90°, and a second SRG, superimposed on the initial grating, was
laser-inscribed for 60 s. This resulted in orthogonally superimposed SRGs (i.e., CSRGs) of similar
depth and diffraction efficiencies. Surface topography analysis using atomic force microscopy
(AFM) shows the generation of CSRGs with a depth of c.a. 75 nm and desired pitch of 450 nm, as
shown in Figure 4.1c. Subsequently, sputter deposition was performed to coat the fabricated
CSRGs with 60-nm-thick Au film. Figure 4.1d shows the actual CSRG sensors, with the grating
region showing the multi-colored diffractions. It is worth mentioning that the nanofabrication
protocol, involving the azo-glass, provides a cheaper alternative to the clean-room-based
techniques, and at the same time, allows nanometer precision in fabrication of gratings by
controlling the fabrication parameters such as laser power, laser angle of incidence on the substrate,
and time of exposure. This permits precise control over the depth and pitch of the gratings, allowing

the freedom to design CSRGs based on the desired SPR signal wavelength.
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Figure 4.1 (a) Schematics of the fabrication procedure for CSRGs. (b) Normalized spectra for white LED used in this
work. (c) AFM scan of 4 um x 4 um crossed region showing the orthogonally superimposed SRGs. (d) Actual image of

the fabricated CSRGs with the crossed region marked with red box. White scale bar corresponds to 1 cm.

4.3.2 Optical Characterization

As the system is intended to be used, ultimately, as a smartphone-based platform, one of the
critical goals was to reduce the footprint of the optical platform. Figure 4.2 shows the schematic
representation of the experimental setup developed for this work. Collimated white light from the
3D-printed assembly was first directed towards the horizontally aligned polarizer. The horizontally
polarized light was then incident on the metallic CSRGs. At this juncture, surface plasmons are
excited at the metal-dielectric interface of the CSRGs, by the first grating having a horizontal
grating vector. An SPR energy exchange then occurs between the first grating and its orthogonal
component, having a vertical grating vector. This SPR energy is then re-radiated by the second
grating, as explained elsewhere.?®**2 This resulting out-coupled light has a polarization orthogonal
to the incident horizontally polarized light. Therefore, placing a vertical polarizer downstream from

the CSRGs eliminates the entire incident light, except for the re-radiated SPR signal from the
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CSRGs. This unique feature allows acquisition of SPR signals without any further normalization

of the transmitted light (with the transmission spectra of gold or source light).

é <«—— White LED holder
Collimating lens ——»

<—— Variable Iris

Horizontal polarizer ——»
<+—— C(CSRGs

Vertical polarizer ——»

<«+——— Spectrometer

Figure 4.2 Schematic of the optical platform for transmission-based spectroscopy using CSRGs. All the elements are
arranged in a collinear arrangement on a vertical rail. The light from the white LED passes through a variable iris, to
control the spot diameter upon the horizontal polarizer, which is then incident on the CSRGs exciting the plasmons. The
resulting out-coupled light then traverses the vertical polarizer, annulling all residual light from the white LED source,

except the plasmonic signal detected by the spectrometer.

4.3.3 Bulk Refractive Index Sensing

Figure 4.3a shows the SPR signal acquired for deionised water using two different CSRGs,
illuminated by a broadband halogen lamp, with the first CSRG having equal pitches of A =450 nm
and the second CSRG having equal pitches of A =550 nm. From equation (4.1), the theoretically
calculated Aspr for deionised water is 648 nm and 765 nm for A =450 nm and 550 nm, respectively.
Experimentally, Aspr for deionised water, calculated from the acquired spectra, was found to be 637
nm and 761 nm. The difference between the theoretical and observed Aspr is Mainly due to the flat
interface approximation considered when deriving equation (4.1). Nonetheless, these values are

sufficiently close to display the precision of the nanofabrication method in tailoring the SPR
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response with respect to the end-application. Next, the performance of the miniaturized setup was
evaluated to detect changes in the bulk refractive index by using aqueous sucrose solutions of 5%,
10%, 15% and 20% concentration (w/v), with respective Rls of 1.337, 1.344, 1.351 and 1.357,
measured using the Abbe refractometer. A thin PDMS slab (2 cm x 2 cm) with an 8 mm x 8 mm
chamber was placed on the CSRGs, in order to allow liquid—metal contact. The liquid in the
chamber, ~140 pL, was covered with a cover slip to eliminate any potential lensing effect. The
transmitted spectrum was acquired for each solution, as per the setup described previously. Figure
4.3b shows the spectra, and corresponding SPR peaks, of the sucrose test solutions. The SPR
spectrum shows a characteristic red-shifting, corresponding to the increase in RI, as explained
earlier and as prescribed by equation (4.1). The SPR signals were normalized and the total peak-
shift at 80% maximum intensity was recorded. Figure 4.3c shows the recorded linear peak-shift
associated with the increments in the refractive indices of the test solutions. The sensitivity of the
platform, obtained from the linear fit of the peak-shift, was 382.2 nm/RI1U, which is comparable to
previously reported values of SRG-based sensors operating in transmission mode.* It should also
be noted that the platform presented here employs off-the-shelf and inexpensive optical
components, lowering the device fabrication cost considerably as compared to similar systems
reported previously.? The resolution of our system, based on calculated sensitivity and system
repeatability of 107> nm, is 10°° RIU.%' This value is particularly important since it gives information

about the efficacy of our device by taking the system noise into account.
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Figure 4.3 Bulk sensitivity test. (a) Normalized SPR peaks for water acquired using two different pitch CSRGs (450 nm
and 550 nm). (b) Normalized SPR peaks for aqueous sucrose solutions of different concentrations (5%, 10%, 15% and
20%). The SPR spectrum shifts toward red as the refractive index increases. (c) Wavelength (nm) vs refractive index
(RIU) for each solution. The sensitivity of the platform is 382.2 nm/RIU, based on the slope of the linear fit. No error
bars are indicated since the standard deviation for N = 3 is smaller than the size of the symbol representing the mean in
the graph.

4.3.3 Bacterial Detection
The utility of the sensing platform to detect UPEC was investigated. The employed schema focused
on detection of intact bacteria, as opposed to genome-based sequencing techniques, which involve

time-consuming steps such as DNA extraction, PCR and subsequent processing. Also, clinical UTI
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detection involving urine culture is laborious and involves qualified technicians and specialized
facilities, resulting in delayed detection timelines. The platform presented here overcomes the
drawbacks of such methods, reducing the UPEC detection time from days to minutes. UPEC-
specific antibodies, prepared as described in the Methods section, immobilize the bacteria by
binding to their outer membrane. Binding is facilitated by anchoring of proteins, phospholipids and
oligosaccharides to the cells’ surface.*® The surface of the CSRGs was functionalized with UPEC-
specific antibodies to enable whole-bacterium detection. Figure 4.4a shows the relative SPR peak
shift observed in real time for both antibodies (t = 0 to t = 15 min) and for detection of bacteria (t
> 15 min) taking the signal for PBS as baseline (t = 0 min). The UPEC-specific antibodies were
incubated on the CSRG surface for 15 min, and the transmission spectra were acquired every 2
min. The immobilization of the antibodies on the surface of CSRGs promoted an increase in the
local refractive index at the metal—dielectric interface. This increase was reflected as a red-shift in
the transmission spectra (i.e., SPR peak) as theorized by equation (4.1). Next, UPEC solution in
PBS (10° CFU/mL) was added to the antibody-modified CSRG surface, and the transmission
spectra were acquired every 2 min for another 15 min. The real-time displacement in the SPR
spectra, due to the antibody and bacteria immobilization, is presented in Figure 4.4a as a function
of time (black square). As evidenced by the inset in Figure 4.4a, the addition of antibody and
bacteria resulted in a respective 0.9 nm and 2.13 nm shift, compared to the PBS baseline. Another
goal of this work was to demonstrate the platform’s specificity in detection of UPEC. The
selectivity of the platform was validated by performing the same experiment with other UTI-
causing, Gram-negative bacteria, namely: Klebsiella pneumonia, Pseudomonas aeruginosa and
Proteus mirabilis. After initial incubation of UPEC-specific antibody for 15 min, 140 pL of the
bacterial solution in PBS (10° CFU/mL) was added, and the transmission spectra were recorded for
15 min, at five-min intervals. Colored symbols (other than black) after t = 15 min represent other

nonspecific bacteria. The platform was highly specific for the detection of UPEC, evident from the
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very small shift observed with the other Gram-negative bacteria, as shown in Figure 4.4a. The platform
was also tested for any potential drifting by monitoring the signal over time using DI water, PBS
solution, and bound streptavidin to a cysteamine—biotin complex immaobilized atop the CSRG
surface, under quasi-steady-state conditions as reported elsewhere® (details available in the
Supplementary Materials). The limit of detection (LOD) of the CSRG-based platform was
determined by a dose-based binding study. UPEC solutions in PBS with concentrations of 10°, 10’
and 10° CFU/mL were used in this experiment. Figure 4.4b shows the relative shift of the plasmonic
signal, detected from the antibody-functionalized CSRG surface upon addition of different
concentrations of UPEC solution. Based on this study and taking into consideration the resolution
of the spectrometer, we calculated the LOD of the platform to be approximately 10° CFU/mL, with
a dynamic range of four orders of magnitude (10°-10° (CFU/mL)).3**° This value is on par with
the clinical threshold for UPEC concentrations (10° CFU/mL) in UTI diagnosis.® The SPR peak-
shifts observed in this experiment are accordant with the bacterial detection studies previously
reported in the literature.*** This experiment, notably, represents the first demonstration of CSRG-

based bacterial detection.
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Figure 4.4 Selective uropathogenic E. coli (UPEC) detection assay. (a) Real-time relative shift corresponding to capture
of UPEC bacteria, and other UTI-causing Gram-negative bacteria at concentration 10° CFU/mL. Inset shows the relative
cumulative shift in SPR signal observed after binding of UPEC-specific antibody and UPEC. (b) Relative shift
corresponding to different concentrations of UPEC in PBS buffer (10°, 107, 10° CFU/mL). Error bars indicate the standard

deviation observed for each bacterial measurement for N = 3.

4.4 Conclusions

This work presents the first demonstration of label-free detection of bacteria by CSRGs as a
nanoplasmonic sensor. A fully integrated, miniaturized (2.5 cm x 2.5 cm x 10 cm) platform
consisting of smartphone-compatible, inexpensive optical and electronic components in
conjugation with CSRGs is employed for SPR-based sensing. The platform demonstrates a
sensitivity of 382.2 nm/RIU, with a resolution of 10 RIU, for bulk refractive index changes. The
sensitivity of the platform depends not only on the integrity and characteristics of the metallic
nanostructure, but also on the optical assembly, including the quality of its components, employed
for sensing. Despite the low-cost optical components used in this work, the sensitivity is still on

par with similar nanoplasmonic assemblies in the literature. We employed the platform for selective
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detection of UPEC suspended in PBS solution, demonstrating its potential in real-world
applications. The platform was able to detect UPEC capture by immobilized antibodies on the CSRG
surface, at concentrations from 10° to 10° CFU/mL, with the whole detection being performed in 35
min as opposed to clinical detection timelines of days. The platform has a dynamic range spanning
four orders of magnitude, with an experimental LOD for UPEC detection in PBS to be ~10°
CFU/mL, which is on par with the physiological limit for UTI diagnosis. Along with the low cost
of the platform and sensor, the detection was carried out with minimal sample pretreatment as
opposed to established genomic techniques, which require time-consuming assays to extract and
amplify bacterial genome. In the future, detection of UPEC in complex biological matrices, like
human urine, would further advance and solidify the platform’s applicability as a point-of-care
device. The platform, however, had limitations in terms of detection of lower concentrations of
bacteria due to the resolution of the USB spectrometer. However, this drawback can be overcome
by using SPR imaging (SPRi) techniques. Imaging components such as complementary metal-
oxide semiconductor (CMOS) may improve the resolution of the platform considerably.
Furthermore, incorporation of microfluidic components could improve upon the functionality of
the detection platform for complex applications including multiplexed sensing. Overall, the
platform presented here has great potential to advance the field of smartphone-based sensing and

telemedicine, with a wide range of applications.
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Chapter 5

Rapid label-free detection of intact pathogenic bacteria in situ via
surface plasmon resonance imaging enabled by crossed surface relief

gratings

With minor changes to fulfill formatting requirements, this chapter is as it appears in: Srijit Nair,
Juan Gomez-Cruz, Angel Manjarrez-Hernandez, Gabriel Ascanio, Ribal Georges Sabat and Carlos

Escobedo. Analyst 145 (6), 2133-2142.

Abstract: The unique plasmonic energy exchange occurring within metallic crossed surface relief
gratings (CSRGs) has recently motivated their use as biosensors. However, CSRG-based
biosensing has been limited to spectroscopic techniques, failing to harness their potential for
integration with ubiquitous portable electronics. Here, we introduce biosensing via surface plasmon
resonance imaging (SPRi) enabled by CSRGs. The SPRi platform is fully integrated including
optics and electronics, has bulk sensitivity of 613 Pixel Intensity Unit (PIU)/Refractive Index Unit
(RIV), a resolution of 10° RIU and a signal-to-noise ratio of ~33 dB. Finite-Difference Time-
Domain (FDTD) simulations confirm that CSRG-enabled SPRIi is supported by an electric field
intensity enhancement of ~ 30 times, due to plasmon resonance at the metal-dielectric interface. In
the context of real-world biosensing applications, we demonstrate the rapid (< 35 min) and label-
free detection of uropathogenic E. coli (UPEC) in PBS and human urine samples for concentrations
ranging from 10° to 10° CFU/mL. The detection limit of the platform is ~100 CFU/mL, three orders
of magnitude lower than the clinical detection limit for diagnosis of urinary tract infection. This
work presents a new avenue for CSRGs as SPRi-based biosensing platforms and their great

potential for integration with portable electronics for applications requiring in situ detection.
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5.1 Introduction

Nanostructured metallic substrates supporting surface plasmon resonance (SPR) have been
widely employed for the development of biosensing platforms.>° Surface relief gratings (SRGS),
in particular, allow direct coupling of normally incident light into surface plasmons (SPs) upon
phase-matching the diffracted light wave number to that of the plasmon.'! In contrast to other
optical arrangements, such as the Kretschmann and Otto configurations, SRGs allow excitation of
SPs using collinear optics. The plasmonic excitation results in the enhancement of the local
electromagnetic fields at the metal-dielectric interface upon coupling the incident light into a
surface plasmon polariton (SPP). SRGs have an inherent small footprint, which offers additional
benefits in terms of portability and compatibility with other microsystems.'? By controlling the
grating topology, SRGs allow for precise and tunable SPs excitations, enabling the detection of
target analytes — an important asset in the development for application-specific biosensors.**** In
the case of pathogenic bacterial detection, biosensors must allow for a rapid and sensitive response
as the presence of even a single microorganism could cause infections, which represents a major
challenge for SPR-based sensors in general.'® Therefore, label-free and real-time sensing of whole
pathogenic bacteria at very low concentrations in complex matrices, such as bodily fluids, is the
epitome of early diagnosis of infectious diseases detection.

Crossed surface relief gratings (CSRGs) have been recently demonstrated as
nanoplasmonic sensors that enable detection of biomolecular interactions in real-time, with a high
sensitivity, suitable for the detection of ultralow concentrations of analytes.!” CSRGs consist of two
orthogonally superimposed gratings that exhibit a unique plasmonic energy exchange. When
incident light on the CSRG is polarized along one of the grating vectors, SPs are excited at the
metal-dielectric interface by that grating having its vector aligned with the incident light
polarization. Subsequently, the energy exchange between the orthogonal gratings takes place,
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resulting in the re-radiation of the SPR energy with a polarization direction orthogonal to that of
the original incident light.***® Therefore, when broadband light is incident on a CSRG placed
between two crossed polarizers, only a narrow and pitch-dependent bandwidth of the SPR-
polarization-converted light is transmitted across the system as a single resonance peak with a high
signal-to-noise ratio. This occurs because the orthogonal polarizers cancel the remaining light that
has not coupled to the SPR. This unique SPR energy transfer enables a 3-fold sensitivity
enhancement over conventional SRGs.*” Until now, biosensing with CSRGs has been achieved via
spectral interrogation.'”?° Spectral interrogation invariably involves the use of a spectrometer for
the acquisition of the SPR signal. For applications involving the detection of bacteria at low enough
concentrations for early clinical diagnosis (e.g. < 10° CFU/mL for urinary tract infections (UTI)),
large footprint and expensive spectrometers with high resolution are required.

Conversely, metallic nanostructures can also be employed for the recognition of
biologically-relevant analytes using SPR imaging (SPRi) technique.”** Unlike SPR spectral or
SPR microscopy techniques® where a spectrometer or a microscope is utilized to interrogate the
plasmonic response, SPRi employs a photodetector,? enabling the detection of minute variations
in the SPR signal strength. Although CSRGs have never been demonstrated for SPRi, other SPRi-
enabled platforms, such as subwavelength nanoapertures, have been used for cancer marker,®
protein %" and bacteria ?® detection. SPRi has been recently demonstrated with SRGs, by
guantifying the light intensity variation from transmitted monochromatic light at the SPR
wavelength.?® In this technique, the intensity modulation corresponds to a shift in the linear region
of the SPR spectral curve. Until now, SPRi-based sensing demonstrations that can be translated
into real-world applications have involved the use of expensive and bulky components including
CCD modules and microscope-based platforms.2*%3! The high cost and large footprint of these
SPRi platforms represent a serious limitation when contending in the competitive point-of-care

(POC) sensing arena.?*
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Here, we demonstrate that the plasmonic energy transfer occurring between the individual
gratings in a CSRG can be exploited to obtain higher sensitivity SPRi. This work represents the
first demonstration of CSRG-based SPR imaging, achieved through the intensity modulation of
monochromatic incident light as opposed to traditional spectral interrogation using a broad-
spectrum light source. The platform utilizes inexpensive 3D printed components in conjugation
with a low-cost red LED, wire grid polarizers, a CMOS photodetector for the optical array and a
Raspberry Pi unit for signal acquisition. The platform has a total footprint of only 2.5 cm x 2.5 cm
x 10 cm. CSRGs structures were computer-assessed via Finite-difference time-domain (FDTD)
simulations to show the electric field intensity distribution on the gold-coated CSRG surface, and
transmission spectrum, to obtain the best fabrication parameters suitable for the SPRi platform. The
optical response of the platform is characterized through the detection of changes in the bulk
refractive index of aqueous sucrose solutions. In the context of real-world applications, we
demonstrate the selective detection of uropathogenic E. coli (UPEC) in real-time and label-free
fashion for bacterial concentrations spanning 6-orders of magnitude in both PBS and human urine,

with a Limit of Detection (LOD) of ~100 CFU/mL.

5.2  Materials and Methods
5.2.1 Fabrication of nanostructures

CSRGs, according to the simulation parameters, were fabricated using the rapid and high-
throughput interferometric patterning technique as presented in previous works.*"*#2° Azo-glass
(DR1-glass, 2.99 mM, 94%) solution was prepared according to the methods described elsewhere.*
The solution was then diluted in dichloromethane to 3 wt%, thoroughly vortexed for 1 h and filtered
via a 0.45 pum syringe filter (EMD Millipore, Merck KGaA, Darmstadt, Germany). A volume of
500 pL of the diluted solution was spin-coated on a pre-cleaned 2.5 cm x 2.5 cm Corning 0215

soda lime microscope glass slide (TED PELLA, INC., California, USA) using a Headway Research
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spincoater (Headway Research Inc. Garland, TX, USA) at 1000 RPM for 20 s. The spin-coated
samples were then dried and annealed for 1 h at 90 °C in a Yamato ADP-21 oven (Santa Clara, CA,
USA) to generate a uniform azo-glass film of approximately 200 nm thick, verified by a Sloan
Dektak 11 surface profiler (Veeco Instruments Inc., Plainview, NY, USA). CSRGs were fabricated
on these substrates via a solid-state diode-pumped laser (COHERENT, USA, Verdi V5, A = 532
nm) with an irradiance of 382 mW/cm?. The laser beam passed through a spatial filter and was
subsequently collimated. A quarter-waveplate was used to generate circular polarization, and the
beam size was regulated with a variable iris to obtain a circular spot size of 1 cm in diameter. The
nanofabrication procedure for creating CSRGs takes advantage of the unique photomechanical
properties of azobenzene chromophores. Under the illumination of a laser beam interference
pattern, azobenzene molecules uniformly displace from high to low irradiance regions due to a
repetitive photoisomerization.®® The collimated laser beam was then directed onto a Lloyd mirror
interferometer consisting of a mirror positioned orthogonally to the azo-glass substrate surface.
This resulted in the generation of an interference pattern, with half of the circularly polarized beam
directly incident on the azo-glass surface while the other half of the beam is reflected off the mirror
and onto the sample surface. This holographic exposure resulted in mass transport of the azo-
molecules leading to the generation of nanopatterned SRGs. The azo-glass coated substrate was
positioned in a configuration to achieve a grating periodicity or pitch of 450 nm. After the initial
inscription of the SRGs (time of exposure = 300 s), the sample was rotated by 90°, and a second
exposure for 60 s was performed to fabricate orthogonally superimposed SRGs. The second
exposure time was shorter than the first in order to obtain orthogonal SRGs with almost identical
modulation depths, thus near-identical diffraction efficiencies. This nano-fabrication protocol
enables nanometer-level accuracy in the grating depth and pitch, all with a total process time of
only 6 min. The pitch of the CSRG was designed to provide plasmonic resonances at a wavelength

within the visible light spectrum, to enable the use of commercial devices for image acquisition,
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such as CMOS-based cameras. The pitch has no influence in the sensitivity of the CSRG in a
biosensing context. However, a metallic film is required to achieve plasmonic excitation. In
previous studies, thicknesses of c.a. 60 nm have been demonstrated to provide optimal SPR peaks
that are suitable for sensing.3**® Therefore, 60 nm layer of gold was subsequently deposited using

a Bal-Tec SCD 050 sputter coater (I =50 mA, t = 150 s), to make Au-CSRGs.

5.2.2 Experimental setup

A2V, 20 mA, red LED (LED-w5h-ac-h110, SiLed, Mexico) with a peak intensity at 626
nm and a FWHM of 16 nm was used as the light source for the imaging experiments. The red
LED, along with a plano-convex lens (7.9 mm diameter, 8 mm focal length, Edmund Optics Inc.,
NJ, USA) was housed in a custom-made 3D-printed assembly unit (Miicraft, Hsinchu, Taiwan) to
position and collimate the LED light vertically on the sensing substrate. A horizontal polarizer
(TECHSPEC® Wire Grid Polarizing Film, Edmund Optics Inc., NJ, USA) was placed after the
3D printed assembly, accompanied by a variable iris to control the spot size of the light incident
on the CSRG. The Au-CSRG was mounted underneath the iris on a custom-made holder followed
by a second polarizer orthogonal with respect to the first. This configuration eliminates residual
light transmitted after the SPR conversion. The transmitted image acquisition was performed by a
CMOS photodetector (Raspberry Pi Camera V2, Raspberry Pi Foundation, UK) that was
collinearly aligned to the optical setup and synchronized with a Raspberry Pi 3 Model B

(Raspberry Pi Foundation, UK).

5.2.3CSRGs topography and optical characterization
The CSRG structure was imaged using a Dimension Edge atomic force microscope (AFM)

(Bruker, Massachusetts, USA). The AFM tip scanned a 5 um x 5 um area, using the peak-force
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tapping mode, with a scan rate of 1 Hz per line. The collected scans were then fitted using a built-
in 2D plane fit function and analyzed using the Bruker NanoScope Analysis software to validate
the fabrication parameters such as the pitch, depth, and quality of the grating. The plasmon
resonance peak of the CSRG was corroborated using the optical setup mentioned above but with a
tungsten-halogen light source (HL-200, Ocean Optics, USA) instead of an LED and a UV-VIS

spectrometer (USB 2000+, Ocean Optics, USA) instead of the CMOS sensor.

5.2.4 CSRGs FDTD simulations

The Au-CSRG response was modeled using FDTD method. The transmission of the SPR
conversion and the near-field distribution were analyzed by changing the RI of the dielectric
medium in contact with the metallic crossed gratings. The RIs used in the simulations for the
azobenzene and gold were obtained from the literature.**3” The topography of a CSRG was

modeled according to the following function:

o =afenl () n[ )]

where A and p correspond to the amplitude and period of the structure respectively, in accordance
with the AFM characterization. The spectral transmission and the electric field intensity
distribution, normalized with respect to the incident plane wave | E/E, |2, were calculated for a
single crest of the nanostructure equivalent to one period. Periodic boundary conditions in both x
and y directions and a perfectly matched layer (PML) in the z-direction were used for the analysis
region. A uniform mesh size of 3 nm was used for the envelope of the nanostructure, comprising

the azobenzene layer, the gold film, and the dielectric medium, in all the directional axes. A plane
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wave polarized along the y-axis and orthogonal to the x-y plane was employed to induce an SPR

in the structure.

5.2.5 Bulk RI sensing test

A 2 mm-thick, 2 cm x 2 cm polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
USA) chamber with an 8 mm x 8 mm center hole was fabricated by standard methods described in
a previous work.® The square chamber containing the different RI solutions was positioned atop
the gold substrate to maintain the solutions in contact with the CSRG. Aqueous sucrose solutions
(0%, 5%, 10%, 15%, and 20% wi/v) were used to test the response of the CSRG to bulk refractive
index changes. The refractive indices of the solutions were measured using an Abbe refractometer
(Shanghai Optical Instruments, China). The transmitted images for each solution were recorded

with the CMOS detector and further analyzed via Fiji image processing software.

5.2.6 Bacterial detection

Before the bacterial immobilization, the surface of the CSRG was cleaned with consecutive
rinses of aqueous acetone solution (10% v/v) and deionized water. Once the surface was dry, the
test solution was dispensed and contained by a PDMS well atop the CSRG surface. Subsequently,
phosphate-buffered saline (PBS) solution was introduced to the chamber. The transmission signal
due to the PBS refractive index served as the baseline signal for the consecutive measurements.
Next, a UPEC-specific antibody solution was introduced onto the surface of the CSRG. This step
promoted non-specific physisorption of the Ab on the surface, which is a method commonly used
for the detection of analytes in SPR-based sensing®*“*! The corresponding change in intensity,
caused by the SPR red-shifting, was monitored for 15 min. The surface was gently rinsed with PBS

solution to flush the unbound antibodies. Thereafter, the solution of bacteria in PBS was introduced
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to the chamber, and the intensity change was acquired in real-time for 15 min. LED was intensity-
controlled and synchronized to the CMQOS capture by the Raspberry Pi unit to avoid evaporation of

the solution during the experiments.

5.2.7 Bacterial culture
Bacteria E. coli O6:H1 (strain CFT073 / ATCC 700928 / UPEC), Klebsiella pneumonia,
Pseudomonas aeruginosa, and Proteus mirabilis were routinely grown at 37 °C in Luria-Bertani

(LB) medium. Overnight cultures resulted in a bacterial concentration of 10° CFU/mL.

5.2.8 Antibody production

Polyclonal rabbit antiserum to E. coli was prepared by immunization with cell envelopes.
Strain CFT073 was grown overnight at 37 °C in M9 defined culture medium (Na2HPO4 (42 mM),
KH2PO4 (22 mM), NaCl (9 mM), NH4CI (18 mM), MgSO4 (1 mM), CaCl2 (0.1 mM) and glucose
(0.2% wiv)),*? supplemented with Peptone (0.5 g/L). The bacterial pellet was resuspended in Tris-
HCI (50 mM), EDTA (5 mM, pH 7.5) containing protease inhibitor cocktail (Roche, Switzerland)
and disrupted by ultrasonication with two 40 s pulses at low-power output, each followed by a 2-
min pause, using a high-intensity ultrasonic processor (50-Watt Model, Sonics Materials Inc.
Danbury, CT), unbroken cells were removed by centrifugation (12,000 x g for 10 min, 4 °C). Cell
envelopes were collected by ultracentrifugation (50,000 x g for 30 min, 4 °C) and dissolved in PBS
(pH 7.4). The envelope solution was injected subcutaneously (in multiple sites, 0.5 mg without any
adjuvant) into rabbits. The animals were boosted 3 and 6 weeks later with the same membrane

solution. Blood was collected from the central auricular vein of each ear 15 days later.
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5.2.9 Human urine preparation
Human urine was collected from healthy individuals who had no history of UTI. Informed
consent was obtained from all human subjects. The fresh urine was pooled and filtered with a 0.22-

um-pore-size, stored at 4 °C and used within the next 1 to 3 days.

5.2.10 Dot-blot immunoassay

The immunoassay was performed as per the methods described by Harlow and Lane, 1988
but with some modifications.”® A 3 ul volume for each bacterial suspension (10° CFU/ml in PBS)
were spotted on a nitrocellulose membrane. The spots were allowed to dry. The membrane was
subsequently blocked using a blocking solution comprising of 5% wt/vol non-fat dry milk, 0.2%
Tween 20 and 0.02% sodium azide in PBS for 1 hr under agitation. The membrane was then washed
with PBS solution containing 0.2% Tween 20 and incubated for 2 hr with 1:100 dilution of the
rabbit antibodies against E. coli. After the incubation, the membrane was washed thrice with PBS
solution and incubated with a 1:5000 dilution of horseradish peroxidase-conjugated anti-rabbit 1gG.

4-chloro-1-naphthol was added onto the membrane to visualize the binding reaction.

5.3. Results and discussion

5.3.1 Crossed surface relief gratings (CSRGSs)

A CSRG consists of two perpendicularly superimposed SRGs. The relation for SPs

excitation along the surface of a SRG is kg, = kon\/(emea/€m + &4), where ks, is the surface
plasmon wave number, k, is the free-space wave number, and &, and &, are the permittivities of
the metallic and dielectric materials respectively. Once SPR conditions are achieved in one of the
gratings, followed by a simultaneous re-radiation of the plasmonic energy by its orthogonal
counterpart in the orthogonal light polarization. As a result, when placed between crossed

polarizers, the orthogonally-superimposed gratings allow for the transmission of only the SPR
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signal while eliminating all the incident light wavelengths other than that of the SPR — a distinctive
plasmonic characteristic of CSRGs.!” Resonant excitation of surface plasmons (i.e. photon-to-
electron coupling) at a metal-dielectric surface requires energy and momentum matching between
the incident light and the SPP. For a single gold-coated SRG configuration and assuming almost

flat interfaces, the grating equation can be used to find the phase-matching condition:

ksp = konsind + 2mm/A (5.2)

where @ is the incidence angle, m is the diffraction order (normally limited to unity) and A is the
grating pitch. In addition to equation (5.2), SPR a diffraction grating using requires the incident
light polarization to be along the grating vector. At normal incidence, the wave number can be

further simplified to ks, = 2m/A,, and the light wavelength at which SP excitation occurs is given

Sp

by:

Aspr = nd em/(M% + &p) (5.3)

For a CSRG, the individual SRG diffraction characteristics are retained, enabling the use
of equations (5.2) and (5.3) to identify an SPR peak wavelength prior to the fabrication of the grating
17 Controlling the fabrication parameters, such as the laser irradiance, exposure time and the

incidence angle of the laser on the Lloyd mirror, CSRGs can be fabricated with high precision

without employing expensive and time-consuming clean-room techniques.

A design SRG pitch of 450 nm was selected to achieve a theoretical Aspr 0f 648 nm, using
equation (5.3). This wavelength was chosen since it is within the region where the azobenzene thin

films are almost transparent (above 600 nm), but it is also close to the peak wavelength (626 nm)
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of the red LED used in the experiments. Even though the equations above predict only one SPR
wavelength to be excited using a particular grating, practically, a narrow band of wavelengths is
excited near the SPR wavelength due to dispersion. For that reason, the selected grating pitch was
chosen so that the peak wavelength of the red LED falls on the steepest slope of the SPR spectrum

to enable maximum sensitivity to change in the refractive index of the dielectric medium.

It was previously found that the intensity of the plasmonic resonance depends on the
grating modulation depth.** The thickness of the azobenzene film was therefore optimized,
considering experimental limitations, to obtain CSRG with the narrowest and strongest SPR signal.
Azo-glass solution was spin-coated at 3 different RPMs (800, 1000 and 1200) on a pre-cleaned 2.5
cm x 2.5 cm microscopic glass slide and Au-CSRGs were fabricated on these samples using the
fabrication method described in Section 5.2.1. The corresponding plasmonic signal from each
sample was obtained with the spectral interrogation setup, as described in Section 5.2.3 Figure 5.1a
shows the SPR signal obtained from each sample, keeping water as the dielectric medium above
the CSRG. As evident from plots, Au-CSRG fabricated on azo-glass spin-coated samples at 1000
RPM provided with the strongest (intensity ~ 8000 a.u.) and narrowest signal (FWHM ~ 38 nm).
The AFM was usd to measure the topography of the CSRG surface. The depth and pitch of the
CSRG, measured with the AFM analysis tool, were c.a. 75 nm and 450 nm, respectively. An image
obtained through the AFM tool is shown in Figure 5.1b. The orientation of the AFM image is meant

to assist the visualization of the unique two-dimensional periodicity of the surface.
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Figure 5.1 a) Signal quality (Intensity/FWHM) for transmitted SPR signal acquired from metallic CSRG fabricated on
azo-glass thin film spin-coated on glass slides at different RPMs (800, 1000 and 1200). The dielectric medium in contact
with the metallic CSRG was water (RI = 1.330). Error bars represent the standard deviation (n = 3). b) AFM scan of the
CSRG (scan area = 5 um x 5 um) displaying the surface topography (pitch = 450 nm, depth c.a. 75 nm). Scale bar

represents 500 nm. ¢) Schematic of the optical assembly for SPRi measurements.

5.3.2 Optical characterization

CSRG-based SPRi sensing is achieved by measuring the changes in the transmitted light
intensity associated with the spectral shift that results from the near-field refractive index change
at the liquid-metal interface. The changes in light intensity are continuously monitored and captured
via a CMOS photodetector. Figure 5.1c shows a schematic representation of the platform employed
in this work. Collimated light from a 3D printed assembly is first directed towards a horizontally

aligned polarizer, and then onto the CSRG. The LED used in the platform was selected to have
92



peak intensity in the wavelength range from 600 - 650 nm, which is a linear region in the
transmission spectrum of the CSRG using a halogen lamp for different refractive index (RI)
solutions, as previously reported elsewhere.?® Considering equation (5.3), it is expected that an
increase in the near-field RI results in a red-shift in the transmitted SPR spectrum, which is
translated to a decrease in the transmitted light intensity of the image acquired by the CMOQOS
photodetector. FDTD simulations were used to verify the electric field enhancement due to SPR
excitation at the surface of the CSRG, considering the fabrication design parameters. Figure 5.2a
shows the isometric view of the simulation environment with the grating structures and the
dielectric medium above the CSRG. Figure 5.2b shows the electric field enhancement enabled by
the CSRG using normally incident p-polarized light. In contrast with a plain gold surface, also
shown in Figure 5.2b, the CSRG facilitates an electric field intensity enhancement of ~30 times at
the metal-dielectric interface. This enhancement produces a highly sensitive interface to changes
in the local RI, as observed in the simulation results of Figure 5.2c. Since CSRGs have a complex
3D surface, simulations were performed using a surface fit function (details provided in Section
5.2.4) to closely emulate the CSRG’s surface topography. Due to the slight topographic difference
between the surface fit and the actual CSRG, a light source with a wavelength of 613 nm was used
for the electric field distribution in the FDTD simulations. The approximation is suitable,
considering the FWHM of the red LED light source used in the experimental work is ~16 nm (Apeax

=626 nm).

In biosensing, sensitivity is a critical performance indicator of a sensor and its ability to
resolve minute differences in concentration upon analyte recognition. Sensitivity measurements
with CSRGs depends on the relative intensity changes in the transmitted light intensity, using a
reference measurement as base intensity value. As first control, we performed a total of four
independent experiments for the signal acquisition of the transmitted light intensity using PBS

solution. The signal was acquired at one-minute intervals (n = 8) for the four experiments. As
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shown in Figure 5.2d, the variation of the relative intensity was less than 0.1 a.u., which in
negligible when compared intensity differences for changes in local RI. Once the stability of the
base PBS solution signal was known, the sensitivity of the CSRG-based SPRi platform was
determined using aqueous sucrose solutions with different concentrations (c.a. 0%, 5%, 10%, 15%
and 20%, w/v) and known respective Rls of 1.330, 1.337, 1.344, 1.351 and 1.357. A thin 2 cm x 2
cm PDMS chamber with an 8 mm x 8 mm opening was placed on top of the CSRG for housing the
test solutions and allowing for the liquid-metal contact. The chamber contained approximately
~140 uL of the solutions and was covered with a glass cover slip to eliminate lensing effects. The
transmitted images for each solution were acquired, and subsequently processed via the Fiji image
processing software. The mean image intensity values of the transmitted images for each of the
above-mentioned solutions are plotted against their respective RIs in Figure 5.2e. The negative
slope of the linear fit aligns with the red shift expected with the increase in the refractive index of
the test solution. The numerical value of the slope is the bulk sensitivity of the platform, and it is
found to be 613.45 Pixel Intensity Unit (P1U)/ Refractive Index Unit (RIU). This is almost a 3-fold
improvement over the bulk sensitivity of SPRi platforms reported elsewhere.?** 1t should also be
noted that only off-the-shelf, relatively inexpensive optical and electronic components were used,
thus lowering the overall cost of the platform significantly. Based on the bulk sensitivity and a
repeatability of 10° PIU, the resolution of the platform is in the order of 10° RIU.* The signal-to-
noise ratio (SNR) for the system, was calculated following the standard methods previously
reported in the literature.***” SNR was calculated using the equation SNRgz = 10*logio
(Usignal/ Obackground), WhHere Wsigna and obackground COrrespond to the average intensity of the transmitted
signal and the standard deviation of the background noise, respectively. The resulting SNR for the
metallic CSRGs-based platform is ~33 dB, a value comparable to other reported SNR optimization
methods for SPR systems.”® We postulate the high SNR achieved by the CSRG-based SPRi

platform is due to the elimination of residual light by cross-polarization.
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Figure 5.2 FDTD simulations and control experiments using PBS and changes in bulk RI. a) Isometric view of the
simulation environment. b) Simulated electric field enhancement | E/E, |? for : (Top) plain gold surface (Bottom) CSRG
for air (RI = 1) as the dielectric medium. White scale bar = 100 nm. c¢) Top-bottom represents simulated electric field
enhancement | E/Eq |? for CSRG at A = 613 nm for increasing refractive indices (RI = 1.330 to 1.357). d) Relative
intensity variation of the acquired signal using PBS solution as control, for four independent measurements (n = 8). e)
Experimental bulk refractive index sensing plot representing the data points for transmitted intensity vs. the refractive
indices of the test solutions. Actual acquired images are shown as inset. The slope of the linear fit represents the sensitivity
of the platform, with a value of ~ 613 pixel intensity/RIU. Error bars (n = 3) are smaller than the size of the symbol

representing the mean in the graph.
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5.3.3 Quantitative detection of uropathogenic E. coli via CSRG-based
SPRi

Real-time detection of near-surface RI changes is an important utility of CSRGs-based
biosensing platform, which can be translated for real-world applications, such as in situ UTI
diagnosis in complex biological matrices. UTI affects people from all demographics, with millions
of cases reported each year and the primary culprit (>85 % cases) is UPEC.*® The SPRi platform
employing nanofabricated CSRGs, with high sensitivity, allows for the quantification and precise
detection of biomolecular assembly bound on the surface of the CSRG. Moving towards this goal,
we employed the platform for the quick, label-free and cost-effective detection of whole bacterium
UPEC. First, the surface of the CSRG was functionalized with UPEC-specific antibodies which
bind to the outer membrane of the bacteria by anchoring to proteins, phospholipids, and
oligosaccharides on the cell’s surface.*® Figure 5.3a shows the relative intensity shift observed for
both, the surface modification with antibodies (t = 1 min to 16 min), and for the detection of UPEC
(t > 16 min). The relative shift is calculated in relation to the baseline light intensity observed for
pure PBS solution over the sensor at t = 0 min. The surface modification of the sensor via incubation
of UPEC-specific antibodies for 15 min was monitored, in real-time, via the change in transmitted
light intensity corresponding to the shift in the plasmonic peak towards longer wavelengths. The
surface of the CSRG was then gently rinsed with PBS solution, which left the amplitude of the
intensity of the signal unaltered, confirming the near-surface modification with the Ab.
Subsequently, 140 pL of 10° CFU/mL UPEC was added to the sensor surface and the transmitted
light intensity was acquired at one-min intervals for 15 min. The relative shift corresponding to the
immobilization of the antibodies on the surface of the sensor and the subsequent binding of UPEC
to the antibodies was 3.384 a.u. and 4.795 a.u., which corresponds to an intensity change that is
comparable with similar techniques reported previously.? Also, as a negative control experiment,
the biosensing platform was tested for the detection of Klebsiella pneumonia, Pseudomonas

aeruginosa and Proteus mirabilis at a concentration of 10° CFU/mL, to assess the selectivity of the
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functionalized surface of the sensor. No significant intensity change (mean relative intensity shift
for K. pneumonia = 0.038 a.u., Proteus mirabilis = 0.012 a.u. and P. aeruginosa = 0.017 a.u.) was
observed for the non-specific bacteria runs, confirming the high specificity for UPEC detection
(Figure 5.3b). A dot-blot immunoassay was used to confirm the specificity of the antibody towards
UPEC, and the non-specific binding of the abovementioned gram-negative bacteria, as shown in

Figure 5.3b (inset).
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Figure 5.3 Quantification and evaluation of selective UPEC capture and detection. a) Plot represents the real-time binding
of the UPEC-specific antibody (t = 1 min to 16 min) and UPEC at 10° CFU/mL in PBS (t > 16 min) via corresponding
shift in pixel intensity observed over time. Error bars represent the standard deviation (n=3). (inset) Schematic depiction
of the biodetection scheme, where bacteria are captured by immobilized antibodies on the CSRG surface. b) Relative
transmitted light intensity change for Klebsiella pneumonia, Proteus mirabilis and Pseudomonas aeruginosa, in
comparison to UPEC. The experiments were conducted using the same bacterial concentration and procedure of detection

in all cases. Error bars represent standard deviation (n = 3). (Inset) Dot-blot affinity immunoassay of anti-E. coli antibody
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for Gram-negative bacteria. From left to right: positive control, uropathogenic E. coli (UPEC), Klebsiella pneumonia,

Pseudomonas aeruginosa and Proteus mirabilis.”

The LOD of the CSRG-based platform was calculated based on the definition by the
International Union of Pure and Applied Chemistry (IUPAC), as the blank signal plus three times
the value of the standard deviation.® The calculated LOD is 0.03 a.u., based on the linear fit line
for the different concentrations of the bacteria, we attributed the bacterial concentration to give
0.03 a.u. shift as the LOD of our platform (~100 CFU/mL). In order to relate the LOD with bacterial
concentration, we employed a dose-based binding study was performed using bacterial
concentration spanning 6-orders of magnitude, from 10° CFU/mL to 10° CFU/mL. Figure 5.4 shows
the relative shift associated with the detection of different concentrations (103 10° 107, 10°
CFU/mL) of UPEC, on antibody-functionalized CSRG surface. The intensity shift varies linearly
with the logarithmic concentration of bacteria with a 0.9 regression coefficient. Based on the signal
for the antibody functionalization before the addition of bacteria and the standard deviation of the
acquired signal, the LOD of the system is in the order of 100 CFU/mL.>*> The LOD value for UPEC
detection by the CSRG-based SPRi platform is comparable to the values reported in the literature.>
It is important to note that the lowest concentration detectable by the sensing platform presented
here is well below the clinical threshold of UPEC (~10° CFU/mL) for UTI diagnosis in clinical
samples.**** Additionally, the platform is able to detect the whole bacterium, as opposed to genome
sequence-based methods which are costly and time-consuming, using inexpensive, off-the-shelf
electronic and optical components. Furthermore, to emulate a real-world scenario, and to validate
the platform as a viable POC testing device, UPEC detection procedure was carried out in a
complex biological matrix as opposed to laboratory standard PBS solution. In clinical settings, UTI
detection is carried out by culturing the bacteria from patient urine samples to diagnose the
infection. The SPRIi platform presented here provides a fast, cost-effective alternative to the clinical

method, which is demonstrated by employing the platform for real-time detection in healthy human
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urine spiked with UPEC bacteria. Human urine samples collected from healthy individuals with no
history of UTI were spiked with UPEC to prepare bacterial solutions with concentrations of 10°
and 10" CFU/mL. UPEC-specific antibodies were incubated on the CSRG surface using the
experimental procedure outlined above. The spiked human urine samples were then incubated on
the surface of the sensor for 15 min, and the transmitted light was acquired via the CMOS detector.
The relative shift observed for the spiked human urine samples is denoted in Figure 5.4 by red stars,
demonstrating the detection of whole bacteria in complex biological matrices, such as human urine.
The relative intensity shift observed for both, the urine and the PBS samples spiked with UPEC
(10° and 10" CFU/mL), is almost similar, which demonstrates the high selectivity of the platform

for UPEC detection.
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Figure 5.4 Standard calibration curve for selective detection of UPEC for concentrations ranging from 10° to 10°
CFU/mL. Signals are obtained by flowing UPEC suspensions in both PBS (black triangle) and human urine (red circles)
at different concentrations over UPEC-specific antibodies immobilized on the CSRG surface. Some of the error bars (n

= 3) are comparable to the size of the symbol representing the mean.
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54  Conclusions

This work presents the first demonstration of SPRi-based biosensing enabled by metallic
CSRGs. The imaging platform employs nanoplasmonic two-dimensional gratings that promote a
unique plasmonic energy transfer between the metallic nanostructures, and inexpensive, off-the-
shelf optical and electronic components. The miniaturized biosensing platform is fully integrated
within a total envelope of 2.5 cm x 2.5 cm x 10 cm. FDTD simulations demonstrate a 30-fold
electric field intensity enhancement at the surface of Au-CSRG, compared to a flat gold surface.
The experimental sensitivity and resolution of the platform are ~ 600 PIU/RIU and 10° RIU,
respectively with an SNR of ~33 dB. The platform was developed using 3D-printed holders and
aligners with inexpensive LED and CMOS systems (~ US$100), in contrast with other SPRi
platforms reported in the literature, which involve bulky microscope assemblies and expensive
CCD arrays. We also demonstrate the platform’s capability to perform real-time detection of UPEC
for bacterial suspensions in PBS solution and human urine, for concentrations ranging from 10° to
10° CFU/mL. In contrast to clinical detection timelines, the complete detection of UPEC at a
clinically relevant concentration of 10° CFU/mL was completed in 35 min. The platform has a
dynamic range spanning 6-orders of magnitude with a LOD of ~100 CFU/mL, which is a value
below the threshold for UTI diagnosis (~10° CFU/mL) in clinical practice. The UPEC selectivity
of the platform was experimentally verified by assessing non-specific binding to UPEC antibodies
of other UTI-causing gram-negative bacteria. In contrast to traditional genome amplification-based
approaches, the presented platform enables whole-bacterium detection in human urine (i.e. a
complex matrix) which significantly reduces the overall cost and operator labor. In addition, this
platform could be coupled with the cameras in portable electronic devices, such as smartphones,

making it practical to use outside the clinical laboratory.
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Chapter 6

Structural stability of optofluidic nanostructures in flow-through

operation

With minor changes to fulfill formatting requirements, this chapter is as it appears in: Yazan Bdour,

Juan Gomez-Cruz and Carlos Escobedo. Micromachines 11 (4), 373.

Abstract: Optofluidic sensors based on periodic arrays of subwavelength apertures that support
surface plasmon resonance can be employed as both optical sensors and nanofluidic structures. In
flow-through operation, the nanoapertures experience pressures differences across the substrate in
which they are fabricated, which imposes the risk for structural failure. This work presents an
investigation of the deflection and structural stability of nanchole array based optofluidic sensors
operating in flow-through mode. The analysis was approached using experiments, simulations via
finite element method and established theoretical models. The results depict that certain areas of
the sensor deflects under pressure, with some regions suffering of high mechanical stress. The
offset in the deflection values between theoretical models and actual experimental values is
overturned when only the effective area of the substrate, of 450 um, is considered. Experimental,
theoretical and simulation results suggest that the periodic nanostructures can safely operate under

trans-membrane pressures of up to 20 psi, which induce deflections of up to ~20 pm.

6.1 Introduction

The development of new point-of-care (POC) diagnostic technologies require low-cost,
fully integrated sensing platforms capable of providing guantitative results in situ. At the same

time, POC diagnostic platforms have a tremendous potential that has yet to be fully exploited.
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Telemedicine, for instance, aims to monitor the health of patients remotely through on-site sensing
using personal devices, holding a global market of c.a. US$7 billion.! A trendy, and increasingly
demanded approach to in situ sensing is the use of lab-on-a-chip platforms enabled by cell phones
to record, analyze and transmit the results.>* With the recent emergence of the new pathogens, such
as the Coronavirus, and the Yaravirus, an on-site analysis will limit their health impact with a rapid
sensing test, quantifying the severity of the infection, and assist with the quarantine measures.>®
Periodic arrays of subwavelength structures fabricated in metal films enable surface plasmon
resonance (SPR), which has motivated their use as biosensors for several applications in different
fields.”*? Ordered arrays of metallic nanoholes are optofludic structures that enable both, transport
of fluid and analyte via nanofluidic confinement, and nanoplasmonic sensor. The plasmonic
resonance signature obtained from nanohole arrays (NHAS) allow the detection of biologically
relevant analytes in label-free fashion and real-time. Toward the development of POC biosensing
platforms, these optofluidic nanostructures have been integrated into microfluidic environments in
order to create fully-integrated sensors compatible with portable electronics.”> NHA-based sensors
are ideal for field applications due to their small footprint and integration abilities as evidenced by
recent demonstrations for the detection of bacteria, such as Chlamydia trachomatis,** viruses, such
as Ebola,™® cancer biomarkers'® and uropathogenic bacteria.'” Flow-through optofluidic structures
also enable the enrichment of analytes in liquids by an electrohydrodynamic effect occurring
around the NHAs when an electric potential and a pressure bias are applied to the fluid in a closed
system.*® Despite their demonstrated potential in sensing, most applications involving nanohole
arrays have been focused on exploiting the conventional optical capacities of these nanostructures.
The mechanical stability of the nanohole membranes is an overlooked aspect of their properties
that are key when functioning as nanofluidic structures. In analogy to porous silicon-based
membranes, where permeability increases significantly as membrane thickness decreases, the

volumetric flow across nanostructured optofluidic sensors increase with the open pore fraction.
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However, plasmonic nanostructures built thin membranes may suffer from low mechanical stability
which could limit, critically, their use as optofluidic flow-through sensors.*** The membrane’s
mechanical properties change due to the change in the structural morphology of the porous
membrane as it deflects under pressure. The stability decreases by a correction factor (1-P), where
P is related to the porosity of the membrane.?

Recent studies demonstrate that through-nanoapertures fabricated in thin (~50 nm) gold-
coated Si3N4 substrates offer additional fluidic abilities that can be used to target in-hole delivery
of analytes when operated as optofluidic sensors.?*?* However, flow-through operation results in
transmem-brane pressures that could potentially damage the rather brittle nanostructures. The
mechanical properties of the organized nanohole arrays are not completely understood due to their
sensitivity, brittleness and nano-sized structures. Here, we present a study on structural aspects of
Au-on-nitride optofluidic nano-plasmonic sensors operating in flow-through fashion at flowrates

compatible with biosensing applications.

6.2  Materials and Methods
6.2.1 Fabrication of periodic through subwavelength apertures

Through nanohole arrays were fabricated using focused ion beam (FIB) milling using 100
nm thick Si3N4 free-standing membranes (Norcada, Edmonton, AB, Canada) coated with a
thermally evaporated 100 nm layer of gold via a 5 nm chromium adhesion layer. Milling was
achieved using a gallium ion beam set at 40 keV with a beam current of ~ 30 pA, with a typical
beam spot size of 10 nm, and the dwell time of the beam at one pixel was set to 20 us. Two arrays
of through nanohole arrays with an area of 20 pm by 20 um, diameter of c.a. 230 nm and pitch of

560 nm were fabricated.

6.2.2 Fabrication of microfluidic chips
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The microfluidic chip was fabricated using a replica molding technique as described in
detail elsewhere.?® The general steps of the fabrication procedure are briefly described next. A mask
with the microfluidic pattern was generated using SolidWorks CAD software. The design included
one inlet and one outlet of 1.5 mm, and a 5-mm-wide channel with 100 um in height. A master was
fabricated by spin-coating SU-8 100 photoresist (MicroChem Corp., Newton, MA) on a clean 3-
inch silicon wafer (Silicon Quest International Inc., Santa Clara, CA). The coated wafer was then
prebaked for one minute at 65°C and for 10 minutes at 95°C. The mask with the channel pattern
was then placed over the coated wafer and exposed to UV light for 90 seconds. Next, the exposed
wafer was hard baked at 65 °C for 1 minute and at 95°C for 10 minutes. The master was
subsequently developed using a SU-8 developer (MicroChem Corp., Newton, MA). A 12:1 mixture
of Sylgard 184 elastomer to curing agent (Dow Corning, Midland, MI) was mixed, degassed in a
vacuum and poured onto the master. After baking at 85°C for 20 minutes, the replica was removed
from the mould. Inlets and outlets were provided one-mm punched holes for fluidic access.
Microfluidic connections were achieved using polyetherether-ketone (PEEK) tubing (Upchurch

Scientific, Oak Harbor, WA). A schematic representation of the setup is shown in Figure 6.1.
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Figure 6.1 (a) SEM image of fabricated periodic subwavelength apertures via FIB. The nanostructures had 230 nm in
diameter and 560 nm in pitch. (b) Schematic representation of a nanohole array in a microfluidic chip in flow-through

operation.

6.2.3 Optofluidic Structure Deflection Analysis
Finite Element Analysis (FEA) was used as means to know the order of magnitude of the

deflection and the mechanical stress that the optofluidic sensor may experience in flow-through
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operation. COMSOL Multiphysics (COMSOL, Sweden) was used to simulate a simplified model
of the optofluidic sensor under a prescribed unidirectional and orthogonal pressure on one of the
faces of the suspended membrane. The simulations were used first to estimate the order of
magnitude of applied pressures that would result on the deflection of the substrate containing the
optofluidic structures. This first model involved a stationary elastic model with default Lagrange-
Quadratic element type. The finite element analysis solves for the displacement field at specific a

specific point on the membrane for every input force. For the linear model, the system is governed
by three tensor partial differential equations: V-o + F, = 0; ¢ = %[(Vu)T + Vu + (Vu)Tvu]; and

C = C(E,v), where, o is the Cauchy stress tensor, F, is the body force per unit, u, is the
displacement vector, ¢ is the infinitesimal strain tensor, C is the fourth order stiffness tensor, E is
the Young’s modulus, v is the Poisson’s ratio. A second static, nonlinear stress-strain model was
used to compare the experimental data and to validate the deflection values obtained for the
prescribed pressure range. The the nonlinear stress-strain behavior was achieved by using a power-
law nonlinear elastic material model, accounting for geometric nonlinearities, which is governed
by Ludwik’s law: T = 7y + ky'/™, where 1 is the shear stress, y is the shear strain and n is an
integer.??” User-controlled mesh with Lagrange-Quadratic element type was used for this
nonlinear model, to guarantee an acceptable mesh size along the thickness of the modelled
substrate. The finite element analysis solves for the displacement field at specific a specific point
on the membrane for every input force. In both models, linear and nonlinear, the parameters of the
SisN4 were mainly used, as the values for the mechanical properties for this material supersede
those of the metal components in the sensor, namely a Young’s modulus of 250 x 10° Pa, a density
of 3.1 x 103 kg/m?® and a Poisson’s ratio of 0.23. The surrounding surfaces around the membrane
that corresponds to the areas that define the thickness of the substrate, were set as fixed boundaries.

The transmembrane pressures were varied from 1 and 20 psi, as this range corresponds to flow rates
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in the order of nL/min, which are commonly used in biosensing applications. The deflection of the
substrate and the stress (von Mises criterion) were recorded.

In addition to FEM based models, analytical models on the mechanical behaviour of
perforated membranes published in the literature were also used to estimate the deflection of the

optofluidic sensors in this study, as detailed in the Results and Discussion section.?
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Figure 6.1 Schematic representation of the experimental setup.

6.3 Results and Discussion

Figure 6.3 shows the CAD models used to study the deflection of the optofluidic sensors
via COMSOL Multiphysics software. Figure 6.3a shows the simplified model with a single
nanoaperture at the center, used in the linear elastic material simulations. The model accounts for
a 100-nm-thick membrane with a square surface with a side length of 500 um, and a circular
opening of 10 um for surface coverage equivalency of the effective surface of the nano-apertures.
Figure 6.3b shows an image of the CAD model used for the nonlinear simulations, a square 100-
nm-thick membrane with side length of 500 pm and a 20 pm x 20 pm array of 230-nm-diameter
holes with pitch-to-diameter ratio of 2. In both cases, linear and nonlinear models, the mesh

curvature factor was 0.6, maximum element scaling factor of 1.9, resolution of narrow regions of
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0.3 and the optimize quality feature was set to ON. The linear model had a maximum element size
at all boundaries was 30 x 10~°. The resulting mesh had ~210 x 103 domain elements with
~40 x 103 boundary elements and ~1.4 x 103 edge elements. The nonlinear model had
~1.4 x 10* domain elements, ~900 x 103 boundary elements and ~6 x 103 edge elements. The
models were solved for pressures applied to the bottom surface of the substrate, for 1 psi and then

using the sweep parameter feature for a pressure range of 2 to 20 psi with 2 psi pressure increments.

Figure 6.3 CAD models used for the FEM based simulations. (a) CAD model used for linear elastic simulations. (b)
CAD model used for the nonlinear elastic simulations. A detail of the nanoapertures in the CAD model and the

corresponding mesh are shown as insets. Scale bar represents 10 pm.

Figure 6.4 shows images of selected values for the deflection and stress distribution of the
model of the membrane under an applied pressure of 20 psi. Figures 6.4a and 6.4b show the
displacement in the z-direction for the linear and nonlinear models, respectively. The results are
presented as non-deformed, with vectors representing the direction and magnitude of the deflection.
The pattern of deflection observed from the simulations, as expected, is quasi-circular, with
increasing magnitude towards the center of the free-standing membrane. The maximum deflection
values, for the linear and nonlinear simulations at an applied pressure of 20 psi, were 24.08 and
19.39 um, respectively. Maxima were always obtained at the apex of the deformed membrane.

Figure 6.4c and 6.4d show the von Mises stress distribution for an applied pressure of 20 psi. The
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maximum stress found in the simulations was in the order of 1-10x 108 Pa, which suggests that
the substrate which is housing the nanoapertures could well withstand the deformations resulting
from the applied pressure. The simulation results were used to define a range of pressure that could

be used experimentally, avoiding failure of the membrane.
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Figure 6.4 Simulation results of linear and nonlinear models. Membrane deflection under an applied pressure of 20 psi

for (a) the linear model and (b) the nonlinear model. The apertures are shown in the insets within yellow dashed boxes
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in both cases. Stress distribution (von Mises yield criterion) under an applied pressure of 20 psi for (c) the linear model

and (d) the nonlinear model.

Figure 6.5 shows a bright field microscopy image of the Au-on-nitride membrane before
and after the application of a pressure of 10 psi. The substrate included two rectangular periodic
arrays of nanoapertures, indicated with yellow dashed lines. The boundaries of the Si3N4
membrane are indicated by red dashed lines. The focal plane in both images is the same, which

indicates the deflection of the substrate under the applied pressure.

Before After

Figure 6.2 Membrane deflection before and after the application of a pressure of 20 psi. Scale bar represents 100 pum.

In order to measure the deflection experimentally, the elevation difference at the apex of
the membrane was used as reference, and the in-focus z-positions were recorded. The applied
pressure on the surface of the substrate was monitored and regulated to achieve a constant value
throughout the measurement of the deflection. Fringe patterns can be observed in the deflected
membrane case, which correspond to the reflected light, confirming a level gradient along the
surface of the substrate, and a maximum translation at the apex. The z-positioning precision of the
inverted microscopy system used in this study is 0.2 um, which allowed measuring deflec—tions
with micrometer precision, at 2-pum intervals.

Figure 6.6 shows experimental and simulations results for applied pressures of 1 to 20 psi. The

trend from the linear simulation model is linear, as expected, with corresponding minimum and
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maximum deflections of 1.209 and 24.08 um. In contrast, the deflection results from the nonlinear
model decrease with the applied pressure, with minimum and maximum values of 2.584 and 19.39
um. The same trend was found for experimental values, the magnitude of the maximum deflection
at the apex decreasing with the applied pressure. This can be explained by considering the physical
restriction along the frame of the free-standing membrane, and due to the mechanical properties of
the material. The figure also shows the results from three analytical models that were used to obtain
theoretical values: the Rijn et al.,?? Ugural®® and Kovacs et al.?® models, as well as an adjusted
Kovacs model fit with the experimental values. These models are similar to each other, where all
consider the perforation in a membrane as an error factor affecting the Young’s modulus of the

membrane. The deflection of a membrane is given by:*

3 PoL
Eeffh

Winax = Ko L (6.1)

where w is the z-axis displacement, L and h are the size and the thickness of the membrane and P,
is the applied pressure. The constant k, equals 0.318, 0.325 and 0.319 within Rijn’s, Ugural’s, and

Kovacs’ models respectively.** E, 77 1s the effective Young’s modulus, and is calculated as E, ¢ s =

(1 = P)E jpsea, Where E jpseq is the Young’s modulus of unperforated membrane and P is the
correction factor. P is dependent on the perforation and is defined as the fraction of the open areas
over the total area of the membrane. As the models are similar, there is negligible difference
between the deflection values obtained using the three different models.*® In the case of the
optofluidic sensor, the deformable section of the membrane is smaller than the 500 um by 500 um
of the free-standing substrate, as observed in Figure 6.5. The theoretical models do not consider the
frame around the deformable area. Therefore, there is an offset between the deflection values

obtained using the models and those obtained experimentally, as shown in Figure 6.6.
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Figure 6.3 Experimental, theoretical and simulation results of the maximum membrane deflection (apex). Error bars

indicate standard deviation (n = 5).

The experimental results have a similar trend compared to the theoretical models. Over the
non-linear region (<7 psi), the experimental values are on average ~32% below the theoretical
maximum, and ~12% below the theoretical maximum within the linear region (>7 psi). The slope
for and the experimental values and the theoretical (Kovacs) were 0.4831 and 0.4826 pm/psi,
respectively within the linear region, with R-square (COD) values of 0.937 and 0.993, respectively.
The slopes indicate that the models do not quantify the actual deflection of the membrane.
However, they accurately represent the trend of the membrane’s deflection. As such, the
unperforated area around the nanohole arrays is influential on the mechanical stability of the
membrane. With the assumption that some length of area around the unperforated area does not

deflect, then the deflection of the membrane can be rewritten as such:
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3 PO L
Winax, = ko Lesr E f:f}{ (6.2)
,’ e

where Ly, is the effective length of the membrane based on the experimental values and

calculated as Lorr = \/Area of holes/P.ss. Pesy is the effective correction factor based on the
experimental values, where it is assumed that some length around the unperforated area does not
deflect. E.¢f is adjusted to the experimental values and calculated as E,fr = (1- Peff)Edosed.
The model found arange of P, ¢ values based on each experimental deflection point from 2.138(10°
%) to 5.09(10), corresponding to effective membrane lengths of 225 pm to 460 um respectively.
Figure 6.6 illustrates that the model is incapable of fitting all the experimental values with one
value of P,¢¢. The initial deflection value of the experimental values has an L,y of 225 pm, where
the L.sr non-linearly increases until it plateaus to a constant value of 460 pm within the linear
region of the experimental values. The effective length paints a clear image of the membrane’s
behaviour under pressure. Initially, at low pressures, only the center area of the membrane deflects,
while majority of the membrane is not affected by the applied pressures. As the applied pressure
increases, the deflected area grows until it reaches a maximum constant value (460 um). Even at
the maximum value of effective lengths, some outer areas of the membrane do not deflect,
reassuring the limitations of deflection model. The experiment was not designed to bring the
substrate to mechanical failure; however, the pressure value for the breaking point can be
extrapolated from the theoretical model based on the material’s properties. The inflection point of
the membrane is not at the edges of the membrane but limited to the effective length of the
membrane (i.e. L.sf). Based on Rijn et al. and Timoshenko et al. models, the maximum pressure

applied can be found based on the total stress of the material as shown in Equation 6.3.22%
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where g;,:4; IS the total stress of the membrane, and ;.51 and o3,.5,4 are the tensile stress due to
stretching and the maximum bending stress near the middle of the membrane’s deflection edges
respectively. The model is valid when the substrate is under a substantial load that results in large
deflections (i.e. wy,q,/h > 1). Considering the reported ultimate stress, ¢_ultimate, is in the order
of 109 Pa, and the intrinsic tensile stress 108 Pa for a silicon nitride membrane, then the internal
stresses can be neglected since they are order of magnitudes lower than the total stress.? For a
nonductile inorganic material, the c_ultimate is equivalent to its yield stress. Taking 2.5 GPa as
o_total, based on the mechanical properties of the material, a pressure of 33.91 psi and deflection
of 23.87 um are obtained, corresponding to the maximum possible values at the verge of
mechanical failure.*> This theoretical maximum deflection value at the verge of failure, which

follows well the trend of the adjusted theoretical curve, is shown in Figure 6.6.

6.4 Conclusions

This work presents an investigation of the deflection and structural stability of optofluidic
nanohole array-based sensors operating in flow-through mode. The study was approached using
experiments, theoretical models and FEA via computer simulations through FEM. Linear and
nonlinear material models were simulated using COMSOL Multiphysics software. The simplified
linear model had an expected discrepancy with experimental values but were useful to obtain an
estimation of the order of magnitude of transmembrane pressures that would allow to study the
deflection of the substrate when used in flow-through operation, while avoiding mechanical failure.
The discrepancies were up to ~20%. In contrast, the nonlinear model, accounting for a complete
nanohole array, described accurately the deflection values obtained experimentally. The stresses

corresponding to these deflections can be used to predict maximum operation values that could
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prevent failure of the optofluidic nanostructures. Three analytical models were used to analyse the
deformation of the sensor. The models depicted the behaviour of the deflected substrate under
pressure but did not intrinsically fit the experimental results since only a fraction of the surface
deflects due to the attachment of the free-standing substrate to the silicon frame. Even when the
entire 500 um membrane is under pressure, only a reduced square area, ranging from 225 um to a
maximum of 460 um per side, deflects. Once adjusted, the theoretical model fit better the
experimental deflection values. Based on the models, the fracture point was extrapolated from the
maximum yield stress of silicon nitride membranes. As the membranes are composed of nonductile,
inorganic material, their yield stress is equivalent their ultimate stress, which resulted with a
maximum possible deflection of 23.9 um, with the applied pressure of 33.9 psi. Although the
optofluidic structures are limited by their fragile mechanical stability in flow-through operation,
these result show that they are capable of withstanding transmembrane pressures compatible with
sensing applications, where analyte is required to be brought into the apertures. Simulations that
could predict the deflection of the structures would greatly benefit the design needs of flow-through

optofluidic platforms for specific applications in the context of biosensing.
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Chapter 7

Variable Pitch Crossed Surface Relief Gratings for Point-of-Care

Sensing

With minor changes to fulfill formatting requirements, this chapter is as it appears in: Juan Gomez-
Cruz, Yazan Bdour, Eduardo Carrasco, Ribal Georges Sabat and Carlos Escobedo. 2019
International Conference on Electromagnetics in Advanced Applications (ICEAA), 0515-0515,

IEEE.

7.1 Abstract

Nanostructures consisting of crossed surface relief gratings (CSRGs) support surface
plasmon resonances (SPRs) that are compatible with biosensing applications.'? At normal

incidence, surface plasmons are excited between a metal and a dielectric at a light wavelength (Aspr)
given by Agpr = nad [,/gm/(n2 + em)], where n is the index of refraction of the dielectric, and &n

is the real part of the permittivity of the metal and A is the grating pitch. When placed between
crossed linear polarizers, CSRGs allow for plasmonic energy exchange between the two
superimposed gratings that eliminate any incident polychromatic light, except for the narrow SPR
bandwidth where polarization conversion occurs. The result is an effective transmission of the SPR
signal with a high signal-to-noise ratio. The single pitch of CSRGs, however, limit their operation
to a specific plasmonic resonance wavelength. Here, we present a plasmonic sensor based on
variable-pitch CSRG that allows plasmonic resonances at different wavelength bandwidth
depending on the illuminated region. The variable-pitch CSRGs (VP-CSRGSs) are fabricated on
azobenzene-functionalized films through a simple two-step procedure. Fig. 1a presents an actual

AFM image of the surface of a nanofabricated VP-CSRGs. The plasmonic response of the VP-
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CSRG sensor was evaluated using Finite-Difference Time-Domain (FDTD) simulations to show
the e-field intensity distribution on the gold-coated VP-CSRG surface. Electric field enhancement
and distribution, due to the plasmonic conversion, was assessed through the change of the RI of the
dielectric medium in contact with the metallic crossed gratings, and through the spectral diversity
of the light source to excite the surface plasmons. For the simulations, the surface of the CSRGs
with pitches of 520, 540 and 560 nm were modeled using the function f(x, y) = G(cos[(2n/p)X] +
cos[(2 n/p)y]), where G is the amplitude and p the period of the structure (Fig. 1a). The simulations
were used to obtain the e-field intensity distribution, normalized with respect to the incident plane
wave. Periodic boundary conditions in both x and y directions and a perfectly matched layer (PML)
in the z direction were used for the analysis region. A uniform mesh size of 3 nm was used for the
envelope of the nanostructure, comprising the azobenzene layer, the gold film and the dielectric
medium, in all the directional axes. A plane wave, polarized along the y-axis and orthogonal to the
x-y plane, was employed to induce a SPR in the structure. Fig. 1b demonstrates the plasmonic
excitation in the x-direction, when using p-polarized light and the absence of plasmonic excitation
in the y-direction. However, when s-polarized light is used, the nanostructures are excited in the y-
direction. These results present an evidence on the unique plasmonic energy transfer between the
crossed gratings that has been hypothesised before.! Experimentally, these results can be used to
confirm that the transmitted light acquired in a collinear setup using VP-CSRGs between two

orthogonal polarizers corresponds, only, to the plasmonic signature of the nanostructure.
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Figure 7.1 a) AFM image of the VP-CSRG (top) and the model used for the FDTD simulations (bottom). b) Simulation
results for p- and s-polarized light in the x- and y-directions along 540-nm-pitch VP-CSRGs.
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Chapter 8

Cicada Wing Inspired Template-Stripped SERS Active 3D Metallic

Nanostructures for the Detection of Toxic Substances

With minor changes to fulfill formatting requirements, this chapter is as it appears in: Srijit Nair,
Juan Gomez-Cruz, Gabriel Ascanio, Aristides Docoslis, Ribal Georges Sabat and Carlos

Escobedo. Sensors 2021, 21(5), 1699.

Abstract: This article introduces a bioinspired, cicada wing-like surface-enhanced Raman
scattering (SERS) substrate based on template-stripped crossed surface relief grating (TS-CSRG).
The substrate is polarization-independent, has tunable nanofeatures and can be fabricated in a
cleanroom-free environment via holographic exposure followed by template-stripping using a UV-
curable resin. The bioinspired nanostructures in the substrate are strategically designed to minimize
the reflection of light for wavelengths shorter than their periodicity, promoting enhanced plasmonic
regions for the Raman excitation wavelength at 632.8 nm over a large area. The grating pitch that
enables an effective SERS signal is studied using Rhodamine 6G, with enhancement factors of the
order of 10*. Water contact angle measurements reveal that the TS-CSRGs are equally hydrophobic
to cicada wings, providing them with potential self-cleaning and bactericidal properties. Finite-
difference time-domain simulations are used to validate the nanofabrication parameters and to
further confirm the polarization-independent electromagnetic field enhancement of the
nanostructures. As a real-world application, label-free detection of melamine up to 1 ppm, the
maximum concentration of the contaminant in food permitted by the World Health Organization,
is demonstrated. The new bioinspired functional TS-CSRG SERS substrate holds great potential as

a large-area, label-free SERS-active substrate for medical and biochemical sensing applications.
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8.1 Introduction

Biomimicry is an emerging field with the objective of replicating physical or chemical
attributes found in nature to create human-made devices. The development of biomimetic materials
and devices has been particularly useful in optics and sensing applications.'? Examples of
bioinspired materials include polymer-based biohybrid sensor interfaces,® functional
nanostructures of S-proteins for breast cancer cell detection,* wearable eye health monitoring
sensors,” anti-Moiré grids with the optoelectronic performance® and SERS substrates inspired by
the geometry of lotus seedpod.” Subwavelength periodic structures, such as nipple arrays and
tapered pillars, can be found in some insect eyes and wings. Cicadas, in particular, have tapered
nanopillars in their transparent wings to suppress light reflection, which makes them invisible to
predators® and provides them with self-cleaning, superhydrophobic and bactericidal properties.’
The amplitude and periodicity of the nanopillars range between 170 and 300 nm in order to achieve
minimal reflection in the visible 300-800 nm spectrum.'®*3 In previous studies, direct deposition
of metals on cicada wings has been used to investigate broadband light absorption properties of the

nanostructures,** as surface-enhanced Raman scattering (SERS) substrates'>1®

and to produce bio-
templated SERS-active nanostructures transferred to optical fibers.” Other studies include
photocatalytically deposited metallic nanoparticles on cicada and butterfly wings.'® However, these
methodologies enable the production of fixed-pitch nanostructures, preventing the tailored
fabrication of SERS active surfaces of similar or identical morphologies.

Nanostructures that support surface plasmon resonance (SPR) have been widely used for
sensing and biosensing applications through the use of different techniques, including SPR
spectroscopy,’®*?  SPR imaging®?® and surface-enhanced Raman scattering (SERS)

spectroscopy.®®®" SERS, particularly, allows for highly sensitive detection and specific

identification of analytes. Nevertheless, metallic nanostructures must enable high enhancement of
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near-surface electromagnetic field intensities to qualify as SERS substrate.®*® Nano-engineered
substrates such as metallic tips,* nanohole arrays® and nanogratings® have been investigated for
better controlled and reproducible SERS substrates. These structures provide a uniform
enhancement over a large surface area, negating the concept of plasmonic “hot-spots” where only
specific regions experience electromagnetic field strength enhancement.™ Metallic nanogratings,
in particular, experience large-area uniform electromagnetic enhancement, which increases the
chances for analyte detection via SERS spectroscopy.®*** However, excitation of plasmons on 1D
nanogratings is maximized when the polarization of the incident light is aligned with the grating
vector.®* Optimal enhancement is determined by the morphology of the nanogratings and the
relative angle between the incoming light polarization and the grating vector. The polarization
dependency of the nanostructures can be overcome by structuring them into a 2-dimensional (2D)
arrangement. Crossed relief gratings (CSRGs) are 2D nanostructures that enable polarization-
independent SERS detection, offering enormous potential for specific analyte sensing.'*?% SPR
excitation by one of the superimposed gratings is re-radiated by its orthogonal counterpart in a
polarization state that is orthogonal to that of the incident light. Metallic CSRG may enhance the
electromagnetic field intensity at a metal-dielectric boundary near-surface region by ~30 times, but
they are fabricated from an azobenzene molecular glass (gDR1) solution that consists of
azobenzene chromophore molecules, which are SERS active. This aspect has limited the
deployment of CSRGs for SERS-based analysis as target signals may get masked by the
azobenzene Raman spectra. One way to tackle this problem, and the main motivation of this work,
is by replicating the tapered nanopillars in the cicada wings, to take advantage of their optical
properties, and to use template stripping to allow the transfer of the metallic nanostructures to
another substrate without the gDR1 layer that could potentially mask SERS signals, with the
additional benefit of being pitch-customizable to provide antireflective (AR) or signal generation

properties at desired wavelengths. Template stripping is a cost-effective and cleanroom-free

128



approach that has been used for transferring other types of metallic nanostructures while preserving
their shape and plasmonic efficiency.*>*

Here, we present a polarization-independent, template-stripped Ag CSRG (TS-CSRG)
SERS substrate, inspired by the tapered nanopillars found in the Cicada wings,™ along with the
outstanding plasmonic capabilities of subwavelength metallic CSRG. The new methodology is
achieved using holographic exposure and template-stripping of silver-coated CSRG using a UV-
curable epoxy that enables fabrication of homogeneous, pitch-customizable, large-area, and low-
cost substrates that allows for reproducible SERS signals. FDTD simulations are used in the design
process to confirm the enhancement and distribution of the electromagnetic field along the
nanostructures. The pitch-dependency of the TS-CSRG is used to tailor the SERS signals response
upon the adsorption of Raman reporter molecule Rhodamine 6G (R6G). To showcase the
capabilities of Ag TS-CSRG as SERS substrates in a real sensing context, we demonstrate the
effective, label-free detection of melamine at concentrations of 1 ppm, which corresponds to the
maximum residue limit for melamine in infant formula dictated by the World Health Organization

(WHO).%

8.2  Materials and Methods
8.2.1 Atomic Force Microscopy

Imaging of the cicada wings, CSRGs, and TS-CSRGs structures was performed using a
Dimension Edge atomic force microscope (AFM) system (Bruker, Massachusetts, USA). A
ScanAsyst-Air AFM tip (Bruker, Massachusetts, USA) was utilized to scan a 5 um x 5 um area,
using the peak-force tapping mode, with a scan rate of 1 Hz per line. Bruker NanoScope Analysis
software was used to fit and analyze the AFM scans and obtain parameters such as the topography,

depth, and pitch of the structures.
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8.2.2 Fabrication of Nanogratings
The surface plasmon resonance wavelength of CSRGs is found by matching the SPR
wavevector to the diffracted light via the grating equation so that the following equality is

obtained:*°

Kspp = Ko nsin® + 2mm/A (8.1)

where ks is the surface plasmon wave number, ko is the incident light wave number in free space,
n is the refraction index of the dielectric, 0 is the incidence angle, m is the diffraction order
(normally limited to unity), and A is the grating pitch.

Fabrication of the CSRGs was performed using the rapid and high-throughput
interferometric technique described elsewhere.'*%:?® Azobenzene molecular glass (JDR1) solution
(DR1-glass, 2.99 mM, 94%) was prepared according to the methods described elsewhere.” A
volume of 500 pL of 3 wt % gDR1 solution, diluted in dichloromethane, was spin-coated on a 2.5
cm x 2.5 cm Corning 0215 soda lime microscope glass slide (TED PELLA, INC., California, USA)
using a Headway Research spin-coater (Headway Research Inc. Garland, TX, USA) at 1000 RPM
for 20 s. The spin-coated samples were then dried and annealed for 1 h at 90 °C in a Yamato ADP-
21 oven (Santa Clara, CA, USA) to generate a uniform gDRL1 film of approximately 200 nm thick,
verified by a Sloan Dektak Il surface profiler (Veeco Instruments Inc., Plainview, NY, USA).
CSRGs were written on the gDR1-coated substrates by direct holographic exposure to the laser-
light interference pattern assisted by a LIoyd mirror optical setup. The laser beam from a solid-state
diode-pumped laser (COHERENT, USA, Verdi V6, A = 532 nm, irradiance = 140 mW/cm?) was
directed onto a Lloyd mirror optical setup to allow for molecular mass transport of the azo-
molecules to generate of nanopatterned SRGs. After the initial inscription of the SRGs (time of

exposure = 300 s), the sample was rotated by 90° and a second exposure for 100 s was performed
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to fabricate orthogonally superimposed SRGs. An 80-nm layer of silver was subsequently sputtered
over the CSRG using a Bal-Tec SCD 050 sputter-coater, to make an Ag-CSRG. The prepared

samples had a periodicity of 450, 500, 550, 600 nm.

8.2.3 Template-Stripping Procedure

The fabricated Ag-CSRG was spin-coated with a UV-curable epoxy (NOA61, Norland
Products Inc., NJ, USA) to generate uniform epoxy coating. Next, a pre-cleaned Corning 0215 soda
lime microscope glass slide (TED PELLA, INC., California, USA) was pressed against the epoxy-
coated Ag-CSRG. The sandwiched system was then exposed to UV light in an enclosed UV
chamber (Novascan PSD-UV, Novascan Technologies Inc., IA, USA) for 30 min. When the epoxy
was cured, the patterned silver was stripped from the Ag-CSRG by a simple peel-off. The stripped
substrate, consisting of the smooth Ag nanogratings, was subjected to a final rinsing with 10%
ethanol and DI water to dissolve and remove any remaining gDR1 from the metal surface. The

cleaned substrate was then air-dried and stored in a microscope glass slide holder for further use.

8.2.4 Raman Measurements

A Horiba/Jobin-Yvon Raman spectrometer (Model: LabRAM) with a 632.8 nm HeNe laser
(17 mW), 1800 1/mm grating and an Olympus BX-41 microscope system were used. The collection
of spectra was performed in the backscattered mode under the following conditions: x100
microscope objective, 500 um pinhole, 500 pm slit width, laser filter 10%, for a sampling time of
10 seconds with 10 repeats. All Raman spectra were background corrected through polynomial

subtraction, and the noise was reduced with a Savitsky—Golay filter.

8.2.5 Analyte Sample Preparation
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R6G was dissolved in methanol at a stock concentration of 0.1 M and diluted in methanol
to generate solutions in the range of 1 mM-1 uM. Melamine was dissolved in Millipore® water to
a stock concentration of 1 mg mL™' (1000 ppm) and diluted in water to generate solutions in the

range of 100 ppm-1 ppm.

8.2.6 Contact Angle Measurements

Contact angle measurements were performed using an OCA 15EC digital goniometer
(DataPhysics, Charlotte, NC, USA). Droplets (volume of 2.56 +£0.13 pL, n = 5) of Nanopure water
were dispensed onto a 500 nm Ag TS-CSRG at standard conditions using an electronically
controlled syringe. The resulting contact angle was calculated using the SCA 20 software module
(DataPhysics, Charlotte, NC, USA) with a Young-Laplace fitting feature for the sessile drop

method.

8.2.7 Enhancement Factor Calculations
SERS EF for R6G molecule absorbed on Ag-CSRG was calculated using the following

equation:*

EF = (Isers/ Nsers )/ (Isuik/ Naulk) (8.2)

Isers and lgyuk are the intensities of the 1358 cm™' peak with SERS and normal Raman (flat Ag
surface), respectively. Ngui is the number of molecules illuminated in bulk, giving a normal Raman
signal, and Nsers is the number of molecules illuminated on the nanostructured metallic substrate,
giving the SERS signal. The peak at 1358 cm™' represents intensity at a characteristic band wave

number for R6G absorbed on an Ag-CSRG and a flat Ag substrate.
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8.2.8 Finite-Difference Time-Domain (FDTD) simulations

Three-dimensional FDTD was used to simulate the distribution of the near-field
electromagnetic field on the surface of the TS-CSRG using Lumerical FDTD Solutions software.
Simulations under S and P polarizations were recorded and added to emulate the plasmonic
response under a quasi-unpolarized broadband excitation light source. Symmetric and
antisymmetric boundary conditions were set for the x- and y- directions, respectively, and a
perfectly matched layer (PML) in the z-direction. The dielectric permittivity used in the simulations
for the UV-curable epoxy and silver were obtained from the manufacturer and the literature,

respectively.*” The topography of a CSRG was modeled according to the following function:

f(x,y)=A/2{[sin[(4n/p)x]|-|cos[(4n/p)x]|-[sin[ (8/p)x]|*|(sin[(4n/p)x]|-
[cos[(4n/p)x]DI+[sin[(4/p)y]|-[cos[(4n/p)y]|-[sin[(8n/p)y ]+ (8.3)

|(Isin[(4n/p)y]|-|cos[(4n/p)y]|)|-cos[(8/p)x]-cos[(8n/p)y]}

where A and p correspond to the amplitude and period of the structure, respectively, in accordance
with the AFM characterization. A uniform mesh size of 3 nm was used for the envelope of the
nanostructure, comprising the UV-curable epoxy, the silver film, and the dielectric medium in all
the directional axes. A time-averaged electric field intensity distribution, normalized with respect
to the incident plane wave [E / Eof?, was calculated for the Ag-CSRG. A frequency-domain field
profile is placed at the xy plane of the CSRG. To match experimental conditions, |E / Eof> was

recorded at 632.8 nm, corresponding to the excitation wavelength of the Raman apparatus.
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8.2.9 Scanning Electron Microscopy

High-magnification image acquisition of the surface of TS-CSRGs was achieved using a
high vacuum scanning electron microscope (SEM) Quanta FEG 150 ESEM (Field Electron and lon
Company, FEI, Oregon, USA) with BF/DF STEM detector, at 10 kV. Images of TS-CSRG of 450,
500, 550 and 600 nm were acquired at magnifications of 16000x, 20000x and 25000x (images of

all TS-CSRGs are provided in the Supplementary Information).

8.3  Results and Discussion

A piece of the external fagade of the wing of a natural cicada Neotibicen canicularis was
scanned using atomic force microscopy (AFM). Figure 8.1a shows a digital picture of the cicada,
and Figure 8.1b shows the AFM scan image of the external surface of a distal portion of the wing.
The inset shows an image of a droplet atop the wing of the cicada, acquired during contact angle
measurements (more details can be found in the Supplementary Information). Even when the AR
nature of the nanostructured cicada wings is dictated by evolutionary survival strategies, the
topography between different species of cicadas may vary. Figure 8.1c shows an AFM scan of the
external wing topography of a wing of cicada Cryptotympana atrata fabricius reported

previously.*
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Figure 8.1 (a) Picture of a cicada Neotibicen canicularis. (b) atomic force microscope (AFM) image of the external
surface from a piece of the wing of the cicada; inset: wetting state of a water droplet on a cicada Neotibicen canicularis.
(c) AFM image of the external surface of the wing of a cicada Cryptotympana atrata fabricius. Reprinted with
permission.*® Copyright 2017, The Royal Society of Chemistry. (d) Schematic representation of the fabrication procedure
for creating template-stripped Ag template-stripped crossed surface relief grating (TS-CSRG). AFM scan of a 5 um x 5
pm area of a 500-nm-pitch () Ag CSRG, and (f) Ag TS-CSRG,; inset: wetting state of a water droplet on an Ag TS-
CSRG; scale bars correspond to 1 um. (g) SEM image of a 500 nm-pitch Ag TS-CSRG.

As the nanostructure pattern in the cicada wing is nearly complementary to a CSRG, it can
be reproduced via template-stripping to create the bioinspired SERS-active substrate. The
fabrication procedure of the TS-CSRG is schematically shown in Figure 8.1d. First, surface relief
gratings (SRGs) were fabricated by dissolving photoactive gDR1 in dichloromethane, followed by
a spin-coating step on a pre-cleaned microscopic glass to achieve a uniform thin film of ~200 nm.
Using a laser, gratings with the desired pitch were written on the gDR1-coated substrate by direct
holographic exposure to an interference pattern as reported elsewhere.®* CSRGs were achieved by
the in-plane, orthogonal superposition of two sequentially inscribed SRG, as detailed in the

Experimental section. Nanometer-level precision in the periodicity of the CSRG is achieved by
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controlling the fabrication parameters, including laser power, exposure time, and angular position
of the sample. The precise control in the periodicity enables the creation of a tailored pitch in ~6
min. A 50-nm thick layer of Ag was deposited on the CSRG to provide the metallic interface for
the SPR excitation. Figure 8.1e shows an AFM scan of a 500-nm-pitch Ag-coated CSRG. The final
TS-CSRGs were achieved by selective lift-off of the Ag layer from the CSRG. UV-curable epoxy
was spin-coated on the Ag CSRG and then pressed against a pre-cleaned microscopic glass slide
and placed in a UV curing chamber for 30 min to allow the epoxy to solidify. The Ag nanostructures
were then peeled off and cleaned with ethanol to dissolve any remnant gDR1. This method provided
a large-area and smooth Ag TS-CSRG with a complementary pattern of the CSRG, as shown in the
AFM scan in Figure 8.1f. The inset shows an image of a droplet atop the TS-CSRG, acquired during
contact angle measurements (more details can be found in the Supplementary Information). Figure
8.1g shows an SEM image of a 500-nm-pitch Ag TS-CSRG, where the valleys and peaks of the
nanostructures are recognizable, analogous to the topology revealed by the AFM scan. Notably, the
fabricated TS-CSRGs have a remarkable resemblance to the nanostructures on the wing of cicada
Cryptotympana atrata fabricius. The nanostructures have a total sensing area of approximately ~1
cm?, allowing for a large-area approach for target analyte detection, in contrast to established hot
spot methods.

The nanostructures on the wings of the cicadas not only provide them antireflection but
also self-cleaning and antibacterial properties that arise from the hydrophobicity of the surface.®
Compared to a flat silver substrate, the TS-CSRG allows for a metal-dielectric interface with
nanoscopic features that significantly alter the wettability of the surface. Typically, the contact
angles (CA) of non-wetting surfaces range between 90° and 180°, whether a perfect wetting surface
is 0°. An ideal flat silver surface is perfectly wetting; although the CA can vary depending on the
cleanness of the surface, it is significantly low compared to values for non-wetting surfaces.*® The

nanostructured features of Ag TS-CSRGs induce a Wenzel state, where the surface exhibits the
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apparent CA of a non-wetting surface,> similar to the self-cleaning hydrophobic surface of cicada
wings. We investigated the wettability of the TS-CSRG and cicada wing by measuring the static
CA using microscopic droplets of DI water. The insets in Figure 8.1b,f show, respectively, images
of droplets on the external surface of a piece of a cicada Neotibicen canicularis wing and atop a
pristine TS-CSRG taken with the automatic CA measurement system. From the images, it is
qualitatively evident the hydrophobicity exhibited by both surfaces. Quantitatively, the measured
CA from the cicada wing and the TS-CSRG were, respectively 115°+2.075° and 119°+3.4222°
(n=5).

Electromagnetic enhancement is critical for SERS-based detection. In a backscattering
approach, a surface-confined enhancement assisted by SPR excitations allows for the enhancement
of small molecule Raman signals. However, a SERS substrate needs to be tailored to allow for the
excitation depending on the incident laser wavelength. Using Equation (1), for air (n=1) and
assuming normal incidence, the desired pitch of the gratings was calculated to be ~560 nm for a
laser excitation wavelength of 632.8 nm. However, any analyte on the surface of the metal will
eventually change the dielectric permittivity as perceived by the incident light. Hence, a set of TS-
CSRGs with a grating pitch ranging from 450 to 600 nm with a 50-nm pitch increment was
fabricated to acknowledge the dielectric change encountered by the incident light on the surface.
The nanostructures were strategically designed with those periodicities to minimize the reflection
of light for wavelengths shorter than the periodicity, promoting therefore enhanced plasmonic
regions for the Raman excitation wavelength of 632.8 nm.

FDTD simulations were used to demonstrate the polarization-independent electric field
enhancement in the vicinity of the TS-CSRG and to confirm the nanostructure pitch leading to the
highest EF. Details on the methodology, including the equation utilized to replicate the topography
of the nanostructures, are described in the Experimental section. Figure 8.2a,b shows, respectively,

the 3D surface created from Equation (3) and the simulation model used for the FDTD simulations.
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This equation was utilized to create a model of the TG-CSRGs on Lumerical FDTD solutions
software to perform FDTD simulations, which are presented in Figure 8.2b. The simulations
demonstrated the polarization-independent electric field enhancement in the vicinity of the TS-
CSRG and confirmed the nanostructures pitch leading to the highest EF. Details on the
methodology, including the equation utilized to replicate the topography of the nanostructures, are
described in the Experimental section.

Figure 8.2c—f shows the electric field intensity distribution, [E/Eo|?, recorded along the xy
cross-section, for gratings with periodicities spanning from 450 nm to 600 nm for a dielectric with
Rl of 1.33. All the simulation results were scale-adjusted for intensity values of 0-100. The
plasmonic enhancement obtained for all the structures demonstrated to be the same for s- and p-
polarized incident light. Figure 8.2d shows the simulated electric field enhancement of the TS-
CSRG of 500-nm pitch, which is at least five times higher than the other periodicities investigated
in this work (Figure 8.2c,e and f). Additionally, it can be observed that the highest electric field
enhancement occurs at the crests of the nanostructures. The strength of the electric field decreases
in a quasi-radial pattern towards the center of the valleys. Although the simulations may indeed
vary from real samples on account of alterations in Rl or topography, they served to confirm the

response for the TS-CSRG periodicities scrutinized in this work.
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Figure 8.2 Finite-difference time-domain (FDTD) simulations. (a) 3D surface created from Equation (3). (b) FDTD
simulation model. (c—f) Electric field distribution along xy cross-section for Ag TS-CSRGs with grating pitch spanning
from 450 nm to 600 nm, with 50 nm increments.

The pitch-dependency of the TS-CSRG was used to tailor the SERS signals response upon
the adsorption of Rhodamine 6G (R6G), a Raman reporter molecule with a distinct Raman
spectrum. Figure 8.3a shows the Raman spectra for a flat Ag surface and TS-CSRG with pitches
of 450, 500, 550 and 600 nm. Raman peaks at c.a. 610, 770, 1180, 1306, 1360, 1505, 1570, 1595,
and 1645 cm™!' are characteristic of R6G.*** The reference peak at 1360 cm™', corresponding to
aromatic C-C stretching,> is commonly used as a reference to track changes on the surface of the

substrate, and it can be clearly observed in all CSRGs. However, the peak is more prominent in the
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500-nm-pitch grating, concurring with the simulation results shown in Figure 8.2c—f. The SERS
enhancement factor (EF), which correlates to the evaluation of signal intensities observed from
SERS-active and passive substrates (i.e., flat Ag substrate), was calculated. The Raman vibration
of R6G at 1358 cm* was used for the EF calculations, and the corresponding intensity for R6G
(102 M) on a flat Ag substrate was calculated to be 70 arbitrary units (a.u.). The intensities at 1358
cm' were recorded for each of the substrates with different pitches using R6G (10° M). The EF
values were calculated using Equation (2) for TS-CSRG with pitches 450, 500, 550 and 600 nm
were 3.8 x 10* 7.6 x 10% 6.1 x 10% and 1.6 x 10*, respectively. The TS-CSRG with a pitch of 500
nm exhibited the highest EF—a value that may serve as a guideline for SERS detection applications

and further investigations, with magnitude comparable to reported values for grating-based SERS
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substrates® and commercial SERS substrates.
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Figure 8.3 Surface-enhanced Raman scattering (SERS) activity of Ag TS-CSRG. (a) Pitch-dependency of SERS spectra
for R6G (10-° M) with pitches ranging 450 nm to 600 nm, and for a flat Ag substrate for R6G (102 M). (b) Average
SERS spectra of melamine on Ag TS-CSRG for concentrations ranging from 1 ppm to 1000 ppm.

The TS-CSRG was further evaluated in a real-world detection scenario for the detection of
melamine. Melamine is a toxic, nitrogen-rich (66% by mass) chemical used in the plastics industry
for the production of compounds for molding, coating, adhesives, and glues. Due to its high

nitrogen content, it is illegally added to foodstuffs such as pet food, milk, infant formula to inflate
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the apparent protein content of the food.>® Melamine contamination is virtually undetectable by
standardized tests as they rely on the amount of nitrogen in test samples as a proxy for the amount
of protein. lllegal contamination of dairy products led to severe health problems, resulting in renal
failure and even death, with the hospitalization of over 50,000 infants in some cases.>® The World
Health Organization dictates 2.5 ppm (2.0 x 107> M) as the maximum residue limit for melamine
in milk and 1 ppm (7.9 x 10°% M) as the maximum residue limit in infant formula.>” Detection of
melamine usually involves laborious, expensive, and time-consuming methods such as HPLC and
LC-MS. In spite of the low detection limit of those methods, they involve immovable heavy
equipment and sample preprocessing that make them impractical for point-of-use testing.
Melamine has a strong characteristic Raman peak associated with the in-plane deformation of the
triazine ring peak (around 676-690 cm™"), depending on reaction conditions.® This provides an
opportunity to allow for the detection of melamine using the Ag TS-CSRG SERS substrate.
Melamine in water with concentrations ranging 1 ppm-1000 ppm were drop-casted on the Ag TS-
CSRG, followed by SERS spectra acquisition. Figure 8.3b shows the normalized acquired spectra
for melamine for the different concentrations. The characteristic Raman peak associated with the
in-plane deformation of the triazine ring peak is distinguishable up to 1 ppm, a concentration that
is in line with the WHO regulations for melamine in food products. These results demonstrate that
the Ag TS-CSRG presented here can be used as an inexpensive, yet effective SERS sensor with a
topology that can be customized to transmit or reflect specific light wavelengths, similarly to actual
nanostructures in cicada wings, to enable signals tailored to employ and acquire specific

wavelengths for sensing.

8.4 Conclusions

In conclusion, this work presents a new Ag TS-CSRG as polarization-independent SERS

active substrate, inspired by the tapered nanopillars found in cicada wings. The fabrication of the
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substrate is cost-effective and achieved in a cleanroom-free environment via holographic exposure
followed by a template-stripping step using a UV-curable resin. Inspired by the AR properties of
the cicada wings, the nanostructures are strategically designed to minimize the reflection of light
for wavelengths smaller than their periodicity, promoting enhanced plasmonic regions for the
Raman excitation wavelength at 632.8 nm. AFM scans reveal that the TS-CSRGs possess a
remarkable resemblance to the nanostructures in the wings of cicada Cryptotympana atrata
fabricius and are equally hydrophobic, providing them with potential self-cleaning and bactericidal
properties. The nanostructures enable a field enhancement that allows for the sensitive and
reproducible SERS detection of R6G. Simulations and experimental investigation of the SPR-
assisted electromagnetic enhancement are performed via FDTD and detection of SERS-active dye
R6G, respectively, to validate the nanofabrication parameters. More important, the TS-CSRG
enables the label-free, sensitive detection of melamine at concentrations compatible with the
maximum residue limits allowed by the WHO in food. The fabrication methodology of TS-CSRG
allows for the generation of nanostructures with customized periodicities that can be tailored for
specific applications. Therefore, the new bio-inspired functional, SERS-active TS-CSRG
introduced here holds great promise as large-area, label-free SERS-active substrates for medical

and biochemical sensing applications.
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Chapter 9

Volatile Organic Compound Detection Using Silicone-Coated Metallic

Flow-Through Nanohole Arrays

This chapter has been prepared as a draft manuscript and has not yet been submitted for publication.

Abstract: Organic contaminants, specifically volatile organic compounds (VOCs), are commonly
employed in several industries. Exposure to these compounds over an extended period of time can
cause serious health complications. However, the development of a sensitive, reliable, and
reproducible sensor is still needed. Here, we present a rapid-fabrication VOC sensing platform that
combines the experimental and theoretical quantification of analyte mole fraction. A metallic flow-
through plasmonic nanohole array (NHA) coated with a thin layer of PDMS was utilized to measure
the uptake and release of xylene into the PDMS in real-time. A mathematical model of the diffusion
kinetics of the vapor solvent through the PDMS-NHA structure was developed to fit the
experimental data. This approach improved the platform limit of detection (LoD) in two orders of
magnitude (LoD = 4.4x107°) compared to the mole fraction from the experimental detection. The
platform exhibited unique potential as a VOC detector, attributed to its low concentration

quantification, reproducibility, and miniaturization and portability capabilities.

9.1 Introduction

Organic contaminants, specifically volatile organic compounds (VOCSs) such as benzene,
toluene, ethylbenzene, and xylenes (BTEX), are frequently employed in several industries,
including polymer and plastic production, oil refineries, and paint production. When released, these

compounds turn into atmospheric pollutants.® Prolonged exposure to high levels of these
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compounds can cause serious health side effects such as respiratory diseases, reproductive

adversities and cancer,*®

making the development of an accurate, real-time BTEX sensor
necessary.

Since its discovery, the Surface Plasmon Resonance (SPR) phenomenon has been widely explored
as an optical sensing technique.* Due to its versatility, SPR-based sensing platforms have been used
for point-of-care (POC) biosensing,>® and drug’ and explosive detection.® SPR sensors are based
on the change in refractive index (RI) at a metal-dielectric interface; upon light excitation, the free
electrons on the metal surface create an evanescent wave that travels along the interface, known as
surface plasmon polariton (SPP). Periodic metallic nanostructures, such as flow-through nanohole
arrays (NHASs), promote the propagation of SPP on the surface and allow for extraordinary optical
transmission (EOT) as a consequence of the SPR response.*®® NHAs can be interrogated in
transmission mode, in contrast to spectroscopic reflection interrogation in flat metallic thin films,
which offer high sensitivity and the use of collinear optics, which in turn, facilitates the
miniaturization and multiplexing of the detection platforms. ! Plasmonic nanohole array sensors
for VOC detection have been recently investigated, achieving great portability and high sensitivity.
Nonetheless, all the reported methods require a multistep fabrication approach to achieve the
reliable detection of VOC >

Polydimethylsiloxane (PDMS) is an elastic, chemically inert, hydrophobic polymer with optical
transparency in the ultraviolet-visible (UV-Vis) region of light.**!* These properties have led to its
use in a wide variety of commercial, industrial, and scientific applications. Additionally, the
partitioning and permeability properties are extremely useful in the analytical field as a means for
solid-phase microextraction (SPME), analyte separation via gas chromatography columns, passive
samplers with PDMS membranes, and lab-on-a-chip applications, to name a few.'* PDMS, like
other silicon-based inorganic polymers, bears a strong affinity to non-polar molecules. This allows

VOCs to be readily absorbed into the polymer causing physical and chemical changes.}”*® For
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instance, the uptake of VOCs into PDMS results in the alteration of its refractive index. The
increase or decrease of RI of the polymer is strongly dependent on the VOC optical properties,

solvent-polymer affinity, and sorption kinetics.'®*°

Here, we present a novel VOC sensing approach using metallic flow-through NHAs coated with a
thin layer of PDMS. The fabrication of the device is facile, rapid, and cleanroom-free. The sorption
kinetics of xylene vapors into a thin layer of PDMS are investigated by measuring the peak-shift
of the plasmonic signal upon the change in bulk RI, acquired in transmission mode. Using our
expertise in VOC kinetics,*®*% we developed a mole fraction mathematical model to describe the
uptake and release of xylene in the system as a function of time, to determine the diffusion rates of
an analyte through the polymer film. This approach enables the development of accurate portable

and cost-effective sensing platforms for the detection of VOCs.
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Figure 9.1 Schematic representation (not to scale) of the NHA sensor covered with a thin layer (d = 10 um) of PDMS.
The analyte flows from the PDMS surface (y = 0) to the NHA (y = d). 8d corresponds to the maximum amplitude of the

evanescent plasmonic wave.
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9.2  Materials and Methods
9.2.1 PDMS-coated flowthrough NHAs

The plasmonic flow-through nanohole arrays are fabricated on a SisN4 TEM grid structure
(Ted Pella, USA) of 200 nm thickness with an effective sensing area of 500 um x 500 um. Physical
vapor deposition (PVD) was used to deposit a 5 nm Cr adhesion layer, followed by 100 nm of Au.
The hexagonal lattice of nanoholes has a hole diameter and periodicity of 200 nm and 400 nm,
respectively. A 10 um PDMS film (1:10 weight ratio of curing agent to prepolymer, Dow Corning,

MI, USA) was spin-coated on top of the NHA structure.

9.2.2 Experimental setup

A transmission-based optical setup comprises a halogen lamp (Ocean Optics HL-2000,
USA\) as a light source, a collimating array including a 10x objective lens and a biconvex lens. The
collimated light beam diameter was restricted through an iris and directed on top of the NHA
structure. The transmitted light spectra, coming from the NHA, was captured by a UV-Vis
spectrometer (Ocean Optics, USB4000, USA). The PDMS-NHA structure was enclosed in a 3D
printed custom-made chamber that allows the transmission of light through the center of the
chamber and allows for the gases to flow on top of the PDMS-NHA structure. The chamber was
connected to a flow meter to regulate and maintain a constant flow rate of 230 sccm of gas. Xylene
saturated in nitrogen gas, produced by flowing nitrogen into a glass container filled with xylene
solvent, was used for absorption measurements, and pure nitrogen gas was used for desorption

measurements.

9.2.3 FDTD simulations
Three-dimensional finite-difference time-domain simulation (Lumerical FDTD Solutions)

was used to simulate the near-field electromagnetic field distribution. Simulations under S and P
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polarizations were recorded and added to emulate the plasmonic response of the PDMS-NHA
structures under a quasi-unpolarized broadband excitation light source. Due to the periodicity of
the hexagonal lattice of the NHAs, a unit cell of the structure was used with symmetric and
antisymmetric boundary conditions set for the x- and y directions, respectively, and a perfect
matched layer (PML) in the z-direction. A uniform mesh size of 3 nm was used for the nanostructure
envelope, comprising the SisNa, the chromium and gold films, and the PDMS layer. A time-
averaged electric field intensity distribution, normalized with respect to the incident plane wave |E
/ Eol?, was calculated for the structure. The dielectric permittivity used in the simulations for the

PDMS and gold were obtained from the manufacturer and the literature, respectively.?

9.3  Results and Discussion
9.3.1 FDTD Model

Figure 9.1 shows the schematic representation of the sensing structure comprised of the
hexagonal plasmonic NHA, cover with a 10 um PDMS layer. A hexagonal-lattice was preferred
since it reduces the cross-talk between resonance peaks compare to conventional square-

lattices.?>?
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Figure 9.2 FDTD simulations showing the electric field intensity distribution around the rim of the NHA since these

regions are the most sensitive to changes in RIs. The response was mapped at L = 680 nm (a) cross-section. (b) x-y plane.

Calculations and Finite-Difference Time-Domain (FDTD) simulations were performed to
predict the plasmonic response of the PDMS-NHA system. The simulated EOT maxima occurred
at a wavelength of 680 nm. Figures 9.2 a and b show the electric field (e-field) intensity distribution
at the interface of the NHAs and the PDMS layer. Unpolarized incident light was emulated using
0° and 90° polarization. Outstanding electric field enhancement, confined at the PDMS-gold
interface, was observed on the rim of the nanoholes at a wavelength of 680 nm. Additionally, the
penetration depth of the plasmonic wave into the PDMS (region sensitive to changes in RI) was

calculated to be ~100 nm, and this was confirmed by simulations shown in Figure 9.2a.
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9.3.2 VOC detection with PDMS-coated flow-through NHAs

The xylene sorption measurements were performed utilizing the setup shown in Figure 9.3.
The spectral response of the PDMS-NHAs was recorded for 110 minutes, obtaining spectra
measurements every 20 seconds. No solvent was flowed over the first 10 minutes to obtain a
baseline signal. Xylene gas was flowed and absorbed into the PDMS for the next 50 minutes,
followed by nitrogen gas to desorb the xylene over the subsequent 50 minutes. A set of raw data
from a full experiment is presented in Figure 9.4a. The spectral response from the NHA shows a
transmission from around 600 nm to 750 nm. However, it can be observed that the most sensitive
region falls around 680 nm, which is consistent with the simulations. Tracking of the signal shift,
due to the change in refractive index, was performed by the centroid method.?*® This method
accounts for the change in the center of mass of the desired region of the signal. This method is
preferred when the biggest change does not occur in the maxima or minima of the signal. All the
experiments were analyzed using a custom MATLAB code that calculates the centroid of every
spectra at the upper 75% of the signal. Figure 9.4b shows the centroid shifting over time, as a
consequence of the RI change in the PDMS film, upon xylene absorption and desorption.

The characterization of the NHAs to changes in the bulk refractive index was performed
by changing the volume percent of dimethyl sulfoxide (DMSO RI, n = 1.473) in water from 20%
to 70%. This provides an RI change from » = 1.3655 to # = 1.444, which is within the range of the
PDMS RI (n = 1.427).%° The linear fitting provides a sensitivity of 241.5 nm/RIU (refractive index
units), Figure 9.4a inset. This characterization was utilized to estimate the RI change during the

sorption experiments.
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Figure 9.3 Schematic representation (not to scale) of the experimental setup for VOC sorption measurements. Xylene
vapours were generated in a glass bubbler by flowing nitrogen gas to generate saturated solvent vapours. Saturated
vapours and pure nitrogen were directed to the chamber containing the NHA (inset) for absorption and desorption

The experimental mole fraction concentration of the xylene diffused in the PDMS was

calculated using Equation 9.1 from our previously reported method:*®
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where Pj is the molar polarization of the PDMS and xylene, nppws the RI of the PDMS film before

absorption and nmix is the measured RI during sorption. The molar polarization was determined



fi= (Zi n ;> (1\:_) 9.2)

where M; is the molar mass and pi is the density. The experiments performed in this work assumed
a zero swelling from the film (4d = 0). Although it is known that PDMS can swell, up to 50%, after
72 hours of exposure in a saturated xylene atmosphere,*” Saunders et al.® suggested a two-step
PDMS absorption mechanism of VOCs. Upon exposure, the analytes rapidly fill the PDMS pores
causing a change in RI without significant volume changes; over time, the analyte is fully
incorporated into the film, causing swelling. Additionally, our experiments did not expose the

PDMS to xylenes for longer than 1 hour.
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Figure 9.4 (a) Comparison between simulated (dotted red line) and experimental spectra (solid blue line). The

transmission spectrum shift was performed by tracking the centroid of the signal, which lies within the simulation maxima
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range. Inset: characterization curve of the sensor utilized to calculate the RI changes of the xylene sorption into the

PDMS. (b) Centroid wavelength change over time for xylene sorption experiments.

The analyte migration into a polymer can be modelled by a Fickian diffusion mechanism
when the temperatures are well above the glass transition temperature of the polymer.?” Since
PDMS glass transition temperature is Tg = -123°C,% a Fickian model can be used to describe
analyte diffusion at room temperature. The PDMS layer on the surface is considerably thin
compared to its lateral extension, and the hole diameter is orders of magnitude smaller than the film
thickness. Therefore, the problem was analyzed as one-dimensional diffusion through a plane of
finite thickness within an infinite reservoir of analyte on one side with either an impenetrable wall
or zero concentration on the other side.

Based on Crank's solutions for a one-dimensional diffusion problem,?® we mathematically
described the sorption kinetics of a thin PDMS film supported by an array of nanoholes. The total
analyte concentration accounts for the linear combination of the time-dependent mathematical
expressions, describing an average mole fraction of the analyte over the near metal-film interface
through a supported membrane (SM), X, and a free-standing membrane (FSM), Xggy. Both
cases were applied for absorption (abs) in Equations 9.3 and 9.4 and desorption (des) in Equations

9.5 and 9.6:
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where X, is the equilibrium mole fraction in the film, D is the diffusion coefficient (calculated from
the experimental fitting from Equation 9.7), d is the film thickness (10 pm), and Jy is the effective
amplitude of the evanescent plasmonic wave into the PDMS (100 nm). The total sensing area is
2.025x10° um?, and the nanoholes, representing the FSM, account for 3.976x10* um? or 19.6% of

the total area. Therefore, the linear combination representing the total solvent mole fraction is:

X = (0.804)(Xgp) + (0.196)(Xrsm) 9.7)

Figure 9.5a shows the experimental data in combination with the mathematical fitting utilizing
Equations 9.3-9.7 for the xylene uptake and release into the PDMS. Equation 9.7 was a good
approximation to the experimental data, supported by the residual plot (Figure 9.5b). Additionally,
the limit of detection (LoD)* of 1.5x10°*from the raw data was improved to 4.4x107° by the fitting
method. Reproducibility among experiments was achieved for both experimental and mathematical

fitting (Figure 9.5c¢).

158



*  Free-standing
membrane model
& Mole fraction
& Supported membrane
model
=l= Linear combinatson

(a)

Film-Xylene concentration (X,

Fit Residual

(c)

]
0.0015 - =

0 o —

T Ll Ll T I Ll I
0 1000 2000 3000 4000 5000 6000 7000
Time (s)

Figure 9.5 (a). Comparison between the experiment mole fraction values (black dots), and the mathematical fitting under
a free-standing membrane model (red stars), supported membrane model (blue triangles), and the linear combination of
both models (green squares) (b) Residuals corresponding to the mathematical model approximation and the experimental
data. (c) Comparison of the mathematical model fitting corresponding to three different experiments performed under

the same conditions.

9.4  Conclusions

In summary, we have presented the first experimental and analytical demonstration of the
detection and quantification of VOC concentration in a PDMS thin film on a plasmonic flow-
through nanohole array structure. With a bulk sensitivity of 241.5 nm/RIU, the sensing platform
allows for the detection of the mole fraction of xylene vapors using the RI change in the PDMS

layer. The implementation of a mathematical model for fitting the experimental data reduced the
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LoD by two orders of magnitude to a mole fraction value of 4.4x107. This platform exhibits great

potential as a VOC sensor not only because of low concentration quantification, reproducibility,

and the closeness of the experimental data with the mathematical model but also because it permits

miniaturization, portability, and the possibility of detecting multiple solvent vapors by

characterizing their sorption kinetics for each individual solvent.
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Chapter 10

Conclusions and future work

10.1 Conclusions

This dissertation focused on the design and development of novel plasmonic metallic
nanostructures and their implementation on SPR-based POC platforms. Metallic NHAs and CSRGs
were studied and characterized by predicting their plasmonic behavior through theory and FDTD
simulations. Subsequently, fabrication and experimentation allowed for the assessment of their
potential in detecting molecules and biological analytes. NHAs and CSRGs demonstrated an
excellent sensing capability and successful integration with other fields such as electronics, optics,
and microfluidics.

In this work, gold-coated flow-through NHAs were investigated and implemented in a
miniaturized SPRi-biosensing platform. The spectral plasmonic response in transmission mode and
the electric field distribution of the NHASs were analyzed for different periodicities, hole sizes, and
RI changes at the metal-dielectric interface. A miniaturized transmission-based optical assembly in
conjugation with portable electronics was built to promote SPR in the NHAs and analyze their
response. The platform was employed for the detection of real-time changes in the local RI. The
platform was also evaluated as a proof-of-concept biosensing assay for the rapid detection of
uropathogenic bacteria, demonstrating the potential of this platform for label-free detection in a
real-world application. The portable and cost-effective platform allowed for the detection of intact
UPEC in clinically relevant concentrations. The experimental detection limit was 2-orders of
magnitude lower than the clinical limit for UTI diagnosis. Additionally, the platform demonstrated
the detection of UPEC spiked in human urine with high specificity without the necessity of any

pre-treatment.
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Flow-through NHAs were also demonstrated for the detection of VOCs using their
spectroscopic capabilities. By coating the metallic NHAs with a thin layer of a silicone-based
polymer such as PDMS, the change in Rl of the PDMS was measured in real-time as a result of the
uptake and release of xylene vapors. This approach also enabled the development of a mathematical
model of the diffusion Kinetics of the vapor solvent through the PDMS-NHA structure to fit the
experimental data.

CSRG metallic structures were also investigated using FDTD simulations and
experimental approaches for various periodicities, materials, and Rl at the metal-dielectric
interface. Our group has previously demonstrated the potential of the CSRGs as an SPR biosensor
in a transmission fashion, taking advantage of the SPR polarization conversion in CSRGs. A smart-
phone compatible miniaturized and cost-effective optical platform was developed for the
spectroscopic detection of uropathogenic E. coli, achieving a detection comparable to the clinical
limit for UTI diagnosis. Inspired by CSRG biosensing capabilities, an SPRi-based platform
consisting of a narrow band LED, and a CMOS was employed to detect intact uropathogenic
bacteria in PBS and urine. Detection of concentrations spanning 6-orders of magnitude was
performed in real-time, including clinically relevant concentrations of the pathogen.

A novel, bioinspired cicada wing-like SERS substrate was developed using a template-
stripped CSRG (TS-CSRG) structure. Inspired by the antireflective properties of the cicada wings
and the unique plasmonic enhancement of CSRGs, the structures were strategically designed for
Raman excitation wavelength at 632.8 nm. Nanofabrication parameters were evaluated through
FDTD simulations, and fabricated nanostructures were tested using R6G. TS-CSRGs also achieved
a label-free melamine detection up to 1 ppm, which is the maximum concentration of the

contaminant in food permitted by the World Health Organization.
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10.2 Future work

There are many opportunities to improve the plasmonic structures and the POC platforms
presented in this dissertation. Flexible plasmonic sensors based on NHAs and CSRGs are currently
being investigated due to their potential to detect analytes in complex surfaces such as human skin.
The combination of plasmonic nanostructures with a complex multi-layer microfluidic platform
will allow for countless lab-on-a-chip applications where analytes can be selectively delivered for
multiplexed SPR detection. Functionalization chemistry and techniques can be improved to
increase the longevity of the sensor, especially for commercialization purposes. Finally, the
decoration of NHAs and CSRGs with nanoparticles can be explored to improve the SERS substrate
enhancement factor. Many nanoparticle shapes and materials can be utilized under different Raman
excitation wavelengths for innumerous applications involving the detection and quantification of

molecules and living cells.
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Supplementary information to Chapter 3

With minor changes to fulfill formatting requirements, this Appendix is substantially as it appears
as supplementary Information in: Juan Gomez-Cruz, Srijit Nair, Angel Manjarrez-Hernandez,
Sandra Gavilanes Parra, Gabriel Ascanio and Carlos Escobedo. Biosensors and Bioelectronics,

2018, 106, 105-110.

Dot blot immunoassay

Bacterial detection was carried out according to the method described by Harlow and
Lane,* 1988 but with some modifications. Briefly, 3 ul of concentrations of 105 cells diluted in PBS
were spotted onto a nitrocellulose membrane. The spots were dried and the membrane was blocked
with a blocking solution (5% wt/vol nonfat dry milk, 0.2% Tween 20 and 0.02% sodium azide in
PBS) for 1 hour under agitation, washed with PBS containing 0.2% Tween 20, and incubated for 2
hours with 1:100 dilution of the rabbit antibodies against E. coli. Following three washes with PBS,
the membranes were incubated with a 1:5000 dilution of horseradish peroxidase-conjugated anti-

rabbit IgG and the reaction was visualized with 4-chloro-1-naphthol.
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Figure A.1 Dot blot anti-E. coli Ab affinity immunoassay results for the Gram-negative bacteria uropathogenic E. coli
(UPEC), Klebisella pneumonia, Pseudomonas aeruginosa, and Proteus mirabilis (red dashed circles facilitate the view
of the dots of the last three).
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Table A.1 Relative intensity-based quantification of dot blot immunoassay using ImageJ software.

Sample Ab Affinity (%)
Positive control 100
Escherichia coli 100
Klebsiella pneumoniae 20
Pseudomonas aeruginosa 10
Proteus mirabilis 15

References
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https://doi.org/10.1016/0968-0004(89)90307-1.
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With minor changes to fulfill formatting requirements, this Appendix is substantially as it appears
as supplementary Information in: Srijit Nair, Juan Gomez-Cruz, Angel Manjarrez-Hernandez,

Gabriel Ascanio, Ribal Georges Sabat and Carlos Escobedo. Sensors 2018, 18(11), 3634.

SPR peak drift experiments

Experiments were performed to determine any potential drift of the acquired signal when
using DI water and PBS solutions as test samples. A thin PDMS slab (2 cm x 2 cm) with an 8 mm
x 8 mm chamber was placed on the CSRGs, in order to allow liquid-metal contact. The liquid in
the chamber (~140 ul) was covered with a cover slip to eliminate any potential lensing effects and
diminish evaporation. Transmitted signal from the CSRGs were acquired for 20 minutes, with 30-
seconds intervals between each acquisition. As shown in Figures B.1 and B.2, no considerable drift
in the SPR signal was observed over the 20 minutes, for both DI water and PBS solution. A
cysteamine-biotin-streptavidin assay, as reported elsewhere *, was also performed in order to
tabulate the potential drift associated with respect to binding of analytes and biomolecules on the
CSRGs surface, akin to the bacterial detection presented in the article. A streptavidin solution (800
nM) was incubated atop a cysteamine-biotin complex immobilized on the surface of the CSRGs
and the system was allowed to reach quasi-steady state. The signal from the system was acquired
for 20 minutes, with 1-minute interval between each acquisition, as shown in Figure B.3. The signal

was quite stable over the lapse of the experiment and no significant drift was observed.
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Figure B.1 Relative shift in SPR peak recorded for water from t = 0 min to t = 20 minutes, with 30-seconds interval

between signal acquisition.
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Figure B.2 Relative shift in SPR peak recorded for PBS solution from t = 0 min to t = 20 minutes, with 30-seconds

interval between signal acquisition.

169



0.10

0.08

0.06

Relative shift (nm)

S & & o o o
o o o o o o
D S N o N =
1 | | | 1 1

[ |

-0.08

-0.10

. I . 1 L I
0 5 10 15 20
Time (min)
Figure B.3 Relative shift in SPR peak recorded for bound streptavidin on immobilized biotin-cysteamine complex on

CSRGs surface from t = 0 min to t = 20 minutes, with 1-minute interval between signal acquisition.
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Contact angle measurements
The wetting state of surfaces is often used to evaluate bactericidal properties of both

bioinspired and natural nanostructured materials 2

. In that context, the wetting state of the
bioinspired TS-CSRGs and the cicada wings were compared through contact angle (CA)
measurements. Figure C.1 shows images of the profile of microdroplets on the wings of the cicada
Neotibicen canicularis and on the TG-CSRG structures, taken during the CA measurements, as
described in Section 8.2.6. The resulting CAs demonstrate similar hydrophobic properties with

contact angles of 115°+2.075° and 119°+3.4222° (n=5) for the cicada wings and the TS-CSRG,

respectively.

Figure C.1 Images taken during contact angle measurements of a DI water droplet atop the surface of a) a piece of
wing from a cicada Neotibicen canicularis (inset: cicada used as sample source); and b) an Ag TS-CSRG (inset: TS-
CSRG, left; AFM scan, right).
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Preparation and inspection of the TS-CSRG SERS substrates

The template stripping process to fabricate the TS-CSRGS is shown in the pictures in
Figure C.2. Macroscopic and microscopic optical inspection of the nanostructures was performed
in order to evaluate the successful preparation of the SERS-active substrates. Figure C.2a shows
the inscribed and silver-coated CSRG (methodology described in Section 8.2.2). The two
orthogonal pitches of the CSRG were verified for accuracy by measuring the first-order diffraction
angle from a low-power Helium-Neon laser and by using the grating equation. Subsequently, UV
curable epoxy (NOAG61, Norland Products Inc., NJ, USA) is spin-coated on top of the silver-coated
nanostructures and a glass slide is carefully placed down and pressed uniformly to distribute the
glue and remove any air in between. The structure is then exposed to UV light in an enclosed UV
chamber (Novascan PSD-UV, Novascan Technologies Inc., 1A, USA) for 30 min (Figure. C.2b).
Once cured, the glass slide is meticulously removed to transfer the silver pattern. The excess of
gDR1 is removed by rinsing with ethanol and DI water. Figure. C.2c shows Au TS-CSRG of 450,
550 and 600 nm successfully transferred to glass slides, which exhibit light diffraction patterns

similar to the original CSRG.

a

Figure C.2 CSRGs template stripping process. a) Silver-coated CSRG structure. b) Glass slide and CSRG structure after
spin coating and UV exposure. ¢) TS-CSRG structures.
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Scanning Electron Microscopy (SEM) Characterization

The surfaces of the Ag TS-CSRGs were investigated through the use of a high vacuum
Scanning Electron Microscope (SEM) model Quanta FEG 150 ESEM (Field Electron and lon
Company, FEI, Oregon, USA) with BF/DF STEM detector, at 10kV. Figure C.3 shows images of

TS-CSRG of 450, 500, 550 and 600 nm at magnifications of 16000x, 20000x and 25000x.

Figure C.3 SEM images of the Ag TS-CSRGs with pitches of a) 450 nm, b) 500 nm, ¢) 550 nm and d) 600 nm.
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