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Featured Application: This work reports a new design of surface-enhanced Raman spectroscopy
(SERS) substrate which will provide high enough sensitivity and fast and close contact of the
target structure to the optical hot spots with an enhancement factor of 108 or higher, which could
be high enough to detect immunomagnetically densified bacteria.

Abstract: Rapid detection of bacteria is a very critical and important part of infectious disease
treatment. Sepsis kills more than 25 percent of its victims, resulting in as many as half of all deaths in
hospitals before identifying the pathogen for patients to get the right treatment. Raman spectroscopy
is a promising candidate in pathogen diagnosis given its fast and label-free nature, only if the
concentration of the pathogen is high enough to provide reasonable sensitivity. This work reports
a new design of surface-enhanced Raman spectroscopy (SERS) substrate which will provide high
enough sensitivity and fast and close contact of the target structure to the optical hot spots for
immunomagnetic capturing-based bacteria-concentrating technique. The substrate uses inverted
nanocone structure arrays made of transparent PDMS (Polydimethylsiloxane) to funnel the light from
the bottom to the top of the cones where plasmonic gold nanorods are located. A high reflective and
low loss layer is deposited on the outer surface of the cone. Given the geometry of cones, photons are
multi-reflected by the outer layer and thus the number density of photons at hotspots increases by an
order of magnitude, which could be high enough to detect immunomagnetically densified bacteria.

Keywords: SERS; pathogen detection; gold nanorods; nanocone array

1. Introduction

Rapid detection of bacterial infection is a very critical and urgent part of infectious
disease diagnostics and treatment. Sepsis kills more than 25 percent of its victims and
costs hospitals billions of dollars annually. In the U.S. alone, more than a million people
become infected each year, resulting in as many as half of all deaths in hospitals [1,2]. But
the diagnosis of sepsis takes possibly up to five days to cultivate and identify bacteria in
current clinical standards [3,4]. This need of novel diagnosis tools pushes forward the
development of biosensors. Many biosensors have been developed to detect bacteria in
blood, serum, water, foods and biofilms. Several biomaterials (enzymes, antibodies, DNA
and lectin) are used to identify a target molecule and produce perceptible signals detectable
by a transducer.

Surface Enhanced Raman Spectroscopy (SERS) is a label-free-based optical biosensor,
utilizing a modified form of Surface Plasmon Resonance (SPR). In Raman spectroscopy, as
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laser light interacts with a sample, the light will be scattered inelastically [5-7]. During this
process, the inelastic scattering of incident photons [8,9] can change wavelength according
to the vibrational modes of the molecules. This difference of wavelength between incident
and scattered photons provides rich vibrational information about the chemical bonds.
Practically, it can also provide a high spatial resolution [10]. To improve and enhance Raman
signals, SERS employs metallic nanomaterials, like a SERS tag. A SERS tag consists of
modified metallic nanoparticles with specific capturing probes or Raman reporter molecules.
This approach provides a high sensitivity approach with multiplexing potentials.

The crucial task to employ SERS into low concentration bio-sensing is to increase the
intensity of the vibration mode, Isgrg, by enhancing the electric field at the location of the

sensing [11]:

2 2

E(As)
Eo (/\s )
where A is the incident wavelength and A is the Raman scattering wavelength, E is the local
electric field intensity, and Ej is the incident electric field intensity. Since the frequency shift

due to Raman scattering is small compared to the incident wavelength, the enhancement
factor (EF) can be written as [12]:

E(A)
IsgRrs o ‘Eo/\)

)

EF « ‘ )

With a given order of magnitude enhancement on light field, the signal output of a
substrate is:
I' o< EF X Nyojecule 3)

where Nji0cule TEpresents the number of molecules in contact with plasmonic “hot-spots”.

The most common way to improve the EF factor of a substrate is to use plasmonic
material that supports Localized Surface Plasmon Resonance (LSPR) [7]. In LSPR, the
surface plasmon will bond the photon close to the surface of metal, confine the light
field in a short range and increase light field intensity. However, the LSPR made by the
deposition process has an EF factor far from perfect. In a typical sepsis detection, when the
concentration of bacteria in sepsis patients is as low as 1-100 CFU/mL, the pathogen has
to be enriched by a factor of 10° to perform Raman measurement [13,14]. In this situation,
the state-of-the-art Raman enhancement approach is to increase the intensity of the local
electromagnetic environment.

For example, Weisheng et al. [15] placed gold dimers on a metallic surface. The
metallic surface generates plasmon and confined light fields. The dimers take the photons
from a concentrated light field and the EF is around 10°. Masahiko et al. [16] use an Au
disc array on a dielectric-metal-quartz substrate. The periodic disc array scatters lights
into a wave pack whose wavevector matches the plasmon mode between dielectric and
metal, and photons are trapped and delivered to the discs. In this work, the EF rises to 10°.
Dongzhi et al. [17] reported deposited metal film on oxidized porous Al. The Al,O3 layer
between substrate and metal film will work as the resonator that traps the light, and thus
increases the EF made by the metal film at the top of the structure. The EF in this work is
around 10*. Another method needs to be proposed to improve EF.

Immunocapturing is a method for bacterial capturing from complex samples by apply-
ing specific probes or antibodies targeting specific regions of the bacteria [18]. If the probes
are decorated on magnetic beads that can be collected by an external magnetic field, it will
allow 2-3 orders of magnitude enrichment of bacteria. It is known as immunomagnetic
capturing [19-21]. The antibiotic modified magnetic bead will bind to the bacteria. Then the
bacteria-bead cluster can be collected by applying a magnetic field. The captured bacteria
will be delivered to Raman substrate (the substrate approach) [15-17], or directly bound
with plasmonic nanoparticles (the colloidal approach) [19-21]. The colloidal approach is to
excite the LSPR of particles, whose EF is limited within 10°. As discussed before, even with
the assistance of ordered surface structure, the EF in substrate can hardly be higher than 10°.
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Even with the assistance of immunomagnetic capturing, to perform rapid, non-culturing
detection of bacteria, the Raman sensor sensitivity should be improved 2 more orders of
magnitude. Unfortunately, the current Raman measurement cannot fill this sensitivity gap.
The second concern is the blocking of incident light in current Raman measuring setups. In
colloidal methods, bead, bacteria and nano metal particles are randomly bound to each
other, and incident light can be blocked by the target cells instead of reaching plasmonic
materials. For the substrate approach, bacteria will sit at the top of the plasmonic surface,
and incident light will come from top to bottom and a large portion of incident light will
be blocked and absorbed by the target bacteria.

2. Photon Funneling Inverted Nanocone Design and Numerical Analysis

The SERS substrate array proposed in this work can address the aforementioned
issues. The substrate is made up of transparent cones where the radius decreases along
the light path. A high reflective and low loss layer is deposited on the outer surface of the
cone. Given the geometry of cones, photons are multi-reflected by the outer layer and thus
the number density of photons increases by 4 to 7 times. When this higher concentration of
“photon gas” reaches the plasmonic metal, the Raman signal enhancement can be as high
as 10%. The substrate is designed to allow light to come from the bottom of the transparent
nanostructures and has no photon blocking problem.

The incident photons are multi-reflected inside the cavity, known as cavity reso-
nance [22]. This resonance mode can trap the light and concentrate it. In this work, the
photon-capturing cavity structure is used to promote the SERS, where the nanorod at the
top is going to absorb those concentrated photons. The numerical method used in this
paper is Finite-Difference Time-Domain (FDTD) method, done by FDTD Solution (Lumer-
ical Inc., version 1.6, Vancouver, BC, Canada) with 3nm cubic mesh. In the simulation,
2-D arrays of meshes have been utilized as observing planes, and the SERS refers to the
maximum field enhancement in the observing plane. The body of this substrate is made
of Polydimethylsiloxane (PDMS), a transparent material that allows light to illuminate
from bottom to top. A coating film is made at the surface of the substrate to promote the
reflection of photons and will enable 10® EF. This substrate is illustrated as Figure 1. The
enhancement effect only happens at the top surface of the cone, whose area is inevitably
reduced because of the cavity sloping. Also, the gap between 2 cones should be large
enough to locate the magnetic bead and will make the contact area even smaller. To have
maximum relative signal output, the pattern and geometry of the substrate is optimized
and will be discussed in Section 4 with more details. In the FDTD simulation, the structure
is surrounded by water, and materials’ optical models are obtained from Palik’s book [23].
The structure is shown in Figure 2. The cone is made of PDMS, and the structure can
be obtained by inverse molding of our previous cavity [14]. By pouring liquid PDMS
onto the structure and letting it cool down, the microstructure pattern can be transferred
into the new structure. The geometric features of the inverse cavity are bottom diameter
500 nm, top diameter 200 nm, height 1000 nm and periodicity 840 nm. This geometry will
be optimized in the following section of the designing process.
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Figure 1. The illustration of nanocone structure designed; (a) gold nanorod(s) are located at the top
of the transparent PDMS (Polydimethylsiloxane) cones coated with thin Si, (b) Internal reflection of
incident light from the bottom reaches nanorods, (c) Simulations shows electric field enhancement at
the tips of the nanorod (one nanorod case).
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Figure 2. 758 nm power dissipation distribution for cross sections of (a) Si-coated (b) Au-coated
cones without nanorod. 758 nm electric distribution for cross sections of (c) Si-coated (d) Au-coated
cones without nanorod.

3. Results
3.1. Nanocone Design and Material Selection for High Field Enhancemnt

A 15 nm reflective film is coated on the surface of the PDMS nano-cone, while leaving
the top of the cone uncoated. Gold nanorod with 15 nm in diameter, 45 nm in length is
used in our simulation, as was previously reported [14]. Si and gold are considered as the
reflective film material coated over the PDMS cone, which would have a large enough
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refractive index difference from that of the PDMS, reflecting most of the incident light
to reach the top of the cone and excite nanorods. Our design would have a plane wave
light enter the bottom of the PDMS substrate as shown in Figure 1b. The incident light’s
electric field is then funneled into the cavity and excite the nanorod at the top, resulting
LSPR around the nanorod. To elucidate the role of the cavity’s photon funneling effect in
enhancing a nanorod’s LSPR, the case with one nanorod at the top of the inverse cavity is
simulated to get the distribution of electromagnetic fields in cross sections of structures
along the axis of the nanorods. In order to see the effect of photon funneling of our design,
a flat PDMS surface with gold nanorods on top with at least 840nm separation among them
was also simulated. The flat PDMS surface case represents the current common Raman
substrates with gold nanorods sprinkled over.

To induce cavity resonance for photon funneling, a high internal reflection inside the
cavity is required. According to Fresnel’s equations, a high reflection occurs when the
difference of refractive indices of two interface materials is large [24]. Both Si and Au are
considered to serve as a coating film for high interreflection, considering the refractive
index of PDMS in the visible region is around 1.4, Au with index around 0.3 and Si with
index around 4.0. But due to the metallic dissipative nature of Au, the optical loss of Au-
coated cavities can be much higher. The power dissipating profile of Si and Au deposited
cavities are simulated as shown in Figure 2a,b, across the cross section of the cavity. The
power dissipation can be defined as [25], which is directly correlated with the light energy

density [26]:
1 = 2
w(x,z) = Esows”(x,z) E(x,z)

4)

In Figure 2a,b, photonic energy is mostly dissipated at the film interface for both Si
and Au coated cases. But the intensity in the Au-coated film is nearly 750 times larger
than that with the Si film coated case. Figure 2c,d show the electric field intensity with a
nanorod at the top. In Figure 2c, with a Si coating, the electric field is enhanced by two
orders around the top of the cavity. With gradually narrowing cavity upward and low
optical loss at the wall interface, the incident photons are concentrated and delivered to the
nanorod at the top of the structure. In Figure 2d, when the electric field is enhanced at the
side wall of the cavity, the photons are dissipated and scattered at the cavity wall, before
arriving the top. Even though photons are concentrated at a similar level in both cases, the
dissipation effect at the gold film makes a huge difference.

Figure 3a,b show the electric field distribution inside of Si- or Au-coated cones with
nanorods at the top: the contours indicate the electric field enhancement, and the green
arrows in the cavity show the electric vectors. Note that the top of the cone is free of
coating to have concentrated photons will not be reflected and reach nanorods. As shown
in Figure 1c, the electric field is highly confined around the nanorod at the top of the cone,
forming plasmonic hot spots. Inside the cone, the electric vectors exhibit multi-reflection
resonance patterns which show the cavity resonance mode. In Figure 3b, the electric
field is also highly confined around the nanorod, but the peak intensities are much lower
than the case in Figure 3a, indicating that Si film coated cavity design has 5 times higher
electric field enhancement than the Au-coated cavity design has. Figure 3c shows the
field enhancement performance comparison as a function of exciting light’s wavelength
at the top observing plane for Si-coated cone, Au-coated cone and flat surface cases. For
this calculation, we segmented the domain into rectangular meshes to use FTDT method
reported previously [27-30]. Each mesh has its own optical property can represent the
structure and the surrounding environment. A plane of mesh is chosen as the source plane
where the plane wave light is generated numerically. In this plane, we set the magnitude of
input electrical vector as Ey. In the area close to the Au nanorod, we have chosen a group
of meshes to record the optical vector data. From these meshes we can obtain the averaged
electrical field intensity E as a function of wavelength and mesh number. We then select the
maximum intensity among them and the mesh with the maximum electrical intensity at a
given wavelength. We then plot this maximum intensity at different wavelengths as shown
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in Figure 3c. The simulation result shows that the Raman enhancement at 758 nm can
reach up to 108 for the Si-coated case, 10° for the flat surface case and 10> for the Au-coated
case. With the help of low-loss photon-concentrating Si-coating, Raman sensitivity of the
nanorods on nanocone can be improved over the nanorods on flat surface by 102. The
loss at the Au film greatly reduces the electric field of the incident light, resulting field
enhancement much lower than that of the nanorods with the flat surface.
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Figure 3. 758 nm electric field in cross sections of (a) Si coated (b) Au coated inverse cavity without
nanorod (c) Electric filed enhancement spectrum comparison for 3 structures (Si-coated nanocone
with one top nanorod, Au-coated nanocone, Nanorod on flat PDMS) (d) llustration of the nanocone
cross section with one nanorod.

3.2. Nanocone Array Geometry Optimization for Tight Target Cell-Hot Spot Contact

By optimizing the nanocone coating material selection via electric field intensity
simulation, the nanorods with Si coated cavity wall can have an enhanced Raman sensitivity
by a factor of two over that of the nanorods on flat PDMS substrate. Now it is the key
to bring the target cell in a very close proximity to the extremely small hot spots near
nanorods. This can be achieved by pulling the magnetic beads toward the cone array in
between the cones by applying magnetic field from the bottom. As a result, a cell with
5-6 magnetic beads bonded will be pulled down to the cone array. To have a tight contact
between the cone arrays and bacterial cell wall, the cone’s height needs to be taller than the
magnetic bead diameter which is usually in the size ~500 nm [20], but not too tall which
may exert to much force to break the bead-cell connection while being pulled down. We
don’t expect the PDMS cone array will not collapse by this pulling force. The cell wall
fluctuates (with possible wrinkles) in the order of ~50 nm, where the dynamic biochemical
reaction drives the cell wall to move up and down [26]. The height is chosen as 700 nm
to leave 200 nm indentation of cone into the cell wall. From the literature [31] one can see
that bacterial cell walls can typically tolerate 200 nm indentation without cell wall ruptures.



Appl. Sci. 2021, 11, 8067

7of 11

This 200 nm indentation is bigger than the wall fluctuation as well as to make a stable
contact, while avoiding the breakage of the cell wall. In order to increase the number of
cones in touch with a single cell, the cone array packing density needs to be maximized,
thereby the cone array is arranged into a dense hexagonal pattern in our design as shown
in Figure 4a. In order to accept magnetic beads between cones when pulled down, the
center of every honeycomb cell is left open as shown in Figure 4b.

@ B

Bl s Bl v

Figure 4. Nanocone array structure (a) Illustration of honeycomb-cone array structure. (b) Illustration
of vacant cell center in order to locate the magnetic beads.

The second step is to find the optimal slope and bottom diameter of cones. The relative
intensity I,,:ip has the relationship [11]:

Lrelative ZEFtop X Npolecule (5)

Npolecule is the number of molecules at the top of the cone and is proportional to the
top surface area St,p. The enhancement at the top of cone EFy,) is positively related to the
slope of the cone while Sy, is negatively related. To find the trade-off between EF;,, and
Stop, @ function is defined as:

EFtop X Stop

f cone — Z Si

where ) S; is the total area, a single cone takes up, on average. This function is actually the
ratio between the signal intensity of the cone array to that of the flat surface at the same
nanorod deposition density. For a flat surface, fe e is 1, and there is no funneling effect.
The effort is to maximize feope.

The EF},p is calculated through:

S D?-5 R(0.57 — 6
By = St (D7~ i) < R(O57—6) )

Stop

(6)

R is the polarization averaged reflection of the film, obtained from Fresnel’s equations.
In the calculation, given that the film thickness is 15 nm, much smaller than the wavelength
in the film, a thin film approximation is introduced where wavevectors in PDMS and
water are close to free space and the wavevector in film is nearly independent of radius
a [32]. In the calculation, only the first order of reflection at the surface of the film is taken
into account.

In Figure 5, knowing that the top diameter cannot be smaller than 100 nm, we can find
an optimal geometry for the cone as bottom diameter 550 nm, top diameter 110 nm and
height 700 nm. By using those parameters, the FDTD simulation is performed. Figure 6a
shows the field distribution of the cone array. As can be seen here, the photons are
funneled and localized near the opening at the top of a cone, where electric field intensity
is significantly increased. When placing a nanorod on the top of every cone, it can be
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seen from Figure 6b that the electric field is highly enhanced around the nanorod with a
maximum intensity increase of 80.
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Figure 6. 758 nm electric field distribution at the top of cone array (a) without and (b) with nanorod.

The comparison between the hexagonally dense packed cone array and the flat surface
regarding the E* factor is shown in Figure 7. As one can see, the E* of the nanorod on top
of the cone array has reached 10%. The improvement that we target is the ratio between
the Raman intensity generated by the cone array and the flat commercial substrate, which
is 107. This calculation is with the assumptions that 2 substrates have the same nanorod
deposition density, the same number of beads are attached to bacteria, and both have the
same wavelength which is 758 nm. In summary, this design is supposed to have one order
of magnitude improvement at least.
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Figure 7. The comparison of E* factor between hexagonal dense packing cone array and flat surface.

4. Discussion and Conclusions

A novel SERS substrate design is proposed for rapid, culture-free diagnosis of bacterial
sepsis. At the present time, SERS sensors have two ways to make contact with the target
SERS substrate—by providing colloidal nano particles which adhere to the targets or flat
SERS surface on which targets are expected to sit. Both methods have limitations to get
right sensitivity unless a high enough number of target cells is available. In the colloidal
method, plasmonic nano particles bind with target bacteria in solution which can be heavily
affected by the zeta potential and other test conditions. The flat surface approach is to have
a nanostructured metal layer on the substrate to be covered with target cells. They both
have the following issues and limitations to be improved by our design.

Firstly, loose contact between plasmonic metal and target bacteria is degrading the
sensitivity. The Raman signal enhancement by plasmonic metal nanostructures happens
when the plasmonic hot spots and the target pathogen come to a very short distance,
typically less than 10 nm. There is no long-distance force that can let plasmonic metal
and cell wall touch in close contact and generate enhanced signal, resulting the arrival of
cells to plasmonic structures is limited by slow diffusion. Our design suggests binding
of pathogenic cells to magnetic nanoparticles, and then using a magnetic field to attract
magnetic particles down to the 3D metal nanostructures, forcing the target cells to get
very close proximity to the hot spots formed on the top of nano-cones instantaneously.
Secondly, the incident light cannot illuminate the plasmonic metal under the target cells
at the maximum strength. In colloidal method, target bacteria and nano metal particles
are randomly bound to each other, and incident light can be blocked by the target cells
quite often if they are behind the target cells. For flat surface approach, bacteria would sit
at the top of plasmonic surface, and incident light will come from top and large portion
of incident light will be blocked/ absorbed by the target bacteria, and small number of
photons can reach the plasmonic metal at the maximum strength. Our design allows light
comes from the bottom through the transparent nanostructures, thereby has no photon
blocking problem. Thirdly, the limited light field enhancement of the current colloidal
and flat surface approach which lingers around 10° can be improved by the transparent
nanocones where the radius decreases along the light path. A high reflective and low loss
layer is deposited outer surface of the cone. When this higher concentration of “photon
gas” reaches the plasmonic metal nanorod at the top of the cone array, the Raman signal
enhancement can be as high as 10%. The high sensitivity originates from the combination of
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photon funneling, dense packing, and optimized cone shape to ensure the close contact of
the target to the hot spots. The Raman enhancement factor can be increased by two orders of
magnitude while only reducing the contact area by one order and makes overall sensitivity
to be one order higher compared with the conventional flat nanosurface approach. The
Si-coated inverted cone structure proposed in this paper has the advantages of low-cost
and large-scale production, and it is easy to incorporate an immunomagnetic pathogen
collecting workflow.

The proposed design can use existing Raman configuration with the incident light
entering the substrate from the bottom, funneling through the transparent PDMS medium
which has a conical shape. The same backscattering configuration of the existing Raman
instrument can be used by switching the incident light from top to bottom. This design is
similar to the TERS (Tip Enhanced Raman Spectroscopy) system which has one tip with
very high electric field hot spot. But from the point of sample-substrate interface, this
design is close to SERS configuration since samples can be placed on the substrate without
precise positioning of them. Conventional SERS have nanoscale-roughened metal tips
randomly formed at the substrate surface while our design has deterministically located
nanocones with one or multiple gold nanorods at the top of each cone of the array. The
SERS substrate proposed in this report can be used to detect sepsis and other pathogens
from body fluids like fungal cells with higher sensitivity than conventional SERS provides.
This work will facilitate the development of a novel optical nano-bio-substrate for fast and
convenient pathogen diagnosis.
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